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1 INTRODUCTION

Over the last decades, there have been major improvements in diagnosis, prognostication,
and treatment strategies in breast cancer patients. Nevertheless, breast cancer is the second
leading cause of cancer-related mortality for women in the Western world'. Especially older
women are affected with a median age of breast cancer death at 74 years in Germany?®. An
accurate diagnosis and prognostication, which is currently based on clinical and histological
parameters as well as molecular features, is essential for an optimized treatment decision for
breast cancer patients. One challenge of a successful therapy of breast cancer patients is the
heterogeneity within one tumor (intra-tumor heterogeneity) but also between breast cancer
of different individuals (inter-tumor heterogeneity). Tumor heterogeneity is a common
phenomenon in breast cancer, leading to a large variability of clinical and histological
parameters, tumor aggressiveness, and treatment response including treatment failure.

The aim of this doctoral thesis was to further elucidate the role of intra- and inter-tumor
heterogeneity in breast cancer and assess additional molecular features. A better
understanding of tumor heterogeneity and further molecular features of breast cancer can
help to improve diagnosis and individualized prognostication and therefore choice of
treatment, paving the way towards precision medicine. Furthermore, this doctoral thesis sets
the focus on older patients (median age of the analyzed cohort: 67 years) as they are
underrepresented in cancer research while comprising the largest group of patients with the

highest cancer incidence and mortality.
1.1 Epidemiology and risk factors of breast cancer

Breast cancer is the most prevalent invasive cancer among women, with an estimated 70,450
new cases (69,700 women and 750 men) diagnosed in Germany in 20202 In 2020, breast
cancer caused 684,996 deaths worldwide?, with 1,8401 women and 192 men in Germany?.
The incidence of breast cancer shows a large variety around the world, with the highest
incidence in more-developed and the lowest rates in less-developed countries*. In Germany,
the lifetime risk of developing breast cancer for women is around 1:8 (13-14%). Being a rare
condition, breast cancer can also occur in men>°, accounting for 1:125 (0.8%) of all breast
cancer cases’. Epidemiologic studies have identified several risk factors for developing
breast cancer, including gender, age, race, estrogen exposure (increased at early menarche,
late or no childbearing, late menopause or postmenopausal hormone replacement therapy),
obesity, alcohol, radiation exposure, higher breast density, previous breast cancer and

familiar occurrence®’. 5 - 10% of all breast cancer cases are caused by inherited mutations®,


https://en.wikipedia.org/wiki/Breast_cancer
https://en.wikipedia.org/wiki/Breast_cancer
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predominantly in the genes BReast CAncer Gene 1 and BReast CAncer Gene 2 (BRCAI'®
and BRCA2').

1.2 The role of age in breast cancer patients

Advancing age has a major impact on the likelihood of developing breast cancer, with an
average age at diagnosis of 64 years in Germany'2. 82% of all women diagnosed with breast
cancer in Germany are older than 50 years'?, with 74 being the median age of breast cancer
death?. Since 2002, women in Germany between 50 and 69 years have been invited to
mammography as a screening option every two years. This is the current standard breast

1314 Wwith costs fully covered by statutory health insurers'>. A decrease

screening technique
in the incidence of late-stage breast cancer in the screening exposed age group could be
shown!®. Due to significant advancements in health care and public health, life expectancy
has significantly increased in Germany. This leads to an increase in the population aged 67
and above from 10.4 million (13% of the population) since 1990 to 16.3 million (20% of the
population) in 2020; it is projected to rise to 21 million (27% of the population) in 2060'”.
This demographic change towards an aging population is also observed in many other first-
world countries'®. For example, between 2010 and 2030, a 67% rise in the incidence of
cancer among people 65 years of age and older is expected in the US!. However, there is
evidence that older people are underrepresented in cancer research, demonstrated by several
studies?®?!. Therefore, the Institute of Medicine®® and the American Society of Clinical
Oncology*!' recommended intensified research efforts on particularly older cancer patients,

for instance, examining the efficacy and side effects of therapy as well as the biochemical

and genetic features of cancer in older people.
1.3 Classification and prognosis

In order to best possible predict the course of the disease, factors with prognostic significance
based on the features of the breast cancer and the patient are established. The main prognostic
markers currently determined within clinical routine are: the TNM-stage and UICC-status,
histopathological features and grading, hormone receptor- and HER2-status, Ki67

proliferation index and the classification into molecular subtypes.
1.3.1 UICC- and TNM classification

The TNM classification is based on the anatomical extent of the malignant tumor (T0-4),

regional lymph node involvement (NO-3), and the presence of distant metastases (MO0-1)>.
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It is an internationally recognized standard and widely used in clinical practice as an
indicator of prognosis and assistance of treatment allocation as well as in research?*->*,

Based on the T-, N- and M-stage, the UICC-TNM classification according to the Union for
International Cancer Control can be made. Here, a distinction is made between tumor stages
from 0 to IV, which are associated with different prognoses and, therefore, can imply
different treatment strategies. For example, the relative 5-year survival rate for breast cancer
in UICC stage I tumors in Germany were 100% in 2018, decreasing to only 29% for UICC

stage IV cancer’.

1.3.2 Histopathological classification and grading

Breast carcinomas can be separated by histological features into non-invasive carcinomas,
limited to the epithelial component of the breast, and invasive malignancies, which have
broken through the basement membrane and invaded the stroma?. Depending on the site of
origin, invasive and non-invasive breast carcinomas can be further subclassified: lobular
carcinomas originate from the lobules, and ductal carcinomas from the milk ducts of the
breast®.

The grading of a breast tumor is a morphological feature based on the degree of
differentiation of the tissues shown in numerous studies?®?’. Here, the formation of tubular
structures, nuclear polymorphism, and mitotic activity are considered to define the tumor
tissue in the three grades I-II1. The higher the grade, the less the tumor cells resemble healthy

breast tissue, associated with a worse prognosis®®-23,

1.3.3 Hormone receptor-status

In addition to the previously mentioned classification options for breast cancer, determining
the estrogen receptor (ER) and progesterone receptor (PR) status serves as a further
prognostic factor?®. Around 70-75% of all breast carcinomas are hormone receptor-positive,
the most common clinical subtype®’. Supporting tumor progression by their growth-
stimulating effect when docking on the hormone receptors on the cell surfaces, the hormones

estrogen and progesterone are essential targets in breast cancer treatment!.
1.3.4 HER2-status

The human epidermal growth factor receptor 2 (HER2) is membrane-bound and can be over-
expressed in tumor cells*?>. HER2 can stimulate cell proliferation, inhibit apoptosis, and is
involved in other diverse biological processes such as differentiation and migration®2. Thus,

overexpression of HER2 in breast carcinomas is a marker of a clinically aggressive disease
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and poor prognosis®****, Carcinomas expressing high levels of HER2 protein measured by
immunohistochemistry or with a high amplification of the gene HERZ2, revealed by
fluorescence in situ hybridization (FISH), are defined as HER2 positive®. In 25-30% of
primary breast carcinomas, HER2 is amplified*®. As a treatment option for HER2-positive
breast cancer, a human monoclonal antibody, trastuzumab, was developed to be directed

against the extracellular domain of HER237-8,
1.3.5 Ki67 proliferation index

Due to the strict association of the human Ki-67 protein and cell proliferation, the
determination of Ki-67 expression by immunohistochemistry is established in routine
pathological diagnostics. Ki-67 serves as a cell proliferation marker representing the growth
fraction of a cell population®®. Here, the growth fraction is defined as the number of dividing
cells in relation to the total number of tumor cells and thus provides information about tumor
growth®. The determination of Ki67 has a prognostic value as high Ki67-expression is
associated with tumor recurrence and shorter overall survival, as shown by uni- and

multivariate analysis>*.

1.3.6 Molecular subtypes

Beyond the conventional hormone receptor-positive and negative breast cancer
classification (see 1.3.3), gene expression studies have identified a molecular classification
consisting of four subtypes, termed luminal A (ER/PR+, HER2-, low proliferative), luminal
B (ER/PR+, HER2+/-, high proliferative), HER2-enriched (HER2+, ER+/-) and basal-like
(primary “triple-negative”: ER-, PR-, HER2-)***42_ These subtypes are associated with

different prognoses****

, also across several treatment settings, for example, in their response
to preoperative chemotherapy®. The luminal subtype (luminal A and B) accounts for around
70% of invasive breast cancers and is associated with the best prognosis. As the luminal
subtype presents a high expression of hormone receptors (ER/PR+), it benefits from

endocrine therapy in general*!

. Due to an increased proliferation in luminal B compared to
luminal A tumors, luminal B tumors correlate with a poorer prognosis*’. The HER2-enriched
and the basal-like subtypes account for 15% of all breast cancer types*' and generally show
a poor prognosis*'**47 Basal-like subtypes reveal the worst overall and disease-free

survival*® and show a higher prevalence in patients with germline BRCA I mutations**.
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1.4 Treatment

The choice of treatment depends on several factors: besides the treatment preferences of the
patient, the size and location of the primary tumor (“T-stage”), involvement of lymph nodes
(“N-stage”) and distant metastasis (“M-stage”), the tumor’s subtype, including hormone
receptor status and HER2-status, the patient’s age, general health, menopausal status and the
presence of mutations in genes related to breast cancer (e.g. BRCAI and BRCA?2) is taken
into account®®. A treatment plan often combining different types of treatments such as
surgery, chemotherapy, radiotherapy, biological or hormone therapy for each patient should
be created by a multidisciplinary and specialized team consisting of oncologists, breast
surgeons, radiation oncologists, breast radiologists, and pathologists***’. Treatment options

and recommendations are personalized.
1.4.1 Adverse effects of treatment

Treatment has several adverse effects varying from slight to fatal, life-threatening, or
permanently affecting toxicities’!. The most frequently reported adverse effects of adjuvant
chemotherapy are nausea®?, vomiting>?, and oral and gastrointestinal mucositis®. Each of
them potentially affects compliance and can lead to malabsorption, anorexia, weight loss,
anemia, and peripheral neuropathy®*. As older breast cancer patients, especially those with
comorbidities, are more vulnerable to side effects of adjuvant chemotherapy, new “elderly-
friendly” drugs with reduced toxicity have been developed®>-*S. Regarding radiotherapy,
adverse effects frequently include acute skin reactions (radiation dermatitis) ranging from
harmless itching or erythema to severe ulcerations and organ complications caused by
incidental exposure to radiation®'>’. Due to the adverse side effects, the role of radiotherapy

after breast-conserving therapy in elderly patients has been questioned>®-*,

1.5 Prognostic limitations of conventional parameters and description of new

approaches of breast cancer prognostication

As a result of regular mammography screening programs, the majority of breast cancer is
diagnosed at an early, localized stage (63%) associated with a better prognosis (5-year
relative survival of 98.9%2%). In 30% of all diagnosed cases, the mamma carcinomas have
already invaded regional lymph nodes with a 5-year relative survival of 86%°. A
challenging task for clinicians is the choice of optimal adjuvant treatment, especially at an
early, localized stage. At early stages of breast cancer, relapse rates after surgery are

relatively low, and the risk of adverse effects and long-term consequences (see 1.4.1) of
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anticancer treatment cannot always outweigh the benefits®!. Thus, overtreatment of women
with a low risk of recurrence should be avoided to prevent long-term toxic side effects. On
the other hand, undertreatment can lead to disease relapse and metastasis®®. Therefore, a
precise prognostication and prediction of treatment response and recurrence risk is of prime
importance to avoid both over- and undertreatment.

Until today, the TNM stage (1.3.1), histopathological type (1.3.2), the hormone- und HER2-
receptor status (1.3.3 and 1.3.4), as well as the expression of Ki67 (1.3.5) are the most
clinically relevant information for the selection of first-line therapy®'. However, different
molecular mechanisms can affect the proliferation of cancer cells even at an early tumor
stage, resulting in disease progression, including metastasis. Consequently, the prognostic
significance of the mentioned histopathological parameters is limited, demanding new
approaches for personalized medicine: more precisely, analyzing the genetic and
transcriptomic landscape of the individual breast cancer by using mRNA- and DNA-based
biomarkers®? and considering modifiable risk factors unique to each patient®>. Thus, several
techniques including expression profiling of multiple genes have been developed to guide
therapeutic decisions®*’. Despite its potential benefit towards optimized prognostication,
gene expression profiling is still performed to a limited extent in clinical routine due to
higher costs and more complex procedures today®®. Furthermore, for some of the novel
biomarkers sufficient validation could not be reached® or have not shown significant
superiority over routine tools®?. Currently, different commercial tests are available based on

multigene or protein expression signatures, for example, OncotypeDX (Genomic Health)®¢,

t64 t64

MammaPrint™, or EndoPredict™. A minimum of four gene expression signatures have been
implemented in official guidelines®”’®, for instance, the S3 Guideline in Germany’' or
American Society of Clinical Oncology (ASCO) Guidline’.

Moreover, other possibilities for precise prognostication are subject to research. To give an
example, the amount of circulating tumor cells in the blood of a cancer patient at diagnosis
is described by Cristofanilli et al. as an “independent predictor of progression-free survival

and overall survival in patients with metastatic breast cancer””,
1.6 Aneuploidy and genomic instability

Euploidy describes the presence of a complete single (haploid), double (diploid), or multiple
complete (polyploid) set of chromosomes in a cell’®. If a numerical chromosomal aberration

occurs, the cell is considered aneuploid’. More specifically, these numerical chromosomal
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aberrations can be deletions or duplications of individual chromosomes, chromosome pairs
or larger chromosome pieces, and fusions between chromosomes.

For over 100 years, aneuploidy has been described as a common characteristic of
cancer’> 8. One theory published by Boveri in 1914 describes the origin of tumorigenesis
due to “imbalances in the chromosomes”’’. However, there has been a long debate about the
role of aneuploidy as a cause or consequence of cancer’ %!, Holand and Cleveland, on the
one hand, confirmed that aneuploidy can increase the potential of cellular transformation.
On the other hand, revisiting Boveri, they postulate that aneuploidy can also function as a

t2. An association between aneuploidy and a

tumor suppressor in a particular genetic contex
higher recurrence rate and frequency of distant metastasis at diagnosis compared to diploid
tumors was described in breast cancer”***#_ It could be shown that highly aneuploid cancers

are associated with more TP53 mutations®®

and overexpress genes controlling
chromosomal segregation and mitosis’>%. In order to keep genomic stability, the prevention
of chromosome mis-segregation during mitosis is pivotal®®. Unequal chromosomal
segregation can lead to apoptosis or malignant transformation®. Consequently, genomic
instability was shown to be an integral characteristic in human cancers®”%. Genomic
instability comprises an increase in small structural variations, for instance, base pair
mutations, and ranges up to structural variation, including an increased rate of gains and
losses of whole chromosomes or fractions of chromosomes, defined as chromosomal
instability (CIN)*”%%%° Chromosomal instability is common in human cancers and is the
predominant form of genomic instability®. It is associated with inferior prognosis in multiple
cancer types, including breast cancer®”?1:2,

Mistakenly, the terms aneuploidy and chromosomal instability are used synonymously in
some publications. An aneuploid tumor, irrespective of chromosomal instability, may
originate within a single cell affected by chromosomal mis-segregation. In case of survival
benefits, this aneuploid single cell can proliferate leading to clonal expansion. This origin of
cancer development may result in aneuploid, “homogeneous” tumor cells forming a
genomically stable tumor. In summary, aneuploidy only describes a state of numerical
chromosomal aberration®. In contrast, elevated rates of chromosomal mis-segregation occur
in cancers with chromosomal instability, leading to many different, heterogeneous
karyotypes varying from one cell generation to the next™.

Until today, the exact relationship between aneuploidy and chromosomal instability is not
fully understood and has been controversially discussed for more than 20 years. Some

authors have shown that aneuploidy can induce chromosome mis-segregation, leading to

increased chromosomal instability, and therefore claim aneuploidy to be the primary cause
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of chromosomal instability®*®. On the other hand, many authors describe aneuploidy as a

consequence of chromosomal instability®!?7-%8,

1.7 Inter- and intratumor heterogeneity in breast cancer

Tumor heterogeneity describes the difference of tumor cells regarding their phenotypic and
morphological features comprising cellular morphology, motility, metabolism, gene
expression, as well as the behavior of proliferation and formation of metastases®®. Tumor
heterogeneity can be classified as (i) inter-tumor heterogeneity, occurring between tumors
of different patients, (ii) intersite heterogeneity, occurring between distinct tumors within
the same patient, for instance, describing differences between the primary tumor and
metastases and (iii) intratumor heterogeneity (ITH), characterizing differences between
cancer cells or cellular populations within the same tumor'®.

In 1979, Peter Nowell published evolutionary principles in cancers, depicting that neoplasms
arise from a progenitor cell forming clonal subpopulations while accumulating genetic
alterations over time!°!. These genetic alterations comprise, among others, mutations based
on defects in DNA damage repair, chromosomal rearrangements, and aneuploidy!®!. Thus,
increased rates of genetic alterations due to CIN amplify ITH'1%2 According to the
Darwinian selection process, more aggressive clonal subpopulations are selected due to their
higher fitness advantage®'. Consequently, an individual tumor consists of a unique pattern
of heterogenous clonal subpopulations leading to ITH. Supporting this theory, larger breast
carcinomas express greater genotypic diversity®!. Moreover, clonal subpopulations in distant
regions of larger breast carcinomas feature more varying genetic alterations than neighbor

subpopulations®!.
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tumorigenesis
s,

tumor

Figure 1: Visualization of the theory of tumorigenesis and progression over time according to
Nowell et al. (1979)'°!. Tumorigenesis starts with a somatic mutation happening in a cell of origin
(here colored in blue). Tumor progression is continued through stepwise, somatic mutations leading
to multiple sub-clonal populations (colored in orange, red, dark-red, and purple) under selection
pressure. Figure created with the biorender-software!%.

Multiplex interphase fluorescence in situ hybridization (miFISH) or single-cell sequencing
were two of the molecular and cytological approaches used in various studies to analyze
ITH, a prevalent occurrence in breast cancer® #1919 [n general, ITH is associated with
therapeutic resistance, disease relapse, clinically aggressive progression, and poor
prognosis'® ! This can be explained because breast carcinomas with a high degree of ITH
consist of many different clonal subpopulations, resulting in a higher likelihood of the
presence of cell clones resistant to treatment (so-called chemo-resistant cells). During
treatment, chemo-sensitive cells can be eliminated, allowing chemo-resistant cells to
proliferate and dominate the tumor due to the new environmental conditions and selective
pressure'®®. Being a key challenge for treatment selection and cancer medicine in general,
ITH is analyzed in many preclinical studies of breast cancer®!:10%112.113,

Next to ITH, inter-tumor heterogeneity in breast cancer has been known for several decades,
first described in the first classification of breast carcinomas according to their histological
types by Foote and Steward et al. in 1946!'*. Moreover, by analyzing the expression of
estrogen receptors, inter-tumor heterogeneity became visible and guides treatment selection
until today (see 1.3.3 and 1.4). One milestone regarding tumor heterogeneity in breast cancer
was the identification of intrinsic molecular subtypes based on gene expression profiling,
which again influences the choice of treatment (see 1.3.6)'!'>!'® pointing out the most

significant study published by The Cancer Genome Atlas Network initiative (TCGA)'"".
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1.8 Molecular alterations in cancer

As described in 1.6, genomic instability is a common phenomenon in most cancers''®, which
can lead to an accumulation of structural abnormalities of chromosomes or parts thereof,
including so-called copy number alterations (CNAs)!!"”. These CNAs occur in somatic tissue,
comprise deletions (copy number losses) and multiplications of chromosome regions (copy
number gains) as well as decreasing or increasing copy numbers of specific genes. In general,
copy number gains have a positive, respectively, copy number losses a negative correlation
with the expression of genes within the altered chromosomal segments'?’. Interestingly, copy
number gains can additionally influence the transcriptional levels of genes genome-wide'%’.
However, there is no proportional correlation between CNAs and altered gene expression
levels in some cases due to transcriptional adaptive mechanisms'!%!2!,

Regarding tumorigenesis, CNAs can promote tumor progression!!®!2%122 by providing
advantages for the mutated cell, for example, increased proliferation. Consequently, the
tumor cell with beneficial CNAs could become the dominant cell clone within a tumor
population under selection pressure. Cancerogenic properties of CNAs are caused by
alterations involving oncogenes, often mutated or expressed at high levels in cancer cells,
and tumor suppressor genes, frequently inhibited or lost in cancer cells.

On the one hand, genomic instability can lead to structural chromosomal aberrations and
therefore CNAs. In turn, some CNAs can endanger genetic stability by accumulating

oncogene-induced DNA damage made throughout the cell cycle's DNA replication, leading

to aneuploidy and genomic instability!?3.

1.9 Description of genes frequently subject to CNAs in breast cancer

CNAs built on cytogenetic evidence are commonly described'?*!?7. In order to specify
common regions of CNAs in breast carcinomas, comparative genomic hybridization served
as a screening test as previously published'?*!%6, In a study by Kallioniemi et al.'>*, 15 breast
cancer cell lines and 33 primary tumors were analyzed, revealing the chromosomal map of

frequently altered regions shown in Figure 2.
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Figure 2: Visualization of copy number increases in breast cancer. 33 breast carcinomas are
shown on the left side of the chromosome, and 15 breast cancer cell lines are presented on the right
side of the chromosome!?. In blue: low-level copy number increases; in red: high-level increases.

Figure provided by courtesy of Dr. Kallioniemi and colleges and the journal PNAS'#. Copyright
(1994) National Academy of Sciences, U.S.A..
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In accordance with the results of Kallioniemi et al.'?®| Ried et al.'** published a study based
on comparative genomic hybridization and FISH revealing the regional high level of copy
number increases on the chromosome bands (among others) 1q32, 8q24, 11q13, 17q11-12,
and 20q11-13.2 as well as frequent DNA losses on chromosomes 17p and 22q.

One aim of this thesis was to analyze genes which often display CNAs in breast cancer to
gain a better understanding of ITH and clonal tumorigenesis. Therefore, eight genes
comprising the frequently altered chromosomal regions in breast cancer'?* % (see Figure 2)
were chosen as they were well investigated among others by studies conducted by Prof.

Ried’s laboratory34!104128

and showed to be well suited for revealing CNAs in breast
carcinomas. These selected genes consist of 5 oncogenes COX2/PTGS2 (1q31.1), MYC
(8q24.21), CDH1 (16q22.1), HER2/ERBB2 (17q12) and ZNF217/ZABC1 (20q13.2) and
three tumor suppressor genes DBC2/RHOBTB?2 (8p21.3), CCNDI1/BCLI (11q13.3) and
TP53/BCC7 (17p13.1). An overview about the primary function, location, and association
with breast cancer prognosis of these eight genes is provided in Table 1. Each gene is

described in more detail in 1.9.1-1.9.8.



INTRODUCTION Page | 12

Table 1: Overview of the tumor suppressor- and oncogenes selected for the
miFISH analysis.

Oncogenes

Gene Function

COX2  Key enzyme for the synthesis of prostaglandins, which upregulates tumor growth,
(1g31.1) promotes metastasis and angiogenesis in breast cancer cells'**'*.
— Overexpression associated with poor prognosis!3®132,

MYC Multifunctional nuclear phosphoprotein, which regulates the transcription of various
(8q24.21) target genes, plays a role in tumorigenesis and promoting metastasis'*'*".
— Overexpression associated with poor prognosis'**!33,

CCND  Holoenzyme's regulatory subunit that facilitates the G1-S phase transition and thus

(11q13.3) cell cycle progression by inactivating the Retinoblastoma (Rb) protein'*.

Intense controversy about prognostic value in breast cancer.

HER2  Tyrosine kinase receptor enhances activation of critical signaling pathways, including
(17q12)  cell proliferation signals'®’. Prognostic marker of early recurrence and metastasis.
— Overexpression associated with poor prognosis™ 7,

ZNF217 Kriippel-like zinc finger protein localizes in the nucleus playing a role in the
(20q13.2) transcription of several genes'**'*. Overexpression stimulates cell survival and
proliferation.

— Overexpression indicates a poor prognosis'*!!42,

Tumor suppressor genes

DBC2  Rho GTPase plays a role in protein transport, cytoskeleton regulation, and inhibiting
(8p21.3)  cell growth, proliferation, and development of metastasis'*.
— Loss of mRNA and protein level indicates a poor prognosis'*.

CDHI  Calcium ion-dependent cell adhesion molecule'*-'%®. Reduction or loss of expression
(16q22.1) s associated with junctional disassembly, triggering cancer invasion and metastasis.
— Loss of mRNA or protein level indicates a poor prognosis'”-14,

TP53 Transcription factor with a significant impact on cell cycle arrest, senescence, and
(17p13.1) apoptosis in response to diverse cellular stresses, suppressing cancer'®.
— Loss of mRNA or protein level can lead to tumorigenesis, tumor progression,
genomic instability, and a poorer prognosis®*!*°,

1.9.1 Cyclooxygenase 2 (COX2)

Located on 1q31.1, COX2 encodes a key enzyme in catalyzing the conversion of arachidonic
acid products to prostaglandin'?® and is also called prostaglandin-endoperoxide synthase 2.
The expression of COX2 inhibits apoptosis, stimulates cell proliferation and, thus, tumor
growth and invasion when overexpressed. Moreover, COX2 overexpression enhances cell

motility, resulting in metastasis and angiogenesis in breast cancer'*°. Furthermore, COX2
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expression correlates with established indicators of poor prognosis in breast cancer, such as
higher grading and T- and N-status, age >50 years, as well as hormone receptor
negativity'**132, There is a frequent overexpression of COX2 in several human cancer types,

130,151

including breast cancer . Interestingly, enhanced levels of COX2 expression are

sufficient to cause mammary gland tumorigenesis'>%!>3. Not surprisingly, selective COX2

152

inhibitors effectively prevent and treat breast carcinomas in mouse models™>* and may

potentially represent a chemo-preventive approach for developing human breast

cancer 23133,

1.9.2 Deleted in breast cancer 2 (DBC2)

The tumor suppressor gene DBC2, located on chromosome 8p21.3., is also called RhoBTB?2
as it encodes a Rho GTPase!®. It inhibits cell growth, proliferation, and metastasis

143

development in some breast cancers' ™. Yoshihara et al. showed that one essential step of its

tumor suppressor function is the down-regulation of cyclin D1'5%. Furthermore, DBC2 was

157 Mao et al. found a

found to be involved in protein transport and cytoskeleton regulation
DBC2-loss of both mRNA and protein level in 60% of breast tumor samples with a

correlation to older breast cancer patients (>50 years) and linked to a poorer prognosis'#*.

1.9.3 MYC (¢-MYC)

The proto-oncogene MYC, located on 8q24.21, encodes for a phosphoprotein, which can
bind to the transcription factor MAX, regulating the transcription of various target genes.
Reversely, many transforming oncogenes drive the expression of MYC, playing a role in cell
survival, differentiation blockade, genetic instability, proliferation, and cell migration!33:134,
Hence, tumorigenesis and metastasis are promoted'**!** Interestingly, MYC strongly
influences the survival of chemo-resistant cancer cells'**>. Moreover, MYC is amplified in
numerous types of cancers and is associated with poor prognosis'*. It is overexpressed in

30-50% of high-grade breast cancers!3>!,

1.94 CCND1

CCND1, also called Cyclin DI, BCLI or PRADI, is located on 11q13.3. CCNDI encodes a
holoenzyme's regulatory subunit, which phosphorylates and inactivates the retinoblastoma
protein (Rb) with its cell-cycle inhibiting function. This inactivation is an essential
regulatory step for cell-cycle progression leading to DNA synthesis'*®. CCNDI
amplification or overexpression is predominantly associated with tumorigenesis in early-

stage cancer and with the risk of tumor progression and cellular metastases in various human
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cancers!?%15%160 Tt is the second most frequently amplified oncogene in human cancer
overall'¢:162 and is amplified in up to 20% of breast carcinomas'%?-1*, However, there is still
a strong controversy about the prognostic value of CCND/. In a meta-analysis by Binabai et
al. in 2020, a significant association between a high expression level of CCNDI and poor
overall survival could be shown for several cancers, however, excluding breast cancer'®.
While some studies provide evidence that CCND1 overexpression has been linked to smaller
carcinomas, good response to endocrine treatment, and prolonged survival!®*16 others
conclude high level of CCND1 expression is correlated with poorer prognosis and tamoxifen

resistance!%167-168

1.9.5 CDHI1

CDHI, also called CADHERIN 1, encodes a transmembrane-spanning adhesion

glycoprotein'®’.

This glycoprotein comprises five extracellular domains conferring
homotypic interactions and a highly conserved tail on the cytoplasmic side that binds to
several effectors, transducing biochemical and physical signals to the cell'**™'*". CDH] is
located on chromosome 16q22.1'%°. CDHI mutations occur in different cancer types,
including breast and ovarian malignancies'*’. Due to its important role in cell adhesion, the
reduction or loss of CDHI expression is associated with junctional disassembly.
Consequently, disease development and progression, as well as lymph node, and distant
metastases can occur. Thus, reduced CDHI expression is associated with a poorer

pI'OgIlOSiS 147,148,169,170

1.9.6 Human epidermal growth factor 2 (HER2)

The HER?2 oncogene is located on chromosome 17q12'37. It is also named NEU or ERBB?2
and encodes for a receptor for the tyrosine kinase belonging to the epidermal growth factor
(EGF) receptor family'*”. Due to its lack of a ligand binding domain, it cannot bind growth
factors. However, it is able to build a heterodimer with further ligand bound EGF receptor
family members. As a heterodimer, it increases signaling pathways regulated by kinases,
such as those stimulating cell proliferation'3”. HER2 was reported to be amplified and/ or
overexpressed in a variety of cancers, among them breast and ovarian cancer'*’. Slamon et
al.'”! reported that HER2 was amplified from 2- to more than 20-fold in 30% of their
analyzed breast carcinoma, leading to an increased expression of the protein gene product.
HER?2 amplification was found to be an independent prognostic indicator of early recurrence
(regardless of T-, N-, ER- and PR-status), reduced overall survival, and early tumor

dissemination'’'"!73, HER2 amplification identifies a subset of aggressive breast carcinomas
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sensitive to growth inhibition and apoptosis which are, in general, therefore treated with anti-
HER2 therapies'”.

1.9.7 Tumor protein 53 (TP53)

TP53, located on chromosome 17p13.1, encodes for a tumor suppressor protein regulating
the transcription of several target genes'*’. Tp53 suppresses cancer by regulating several key
processes including apoptosis and cell-cycle arrest and therefore has been described as a
“guardian in the genome” by Strachand and Read!’>. The protein P53 contains a
transcriptional activation, DNA binding, and oligomerization domain, as visualized in 9.3.1
Supplemental Figure S1. 7P53 mutations and a loss of TP53 activity are associated with
various human cancers. In breast carcinomas, 7P53 alterations are observed in 30%, being
one of the most frequent genetic alterations!*’. Furthermore, TP53 can promote genomic
stability, control tumor inflammation, and immune response, and repress metastasis'>’. TP53

mutations are correlated with poor prognosis in breast cancer patients®*,

1.9.8 Zinc finger protein 217 (ZNF217)

ZNF217 encodes for a Kriippel-like zinc finger protein and is located on 20q13.2'*!. This is
a chromosomal region frequently amplified in human cancers, including 20-30% of early-
stage human breast carcinomas'*11’6 Tt is a transcription factor, localizes in the nucleus and
interacts with histone-modifying proteins and co-repressors. Moreover, it intervenes in the
process of transcriptional repression of various genes by binding specific DNA
sequences'>® 140, The overexpression of ZNF217 is associated with an aggressive phenotype
and shortened survival in breast cancer patients as it promotes the survival and invasiveness
of cancer cells'*""'*2, Cowger et al. could demonstrate that ZNF217 represses the promotor
of E-cadherin, using a combination of small interfering RNA and transient transfections'’,
Furthermore, high levels of ZNF217 expression can attenuate the apoptotic signal and
therefore be involved in resistance to chemotherapy, e.g., paclitaxel'*""!7®. In summary,
overexpression of ZNF217 in breast carcinomas indicates a poor prognosis. A recent study
by Sharma et al. describes that dimethyl fumarate inhibits ZNF217 in a subset of breast

cancer!”’, potentially leading to a new pharmacological therapy.
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2 SYNOPSIS AND RESEARCH GOALS

Worldwide, breast cancer is the most common invasive malignancy in women, causing
684,996° deaths in 2020. Especially older women are affected with a median age of breast
cancer death at 74 years in Germany?. Despite 82% of all women diagnosed with breast
cancer in Germany are older than 50 years'?, older women are underrepresented in cancer
research while comprising the largest group of patients. Regarding treatment, one major
problem is over- or undertreatment or even therapy failure, which can be caused by intra-
and/or inter-tumor heterogeneity limiting the prognostic importance of conventional
histopathological parameters. Further development for improved prognostication and thus
more accurate treatment selection was achieved with stratified medicine. Through this, tests
based on gene expression profiling, such as OncotypeDX (Genomic Health)®,
MammaPrint®®, EndoPredict®* and others were added into clinical management!’®. In
addition to these tests, an improved prognostication could be shown by quantitative
measurement of the nuclear DNA in breast cancer cells as the status quo of nuclear DNA
content (more precisely: diploid or aneuploid tumors) was associated with disease
outcome!”!*°_ Simplified, a higher malignancy in aneuploid tumors than diploid tumors
were observed. Moreover, the variability of the DNA content within the breast cancer cell
population, defined as the degree of genomic instability, was also correlated with
prognosis'®!. Here, a significantly better prognosis could be shown for patients with
genomically stable tumors compared to their instable counterparts'®!. However, further
research is needed to fully understand the exact interactions of chromosomal ploidy, degree
of genomic stability, intra-tumor heterogeneity, tumor progression and patient prognosis.
Consequently, this doctoral thesis was motivated by the desire to elucidate the role of tumor
heterogeneity as well as analyze chromosomal aneuploidy and genomic instability for
improved prognostication while focusing on older breast cancer patients due to their
underrepresentation in cancer research.

To address the following objectives, a comprehensive genetic analysis of 39 breast cancer
patients (median age of 67 years) divided into two groups with profoundly different survival
time after diagnosis (long survival patients, median 19 years, versus short survival patients,
median 2.4 years) was conducted: using Formalin-fixed, paraffin-embedded (FFPE) archival
material, (1) tumor clonality and heterogeneity were investigated by assessing copy number
alterations of eight breast cancer-associated genes for their potential as biomarkers using

multiplex interphase fluorescence in situ hybridization (miFISH), (ii) the genomic instability
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and tumor ploidy using miFISH and DNA image cytometry were determined, (iii)
phylogenetic tree modeling was performed in order to elucidate the process of tumor
development and progression regarding clonal evolution, and (iiii) the mutation status of 563
breast cancer-associated genes with targeted sequencing for a custom panel (OncoVar) using
next-generation sequencing (NGS) were assessed.

There are five main objectives of this thesis regarding breast cancer of 39 patients aged 50

years and older:

1. Are there gains and/ or losses in the eight analyzed breast cancer-associated genes? Is
there an association between specific gains and/ or losses with overall survival or ploidy

status?

2. What is the degree of ITH in each tumor sample, and how is the inter-tumor
heterogeneity within the cohort? Is there a correlation between the degree of ITH and a)

the clinical features and b) overall survival in the breast cancer samples?

3. Which ploidy has each tumor sample? Is there a correlation between the ploidy and a)

the clinical features and b) overall survival?

4. How could tumor development and progression -or in general the clonal evolution of the

tumor- have taken place?

5. Are there mutations in the analyzed 563 cancer-related genes in the breast cancer
samples? Is there an association between the overall mutation burden and a) overall

survival, b) ploidy status, or c) the degree of ITH?
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3 MATERIALS AND METHODS

3.1 Clinical samples

For this thesis, 39 out of 245 breast cancer samples with corresponding follow-up data of up
to 21 years were selected. The samples were collected between 1989 and 1992 at the
University Hospital Schleswig-Holstein (UKSH) in Liibeck within clinical routine
diagnostics and stored as formalin-fixed, paraffin-embedded (FFPE) biopsy specimens. The
selected breast cancer patients had a median age of 67 years (age range 50 — 85 years). This
study, a comprehensive genetic analysis on formalin-fixed, paraffin-embedded (FFPE)
biopsy specimens, was performed under the guidelines of the Declaration of Helsinki and
approved by the ethics committee of the University of Liibeck (#08-012 and #20-507). Two
groups of patients were formed, differing in overall survival but matched for age, estrogen
receptor (ER)-, progesterone receptor (PR)-, HER2 receptor, Ki67-status, and metastasis.
The median survival time after diagnosis in the long-survival group (n = 21) was 19 years
(range 13.2 — 21.5 years), whereas the short survival group (n = 18) had a median survival
of only 2.4 years (range 0.2 — 4.8 years). An overview about the clinical and
clinicopathological features of each tumor sample and patient separated into the groups of
long and short survival patients is provided in the supplement (Supplemental Table 1).

For the determination of the ER, PR, and HER2 receptor status, staining protocols
established in the Institute of Pathology for analysis in clinical routine (Standard Operation
Procedure VA-033, VA-050, VA-015) at the UKSH in Liibeck were used. The determination
was carried out according to the standards of the breast cancer guidelines of the
ASCO/College of American Pathologists®>!32. The staining was performed at the Institute
of Pathology at the University of Liibeck/UKSH. Regarding the HER2 receptor status,
additional staining with FISH was carried out using a commercially purchased HER2/CEP17
probe. The assessment of Ki67-expression levels was also performed at the Institute of
Pathology at the University of Liibeck/ UKSH by determining the percentage of positively
stained tumor cells (cut-off value of 20%)'®*. Furthermore, intrinsic subtypes were assigned
according to the European Society for Medical Oncology (ESMO) Clinical Practice

Guidelines'®.
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3.2 Materials

The lists of laboratory equipment, consumables, and reagents are presented in the

supplement (Supplemental Table 2, 3, 4).
3.3 Methods

Major parts of this thesis, particularly the execution of miFISH and analysis of its results,
were conducted during three stays, including one research semester, in the laboratory of Prof.
Dr. Thomas Ried, in the Genetics Branch at the National Cancer Institute (NCI), National
Institutes of Health (NIH) in Bethesda, Maryland, USA.

Sample selection, Feulgen staining, and cytometric measurements were performed at the
Laboratory for Translational Surgical Oncology and Biobanking of Prof. Dr. Dr. Jens K.
Habermann, at the University of Liibeck, Germany, under the supervision of Prof. Timo
Gemoll and Prof. Jens K. Habermann. The statistical analysis was carried out along with Dr.
Yue Hu of the NCI. The sequencing of the 39 tumor samples was conducted by the Frederick
National Laboratory for Cancer Research, NCI, and DNA extraction by Dr. Wei-Dong Chen,
NCI. Sequencing data processing was applied by Dr. Yue Hu, NCI. The data from next-
generation sequencing were obtained for result compilation, statistical analysis, and

interpretation as part of this thesis.
3.3.1 Multiplex interphase fluorescence in situ hybridization (miFISH)

3.3.1.1 Principle of Multiplex interphase fluorescence in situ hybridization (miFISH)

As described in 1.8, CNAs of specific genes, chromosome arms, or whole chromosomes can
promote tumor progression or tumorigenesis''*1?’. Some genes are frequently subject to
CNAs specifically in breast cancer (see 1.9), while others are gained or lost in multiple
cancer types. An excellent method to quantify CNAs on a single cell level is FISH'®®. Probes
are labeled with fluorescent reporter molecules and contain DNA sequences complementary
to the gene sequence of interest. The accessibility of the DNA strands is achieved by
denaturation so that the target sequence of the probe can anneal to the respective DNA
sequence, which can be observed under fluorescence microscopy.

In this thesis, multiplex interphase FISH (miFISH) was performed to investigate interphase
nuclei isolated from FFPE breast tissues by multiplexing FISH probes. MiFISH is a method
which was previously developed in the laboratory of Prof. Ried at the NIH. It allows the
determination of copy numbers for up to 20 gene loci using tumor-specific probe panels.
Copy numbers of each analyzed gene are counted within each nucleus assessed, revealing a

comprehensive overview of CNAs on a single-cell level. In this way, unprecedented new
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insights into tumor clonality and ITH are possible. The principle of the miFISH method is

visualized in Figure 3.

Figure 3. Sequential hybridization with a five-color FISH panel targeting breast cancer-specific
genes. After hybridizing, the first five-color panel (1) nuclei are automatically imaged by a custom-
designed Bioview software and scanner (2). After imaging, the first probe panel is washed off (3),
followed by the rehybridization with the second five-color FISH panel (same slide) (4). After the
rehybridization, each nucleus is automatically relocated for imaging by the software (5). This process
can be repeated for up to four panels, allowing the enumeration of up to 20 genetic loci for each
nucleus by the miFISH method. Figure created with the Biorender-software'?.

3.3.1.2 Preparation of single interphase nuclei cytospins from FFPE tissue

All analyses were performed on FFPE patient samples. Each specimen was cut in
consecutive sections according to the protocol listed in Table 2. Then, a senior pathologist
(Prof. Dr. med. Christoph Thorns) marked the tumor area on the second 4 um Haematoxylin
and Eosin (H&E) stained slide (Section 10 in the cutting scheme) according to histological

evaluation as shown in Figure 4.
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Table 2: Cutting protocol for analyses on FFPE-tissue.

Section Thickness Method
1 4 um HE
2
3
4 10 um DNA/RNA-
5 each Extraction
6
7 .
3 10 pm Protein-
9 each Extraction
10 4 um HE
11 50 um .
12 } cach miFISH
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Figure 4: Breast cancer tissue on a slide. 4 ym HE-stained tissue on a slide with marked tumor
area (in red).

The HE slide was used to mark the tumor area within the subsequent 50 um unstained
sections (Sections 11 and 12 in the cutting scheme), and the representative tumor material
was removed with a scalpel (so-called macro-dissection). The tumor tissue was collected in
a 1.5 ml Eppendorf safe lock tube. To prepare cytospin slides, a modified Hedley method'*
was used: The FFPE tumor tissue was macro-dissected, cut, and digested by protease to
create a single-cell suspension as visualized in Figure S. To achieve evenly spread-out single
interphase nuclei on a slide, the single-cell solution was distributed by centrifuge (so-called

“cytospin”).
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Figure 5: Workflow for the preparation of cytospins with archived FFPE patient samples. At
first, the marked tumor-cell area (visualized in red) was macro-dissected and placed in an Eppendorf
tube. Secondly, a single-cell suspension was produced by digesting the tumor tissue using protease.
Afterwards, the single-cell suspension was distributed by a centrifuge within a circled area on a
slide (so-called “cytospin”). Figure provided by courtesy of Dr. Kerstin Heselmeyer-Haddad.

Going more into detail in the process of preparing a cytospin, the 50 um section of the tumor
area of the FFPE tissue was placed in xylene for 3x10 minutes for deparaffinization and
rehydrated in an ethanol series of 2x 100%, 90%, 70% for 5 minutes at room temperature,
respectively. After each step, xylene and ethanol were removed by pipetting off and
discarding the supernatant after the Eppendorf tube was centrifuged at 3,000 rpm for 3
minutes. The final step of the ethanol series was adding 1 ml of 50% ethanol (again leaving
for 5 minutes at room temperature). To remove the ethanol, the Eppendorf tube was spun
down at 4°C for 15 minutes at 14,000 rpm in a centrifuge, and the supernatant was discarded.
After the removal of ethanol, 1 ml of sterile water was added and left at room temperature
for 20 minutes. To remove the sterile water, the Eppendorf tube was spun down at 4°C for
15 minutes at 14,000 rpm, and the supernatant was discarded. 1 x phosphate buffered saline
(PBS) was added for 10 minutes, the Eppendorf tube was centrifuged at 4°C for 15 minutes
at 14,000 rpm and the supernatant was discarded. Again, 1 x PBS was added, and the sample

was stored overnight at room temperature. The morning after, the Eppendorf tube was
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centrifuged at 4°C for 15 minutes at 14,000 rpm to remove 1 x PBS, and the supernatant was
carefully pipetted off. To start the digest, 10 U/ml bacterial protease type XXIV in 1 x PBS
was added and the Eppendorf tube was put into a thermomixer at 950 rpm at 45°C for 30 -
90 minutes (tissue and sample specific). After 20 min of digestion, every 5 minutes, the level
of tissue disintegration was monitored by placing 5 ul of supernatant stained with 5 pl of
DAPI-Sulphorhodamine under a fluorescence microscope. In case of incomplete tissue
disintegration, the digest was continued. Once the optimal level of disintegration was
observed, the single nuclei suspension was removed into another Eppendorf tube, avoiding
any remaining tissue pieces. The suspension was stored on ice to stop -respectively slow
down- the digest. The remaining tissue pieces were further digested by adding fresh protease
in 1 x PBS and repeating the steps described above (placing the Eppendorf tube in a
thermomixer at 950 rpm at 37°C, again, rechecking every 5 minutes the level of tissue
disintegration etc.). The digest was finished when no more tissue pieces were visible in the
suspension or no more intact nuclei were released from any remaining tissue pieces when
checking the digest level in the DAPI-stained supernatant under the fluorescence
microscope. To preserve tumor heterogeneity, all single digests stored on ice were combined
in an Eppendorf tube. Cytospins were generated by centrifuging 100 - 400 pl of the cell
suspension for 5 minutes at 1,200 rpm onto microscope slides using single cytological
funnels in a cytospin centrifuge. In case of very fragile nuclei, the speed of rotation was
reduced, and the time of centrifuging was extended accordingly. The optimal cytospin slide
has an even distribution of monolayered, non-overlapping intact nuclei with proximity to
each other to achieve an optimal density for efficient scanning. The quality and density of
nuclei on the cytospin were checked under the phase contrast microscope. If the density of
nuclei was too high, resulting in several nuclei overlaying each other, a lower volume of the
cell suspension was prepared to generate the next cytospin, and/or the suspension was diluted
with 1 x PBS. Similarly, if the density of the nuclei was too sparse, the volume of the cell
suspension used for the cytospin was corrected upwards accordingly. To fix the nuclei,
obtained cytospin slides with single-layered intact nuclei were dehydrated in an ascending
ethanol series (70 % and 90 % for 5 minutes and 100 % for 10 minutes). Afterwards, the

slides were air-dried and stored at 4°C in the fridge until further use.

3.3.1.3 Hybridization

For the miFISH analysis, eight breast cancer-related genes were included (detailed
description is provided in Table 1 and 1.9): COX2/PTGS2 (1q31.1), DBC2/RHOBTB?2
(8p21.3), MYC (8q24.21), CCNDI (11ql13.3), CDHI (16922.1), TP53 (17pl13.1),
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HER2/ERBB2 (17q12) and ZNF217 (20q13.2). Furthermore, two centromere probes were
selected as ploidy references (CCP4, 4p11.1-q11.1, and CCP10, 10p11.1-q11.1, targeting
the centromeres of chromosome 4 and 10). To gain more information regarding the ploidy
in one specific case (case 13S), additional hybridizations were carried out using 12
centromere and five locus-specific probes (CCP2, 3, 4, 6, 7, 9, 10, 11, 12, 15, 18, X and
CCNBI (5q13.2), RBI (13q14.2), CCNEI (19q12), DSCRS (21q22.13) and NF2 (22q12.2)
as visualized in Supplemental Figure S2.

As shown in Figure 3, by separating the eight breast cancer-related genes plus the two
centromere probes into two panels (panel 1: HER2, CDHI, TP53, ZNF217, CCP10; panel
2: COX2, CCNDI, DBC2, MYC, CEP4), the hybridization was carried out consecutively
onto the same cytospin slide. Additionally, for around 50% of the cases, a third panel with
an individual probe-selection out of the eight breast cancer-related genes and centromeres of
chromosomes 4 and 10 was consecutively hybridized onto the same cytospin slide for
validation purposes. In this third panel, the probes were attached to fluorophores differently
colored than in panel one respectively panel two.

For the hybridization, the probe panel was denatured at 73°C for 5 minutes. Covered with
aluminum foil for light protection, the probe panel was pre-annealed for 60 minutes at 37°C,
shaking in a thermomixer at 350 rpm. Meanwhile, the previously generated cytospins were
equilibrated in a Coplin jar containing 2 x saline sodium citrate (SSC) for 5 minutes and
afterwards in 1 x PBS for 2 minutes. It was necessary to pretreat each cytospin slide before
hybridization by pipetting 120 pl of 10 U/ml bacterial protease type XXIV and placing it in
a hybridization chamber inside an incubator at 37°C while frequently observing the nuclei
under the light microscope using phase objectives until the nuclei appeared brighter. The
time of protease treatment was dependent on the amount of cytoplasm: the more cytoplasm
was observed, the longer the slides had to be pretreated with protease inside the incubator
(between 15 seconds and several minutes) to digest the remaining cytoplasm. Afterwards,
three washing steps in 1x PBS for 3 minutes each, followed by dehydration in an ethanol
series starting with 70%, 90%, and 100% for 5 minutes, respectively, were performed.
Afterwards, the slides were allowed to air-dry (~5 minutes). 150 pl 2 x SSC/ 70% formamide
were applied on a 24 x 60 mm? coverslip. To denature the DNA, the cytospin slide was
touched carefully to the coverslip by strictly avoiding the formation of air bubbles and was
placed on a Thermobrite hot plate at 73°C for 30 - 45 seconds (length depending on the
fragility of nuclei). After quickly and carefully removing the coverslip from the cytospin
slides, the dehydration of the slides were carried out in an ice-cold ethanol series (70%, 90%

and 100%) for 3 minutes each. Afterwards, they were left to air-dry. 2 pl of the probe panel
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was applied on each cytospin slide, covered with a round coverslip (12 mm diameter) by
strictly avoiding the formation of air bubbles. Then, the edges of the coverslip were
completely glued using rubber cement. Hybridizations were performed 24 - 48 hours at 37°C

in a humid, light-tight hybridization chamber.

3.3.1.4 Signal Detection of Hybridization

After hybridization for 24 - 48 hours, cytospin slides were removed from the hybridization
chamber, and the rubber cement was gently removed from the top of the slide. All steps were
carried out under avoidance of light. The cytospin slides were immersed in pre-warmed
(48°C) 2 x SSC/ 0.3% NP40 buffer in a Coplin jar by gently sliding the coverslip to the side
with a tweezer. Subsequently, a washing step in another Coplin jar with fresh, pre-warmed
(48°C) 2 x SSC/ 0.3% NP40 solution for 2 minutes was performed under careful and
periodical shakes. Washing steps were continued by transferring slides in 2 x SSC/ 0.1 NP40
at room temperature for 1 minute, 2 x SSC for 10 seconds, and 1 x PBS for 2 minutes. For
DAPI staining, slides were transferred in a 2.5 pg/ml DAPI/ 1 x PBS solution for 30 seconds,
followed by three washing steps in 2 x SSC for 2 minutes each while agitating gently.
Cytospin slides were dehydrated in an increasing ethanol series of 70%, 90%, and 100% for
2 minutes, respectively, and left to air-dry. Finally, one drop of Vectashield fluorescence
mounting medium was added onto the coverslip and touched onto the cytospin slide under

avoidance of bubble formation.

3.3.1.5 Imaging of miFISH results

After detection, hybridized cytospin slides were examined under a fluorescence microscope
to check the quality of the nuclei, the DAPI staining, and the signals of the hybridized
fluorescent probes. If the quality of the hybridization was approved, the cytospin slide was
prepared to be scanned by placing it onto the Bioview DUET scanning workstation
comprising of an Olympus BX-63 fluorescence microscope equipped with custom optical
filters, an Xcite metal halide light source and a 40x oil immersion objective. Before each
scan, scanning parameters (focus, brightness, exposure time, intensity) had to be adjusted to
obtain optimal probe signal intensity with no or slight background fluorescence. Therefore,
representative areas of the slide were checked for all six filters (DAPI, Aqua, Green, Gold,
Red, and Far Red) to find the optimal scanning parameters. On average, 12,000 nuclei were
automatically imaged by a 2,448 x 2,048 monochrome digital camera within the DUET
workstation.

For re-scanning a slide after re-hybridization with panel 2 or 3, respectively, scanning

parameters had to be adjusted again. Furthermore, to relocate to the identical nuclei imaged
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in the first scan, the program allows to match the nuclei positions of any subsequent scan to
the positions of the same nuclei in the first scan. The automated relocation to the identical
nuclei for the following probe panels allows the custom FISH-after-FISH software to
provide a computerized image overlay. However, for all cases, the relocation to the same
nucleus had to be reviewed and, in several cases, carried out manually to ensure accurate
matching. Finally, images of all ten probes were visualized within the same nucleus in a

custom gallery overview. In this way, signals of all probes within the same nucleus could be

counted, as shown in Figure 6.

Figure 6: Images of a single breast cancer nucleus after the fluorescence in situ hybridization
of the first (top row) and the second multicolor panel (bottom row). The cytospin has been
consecutively hybridized with two five-color panels containing eight breast cancer-related genes and
two centromere probes. Additionally, an overlay of all images was visualized on the left side, and
pictures of the nucleus stained with DAPI are provided on the right side of the overlay image. The
image was created using the DUET scanning imaging workstation and the Bioview software.

All signals of minimum 250 nuclei per case were counted. Exclusively undamaged nuclei
not overlapping with other nuclei and with clearly visible signals for all ten probes were
included. Enumeration was carried out manually in a consecutive manner, followed by a

review process for improved accuracy.

3.3.1.6 Re-hybridization

To hybridize a second or third miFISH panel on the same slide (so-called consecutive re-
hybridization), the probes of the previously hybridized slide had to be washed off after
scanning and imaging had been completed. Therefore, the coverslip was carefully removed
in 2 x SSC by sliding it to the side with a tweezer, followed by three washing steps in 2 x

SSC in a Coplin jar for 2 minutes each. To remove the probes and denature the DNA on the
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cytospin slide, it was immersed in 2 x SSC/ 70% formaldehyde in a water bath at 80°C for
10 seconds, followed by dehydration in a series of cold ethanol (70%, 90% and 100%) for 2
minutes each. Meanwhile, the denaturation of the miFISH probe panel was carried out at
73°C for 5 minutes, and the pre-annealing at 37°C for 60 minutes, shaking in a Thermomixer
at 350 rpm, and covered with aluminum foil for light protection.

2 ul of the probe panel was added to the air-dried cytospin slides, which were covered with
a round cover slip sealed with rubber cement and hybridized in a hybridization chamber at
37°C for 1-2 days. Signal detection and imaging were performed as described in 3.2.1.4 and
3.2.1.5.

3.3.1.7 Data assessment

The determination of clonal signal patterns, ploidy, as well as gain and loss patterns were
carried out as described before®*. The manual counts of all signals in each of the 250 nuclei
per case were recorded by the Bioview software in an Excel spreadsheet, with every row
representing the copy numbers for the ten probes within the respective nucleus (signal
pattern). These raw data of analyzed nuclei were manually re-sorted for each case in Excel.
The columns were ordered according to the chromosomal location of the probes in ascending
order and the rows (signal patterns) in ascending signal numbers. The Excel file then
displayed nuclei with the lowest signal counts on top and nuclei with high signal numbers at
the bottom; nuclei with the same signal patterns were grouped to determine clonal signal
patterns, and the number of nuclei with this signal pattern was specified in an extra column.
The largest group of nuclei with the same signal pattern represents “the major clone” in the
tumor population. Nuclei with two signals in every gene- and centromere probe were

excluded as most likely representing diploid immune- or stroma instead of tumor cells.

3.3.1.8 Description of the instability index, ploidy, and gain-and-loss patterns

As a measurement of the degree of tumor heterogeneity quantified by the frequency of

altered clone patterns, the instability index (I) of each case was determined as presented in

the following formula!®*:

I =(N=*100)/n

N: number of signal patterns observed

n: number of nuclei analyzed

By calculating the average of all FISH gene probes and evaluating the signal counts for the

centromere probes, the ploidy of each of the 250 nuclei was determined. Gene probes with
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amplifications that biased the average were excluded. In the second step, the average ploidy
value (decimal number) for each breast cancer sample was calculated based on the miFISH
results by averaging the ploidy values of each nucleus.

Each of the 39 tumors within this study was assigned to the group “diploid” or “aneuploid”
tumor according to their average ploidy (determined through miFISH): a value of 2.0 and
2.1 was classified as “diploid” and a value of 2.2 and above as “aneuploid”. This cut-off
value 2.2 was identified in an independent cohort of tumor samples previously published by
Kocak et al., where both miFISH and DNA image cytometry had been carried out'?®. By
comparing the miFISH and DNA image cytometry data in this independent cohort, the cut-
off value of 2.2 for the average ploidy based on the miFISH results was revealed as the most
accurate matching the ploidy-determination by quantitative measurement of the nuclear
DNA. Further validation regarding the cut-off value was performed within the cohort of this
study by additionally analyzing 20 cases (11 long survival and 9 short survival cases) with
DNA image cytometry as described in 3.3.1.9.

For each of the 250 nuclei, a gain and loss pattern was identified in relation to the determined
ploidy of the tumor sample. To visualize the gain and loss patterns of the 250 nuclei, a color
chart for each breast cancer tissue was created (e.g. Figure 8, Figure 9D,H and Figure
10D,H). CNAs were considered for statistical analysis only when the corresponding

aberration occurred in at least 15% of the cell population.

3.3.1.9 Quantitative measurement of the nuclear DNA by image cytometry

In preparation of performing image cytometry, cytospins were Feulgen-stained. For the
Feulgen-staining, cytospin slides were incubated in 4.5 % formaldehyde for fixation at room
temperature overnight in a fume hood under avoidance of light. Afterwards, cytospins were
washed under running tap water (until the smell of formaldehyde was entirely removed).
Cytospin slides were then incubated with 5 M hydrochloric acid for 60 minutes at room
temperature under avoidance of light, followed by three washing steps with sterile purified
water. For staining, cytospin slides were incubated in Schiff’s reagent for 120 minutes and
covered with aluminum foil for light protection. Afterwards, cytospin slides were washed
under running tap water, followed by three washing steps for 10 minutes, respectively, in
freshly prepared sodium pyrosulfite washing solution: In the first step, 2.4g of sodium
pyrosulfite was solved in 125 ml sterile purified water. Then, 10 ml of this solved pyrosulfite
was added to 10 ml of 1 M hydrochloric acid and 180 ml of sterile purified water. For
dehydration, cytospin slides were incubated in an increasing ethanol series of 1 x 70%, 2 x

96%, and 2 x 100% for 3 minutes, respectively. Slides were quickly immersed twice in xylol,
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followed by a longer incubation step for 5 - 10 minutes. Finally, 2 drops of Entellan were
added onto the slide, and a 24 x 60 mm coverslip was touched onto the cytospin slide under
avoidance of bubble formation. In addition to the cytospins, a slide with tonsil tissue was
Feulgen-stained as a control.

In the next step, the ICM imaging system was used for image cytometry. In the ICM gallery,
particles were automatically detected and manually screened by excluding damaged or
overlapping nuclei, with a mean of 6,700 nuclei (range 1,214 to 16,425) analyzed per
evaluated case. To gain a reference value for the quantitative measurement of the DNA, each
examined case was screened for numerous diploid nuclei such as granulocytes and
lymphocytes for establishing the 2¢ value indicating a diploid DNA content. The tumor cells’
DNA values were then determined in relation to that 2¢ value. The Auer classification'” was
applied to categorize DNA histograms into diploid (Type I, III) and aneuploid (Type IV).
Histograms showing next to the stem line at 2c/4c an additional stem line and/ or the
corresponding cell population containing a minimum of 10 cells higher than 5¢ were defined

as aneuploid.

3.3.1.10 Phylogenetic tree modeling

The software FISHtrees 3.2 in the ploidy less mode was used to run phylogenetic algorithms
for the 39 cases to gain more information about the clonal evolution of each tumor!®. In
these phylogenetic trees, all observed signal patterns can be distinguished by the copy
numbers of the analyzed gene probes'*®. The creation of these FISHtrees with the software
was performed by Dr. Yue Hu, NCI, USA. Starting with a root node that indicates a
physiological status (2, 2, 2, 2, 2, 2, 2), the software creates a phylogenetic tree by
heuristically aiming to minimize the overall amount of CNAs throughout the tree. Thus,
there is a modification in the copy number of one gene probe in every edge, leaving the root
and proceeding to a new node. Whenever an upstream node cannot be linked to a
downstream node, as the linking signal pattern was not observed in the tumor samples, the
software algorithm predicts a transit signal pattern connecting these two nodes. The nodes
containing such a predicted transit signal pattern are marked with a dashed circle line in the
FISHtrees, whereas a solid circle line marks signal patterns observed in the tumor.
Furthermore, the total number of events in the tree was computed, defined as the sum of
events required to create all leaf nodes from the root node. The maximum tree depth was

determined, defined as the maximum amount of edges from a leaf to the root node.
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3.3.2 Targeted next-generation sequencing

For DNA extraction, macro-dissected FFPE-tissue sections were lysed in a mixture of
proteinase K for digestion, mineral oil for removing the paraffin, plus ATL lysis buffer.
Going more into detail, in the first step, a 50 um tumor section was put into a 2.0 ml tube
and 100 pl buffer ATL, 20 ul of Proteinase K, and 300 pul of mineral oil were added. The
sample was mixed by inverting the tube 50 times, followed by an incubation step in a
thermomixer at 65°C, 500 rpm for around 4 hours. Another 20 pl of Proteinase K was added
and mixed by inverting 50 times before placing the tube into the thermomixer and incubated
for 12-18 hours. Afterwards, a brief centrifugation step of the tube was carried out, and an
additional 10 pl Proteinase K was added. Again, the sample was mixed by inverting it 50
times, followed by another overnight incubation in the thermomixer (65°C, 500 rpm). The
next morning, the tube was quickly centrifuged, and the digest was assessed: in case of an
incomplete digest, another 10 pl of Proteinase K was added, followed by an additional round
of incubation in the thermomixer for a few hours more to ensure full digestion of the tissue.
Afterwards, a spun of the tubes for one minute at 13,200 rpm was carried out, and 130 pl of
the lysate was pipetted to a 1.5 ml Eppendorf tube. After the addition of 1.5 ul RNAse A,
the tube was vortexed (5 seconds), centrifuged (10 seconds at 8,000 rpm), and kept at room
temperature (5 minutes). Then, 10 pl of 3 M sodium acetate and 650 pl of buffer PM were
added, followed by vortexing the tube (5 seconds). Next, pipetting the sample onto Quick
spin columns was carried out. To collect the eluate, a centrifugation step at 5,000 rpm for 30
seconds took place. This step was repeated to assure all DNA was attached to the column.
Afterwards, the collecting tubes were substituted. After adding 700 pl of buffer PE, a
centrifugation step (30 seconds at 8,000 rpm) followed. Repeatedly, collection tubes were
substituted, and 700 pl of 80% ethanol was added, followed by a centrifugation step (1
minute at 13,200 rpm). One more time, collection tubes were substituted, followed by
another centrifugation step (5 minutes at 13,200 rpm). Afterwards, the tube was placed into
the thermomixer at 65°C for 10 minutes. 1.5 ml Eppendorf tubes were filled with the filter
columns together with 40 puL of 10% Buffer AE. Another incubation step in the thermomixer
(5 minutes at 65°C) was carried out, followed by centrifuging the tube (1 minute at 13,200
rpm). Again, the initial elution was utilized at the same column, followed by an incubation
step in the thermomixer (5 minutes at 65°C). Then, the sample was spun (1 minute at 13,200
rpm). Finally, an analysis of the yield and the purity of the DNA were conducted with a
NanoDrop 1000 Spectrophotometer. The dsDNA High Sensitivity Assay Kit was used to
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quantify the DNA on Qubit. Next, the DNA integrity was evaluated on a Bioanalyzer system.
The DNA library preparation was performed using a DNA sample input of 200 ng.

Targeted NGS was carried out with OncoVar, a panel created to span coding exons of 563
cancer-related genes (gene list presented in Supplemental Table 5). The KAPA Hyper Prep
Kits for Illumina were used for library construction. The produced libraries were then
sequenced on a NextSeq 500 system with a mean coverage for targeted regions of 263.
Following the recommendation of the Broad Institute'®’, the Best Practices workflow was
adhered regarding variant calling and data processing. For variant calling, the following
filtering standards were applied: (1) failed to pass UnifiedGenotype filter with GATK default
criteria, (2) fraction of alternative reads < 5%, (3) total read depth <5 or alternative read
depth <3, (4) QUAL <30, (5) low impact according to dbNSFP'*® (6) common SNPs in the
NCBI dbSNP version 147'%, (7) variants with allele frequency (AF), overall allele frequency
in ESP (ESP_AF GLOBAL), or allele frequencies (ESP6500 MAF _EA) >0.001 in the
Exome Aggregation Consortium (ExAC, release 3.1)!*°, (8) MAPQ score <40 for variants
with >100 COSMIC cases or on breast cancer hot spot genes (GATA3, KMT2C, MAP3K1,
PIK3CA, TP53)'", (9) MAPQ score <55 for variants on other genes, (10) variants, which
are present in minimum two samples including less than <100 COSMIC cases and (11)
variants without a COSMIC case but being in the category of having "'moderate impact’
according to dbNSFP. Visual validation of all detected indels and SNVs was carried out

using the Integrative Genomics Viewer (IGV) of the Broad Institute!'.

192,193

MutationMapper was used to create lollipop plots (Supplemental Figure S1).

3.3.3 Exclusivity and co-occurrence analysis

In large cohorts of tumor patients, gene mutations frequently involved in the same cancer
pathways do not often appear together in the same tumor'**. Thus, in cancer genomic data,
these genes involved in the same biological process create patterns of alterations that are

mutually exclusive'**

. Ciriello et al. developed a method called Mutual Exclusivity Modules
in cancer (MEMo) using statistical tests and correlation analyses to identify these sets of
genes within oncogenic pathway modules systematically!*®. This method is based on the
principles that member genes are known to engage in the same biological process or are
predicted to do so. Therefore, they are often altered across a collection of tumor samples,
and alteration events within these pathway modules occur mutually exclusive!®. This
MEMo algorithm from Ciriello et al. was used to perform a mutual exclusivity and co-
occurrence analysis of CNAs (CCND1, CDHI, COX2, DBC2, HER2, MYC, TP53, ZNF217)

and mutations (PIK3CA, TP53) for this cohort of 39 tumor samples along with PD Dr. med.
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Daniela Hirsch (NCI, NIH, Bethesda, MD, USA)!*>!% The visualization of the mutual
exclusivity and co-occurrence analysis was carried out in Microsoft Excel 2019

(Supplemental Figure S3).

3.4 Statistics

Statistical analysis including comparisons between the different subgroups, for example,
long versus short survival patients or diploid versus aneuploid tumors, was performed using
Fisher exact tests, t-tests (two-sided), and Chi-Square tests as applicable to determine the
corresponding p-values. All values underwent multiple testing corrections using the
Benjamini-Hochberg method. The statistical analysis was based on a significance level of
p < 0.05 after correction for multiple testing. The data obtained from targeted NGS were
statistically analyzed by including all genes displaying a mutation in at least three samples
(>7.5% of the cohort).
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4 RESULTS

In previous studies, an association between the degree of tumor heterogeneity and tumor
aggressiveness as well as between chromosomal aneuploidy and inferior prognosis in breast
cancer patients could be shown®”7*819! This doctoral thesis was motivated by the desire to
better understand the role of tumor heterogeneity as well as analyze chromosomal
aneuploidy and genomic instability for improved prognostication focusing on older breast
cancer patients, as they are underrepresented in cancer research. Therefore, a retrospective
comprehensive genetic analysis of FFPE samples of 39 older breast cancer patients with
profoundly different survival time and several clinical data available was conducted. As a
result, a broad set of miFISH data using a breast cancer-specific gene panel, ploidy
measurements using image cytometry and miFISH and phylogenetic trees for each tumor
sample, as well as NGS data using a custom panel of 563 cancer-associated genes were
generated. The data were analyzed comparing the groups of long versus short survival
patients. Moreover, after finishing the ploidy measurements, the cohort was separated into
diploid versus aneuploid tumors, and all generated data were statistically analyzed
accordingly. In addition to this, the generated data were statistically analyzed for the
subgroups formed by the different intrinsic subtypes as well as for tumors with a low versus

a high instability index.

4.1 Clinicopathologic characteristics

39 breast cancer samples with a median patient age of 67 at the time of surgery and with a
different time of survival after diagnoses (long survival, median 19 years, versus short
survival, median 2.4 years) were matched for age, ER, PR, HER2 receptor and Ki67-status
as well as the occurrence of metastasis. They were selected out of a cohort of 245 breast
cancer patients. In the statistical analysis of the clinical parameters of long versus short
survival patients, no significant difference for any of the matched parameters could be
shown. Regarding the T1-2 stages and the absence of lymph node metastases in the statistical
analyses, both occurred significantly more often in the long survival group.

The clinical and clinicopathological features, including survival time, age at diagnosis, TNM
stage, ER-, PR-, HER2-status, Ki67- expression, as well as the corresponding p-values
calculated in the statistical analysis are separately listed for the two groups of long and short
survival patients in the supplement (Supplemental Table 1) and graphically presented in

Figure 7.
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Figure 7 from Liegmann et al."”’: Overview about the clinicopathological features, results of
the 563-gene-mutation-analysis and miFISH-results for the entire cohort. (A) Summary of the
clinicopathological features (rows) separately listed for the short and long survival group and plotted
per individual sample (columns). (B) Extraction of the mutation analysis of 563-breast cancer-
associated genes by NGS. Distribution of mutations that affected genes in at least three samples.
The color code indicates the type of mutation. (C) CNAs of eight breast cancer-related genes were
identified by miFISH and plotted vertically per individual sample (columns). Green color indicates
a gain, red color a loss. Dark hues were chosen if the majority (>85%) of all nuclei showed a

gain/loss and light hues if 15-84% showed a gain/loss.
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Furthermore, the 39 tumor samples were separated according to their ploidy, with 16 diploid
cases, consisting of 10 long and six short survival cases, and 23 aneuploid cases, consisting
of 11 long and 12 short survival cases. Regarding age, survival time after diagnosis, ER-,
HER2- and Ki67-status, as well as the presence of lymph nodes and distant metastasis, no
significant differences were determined in the statistical analysis. However, a significantly
higher number of T1/2 stages and PR-positive tumors were observed in the diploid group.

The analysis of the intrinsic subtypes “triple-negative”, “HER2 positive”, and “luminal (A
and B)” revealed that the triple-negative group had the shortest and the luminal group the
most extended average survival after diagnosis; however, this difference did not reach
statistical significance. No significant differences were determined in the other analyzed
clinical and clinicopathological parameters (average age at diagnosis, T-, N- and M-status)

between the intrinsic subtypes groups.

4.2 Targeted next-generation sequencing results

For the mutation analysis, targeted NGS with the OncoVar panel, consisting of 563 cancer-
related genes (presented in Supplemental Table 5), was performed. In Figure 7B, mutated
genes were visualized. The most frequently altered genes in the cohort’s tumor samples were
PIK3CA (12/39, 31%) and TP53 (8/39, 21%) followed by MAP3K1 (7/39, 18%), KMT2C
(6/39, 15%), CDHI (4/39, 10%), ITGB2 (3/39, 8%), SPEN (3/39), and SF3BI (3/39). In
summary, the spectrum of gene mutations determined in the tumor samples overlaps the
significantly mutated genes of the breast cancer cohort reported in The Cancer Genome Atlas
(TCGA) 2012'""7. In comparison to the TCGA cohort, differences were seen regarding the
gene MAP2K4, in which no mutations were detected in the tumor samples of this thesis, and
the genes /TGB2 and SPEN not being reported as significantly mutated in the TCGA cohort.
The mutation type and its localization within the protein for the two most often mutated
genes, PIK3CA and TP53, are shown in Supplemental Figure S1. Regarding PIK3CA,
exclusively missense mutations including the known mutation hot spots in exon 9 (E542K
in cases 2L, 5L, 19L and 13S; E545K in luminal A tumors 16L and 10S), helical domain,
and exon 20 (H1047L in case 5S and H1047R in cases 6L, 18L and 21L) and kinase domain
with corresponding high COSMIC ID were observed. ER-positivity co-occurred in 11 of the
12 cases with mutations in PIK3CA. For TP53, predominantly missense mutations also
involving the known mutation hot spots in the DNA binding domain of the protein were
detected.

Statistically analyzing the mutation frequencies of a) each of these genes and b) the overall

mutation burden per sample in a comparison between the groups 1) long versus short survival
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patients, ii) diploid versus aneuploid tumors, and iii) tumors with a low versus a high
instability index no significant differences were detected. However, the following trends
were observed: mutations in PIK3CA occurred more frequently in tumors with a low
instability index (45%) than in tumors with a high instability index (15.8%). In addition to
this, in more tumors of long survival patients (8/21) compared to tumors of short survival
patients (4/18) PIK3CA mutations were observed. Moreover, mutations in SF3B1, including
one missense mutation with a high COSMIS ID number, were exclusively discovered in
patients with long survival. The statistical analysis of the 7P53 mutation frequencies for all
tumor samples separated by the intrinsic subtypes luminal A/B, HER2 positive, and triple-
negative revealed a significantly different distribution (mutated in 7% of luminal A/B, in

50% of HER2 positive and 57% of triple-negative samples, p = 0.038).

4.3 Analysis of CNAs and ITH based on the miFISH results

For this thesis, a recently developed multiplex interphase FISH technique, which can

visualize up to 20 loci in single cells simultaneously'*

of 10 loci as well as the ploidy of the tumor samples as described in MATERIALS AND

, was used to determine copy numbers

METHODS. Additionally, DNA image cytometry was performed for 11 long- and nine short
survival cases. The resulting DNA histograms are presented in Figure 9, Figure 10 and
Supplemental Figures S4 and S5. Comparing the ploidy results of the DNA image
cytometry and miFISH, the determined ploidy matched well.

Overall, at least two gene probes in each of the 39 tumor samples showed CNAs, with most
cases revealing both losses and gains. Figure 7C displays a summary of all gains and losses
for each gene probe and tumor sample. The most frequent alterations were gains of the
oncogenes COX2 in 72% (28/39) and MYC in 69% (27/39) of the tumor samples and losses
of the tumor suppressor genes CDHI in 74% (29/39) and TP53 in 69% (27/39). Genes that
were often lost were rarely gained, and vice versa, as visualized in Figure 7C. Regarding
the three targeted tumor suppressor genes, copy number losses were more frequently
detected. Similarly, the five targeted oncogenes were more often subject to copy number
gains. As an exception, copy number gains were revealed in nine of the 39 cases regarding
the tumor suppressor gene DBC2. Noteworthy, in all these nine tumor samples, MYC also
showed copy number gains. Co-occurring with the loss of chromosome 17, copy number
losses of HER2 were detected in eight tumor samples, in which 7P53 was lost as well.
Equivalently, 7P53 was gained in five tumor samples co-occurring with a gain of
chromosome 17. Unexpectedly, CCNDI was subject to copy number losses in five of the 39

tumor samples. Remarkably, in 16 of the 39 cases (nine short survival and seven long
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survival patients), a gain of MYC (located on 8q) co-occurred with a loss of DBC2 (8p).
Similarly, in 14 of the 39 tumors (equally distributed between short and long survival
patients), a gain of HER2 (17q) was accompanied by a loss of 7P53 (17p). Regarding copy
number gains, genes with signal counts more than double the overall ploidy allocated were
classified not only as gained but “amplified”. The highest signal counts were observed for
HER?2 amplified in seven tumor samples (in five long and two short survival cases), followed
by CCND1 with amplifications in six ER-positive tumor samples (three long and three short
survival cases) as well as MYC amplified in 10 tumor samples (five long and five short
survival cases).

The miFISH results of each of the 39 tumor samples are visualized as color charts and
presented in Figures 8-10 and in Supplemental Figures S4 and S5. In Figure 8 examples
of cases with special features are displayed (cases 9S, 10S, 13S and 14S). Going more into
detail, case 13 was the only tumor raising the question of being hypodiploid since it was
dominated by a clone with only one copy of the genes DBC2, MYC, CDH1, TP53, and HER?.
Moreover, for the centromere probes for chromosomes 4 and 10, which are included in the
probe panel as described in MATERIALS AND METHODS, only one copy each for most
nuclei of case 13S were observed. To answer the question of hypodiploidy, further
hybridizations with additional centromere and locus-specific probes as described in
MATERIALS AND METHODS were carried out. As a result, losses for 10 of the 22
analyzed chromosomes were detected, as displayed in Supplemental Figure S2, supporting
the hypothesis of case 13 being hypodiploid. In contrast, more than 90 % of analyzed tumor
cells in case S14 (Figure 8B) showed no copy number losses; only copy number gains in
COX2, DBC2, and MYC were revealed. Unlike cases 13S and 14S, case 10S was extremely
unstable, with an instability index of 68.8, as evident from Figure 8C. Despite this high
instability, a loss of CDH1 accompanied by a gain of CCND/ was maintained in essentially
all tumor cells. Additionally, the combination of a loss of CDHI with a gain of CCND1 was
present in three more cases of the cohort (12S, 4L and 9L).
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Figure 8 from Liegmann et al.'”’: MiFISH results of four notable short survival cases
graphically presented as color charts. For every nucleus, copy number changes are visualized
as gains (green), losses (red) and neutral (blue). Gene-specific miFISH markers are displayed
vertically with each probe's unique chromosomal arm shown in the “Locus” column on the left
of the plot, and the corresponding gene name on the right. Nuclei are arranged horizontally by the
frequency of signal patterns from left to right. Different gain-and-loss patterns are separated by
each vertical line stating the prevalence of the cell clone in the tumor population. Copy number
gains and losses are depicted as percentages of the total cell population in the “Gain” and “Loss”
column of the table on the right. Color-labeled percentages indicate a threshold of 15%. The
column “AvgSig” refers to the average of all signal numbers specified for each of the 8 analyzed
gene probes.

(A) Case 13S. The case 13S is dominated by several losses of the 8 gene probes for most nuclei.
(B) Case 14S. The case 14S reveals mostly gains for the majority of nuclei, also a gain of the
tumor suppressor gene DBC2.

(C) Case 10S. The case 10S is extremely instable yet maintains a gain of CCNDI accompanied
by a loss of CDH1 in essentially all nuclei.

(D) Case 9S. The case 9S shows in 30% of the analyzed nuclei in all 8 gene probes copy number
changes and in 58% of the nuclei in 7 of the gene probes.
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Unique about case 9S was that in 30% of all cells, copy number changes were detected in all
gene probes. The major clone (58% of all cells) showed copy number changes in all but one
gene probe (Figure 8D). In contrast, case 16L revealed the fewest copy number alterations
of the cohort — a loss of TP53 and CDH I were the only changes (Supplemental Figure S4).
Taking a closer look at the overall tumor cell population based on the miFISH results, a large
variability of ITH across the cohort was detected. Instability indices, which measure the
frequency of altered clone patterns as a reflection of ITH (as described in MATERIALS
AND METHODS), ranged from 2 to 86.6 (median 24.8) within the cohort, providing an idea
of the genetic variety of breast cancer in women aged 50 years and above. Giving four
examples of cases with a different ITH, two short survival cases (4S and 8S, Figure 9) and
two long survival cases (5L and 7L, Figure 10) are displayed as color charts and histograms
completed with an image of a representative H&E stain of each case. Interestingly, cases
with a low as well as with a high instability index were found among the group of short and
long survival patients. As an example of a short survival case with a low ITH, case 8S
(Figure 9E-H) is presented. This tumor reveals a stable aberration pattern of gains of MYC
and ZNF217 and losses of DBC2, CDHI1, TP53, and HER?2 in 95% of all cells, forming the
major clone, resulting in a low ITH with an instability index of 7.6. Furthermore, the
proliferation activity was assessed as high based on a high Ki67 expression, and the case
exhibited a diploid DNA histogram. In contrast, case 4S (Figure 9A-D) was determined as
aneuploid by image cytometry and showed a high instability index of 54, revealing a
markedly increased ITH. The major clone, comprised of 32% of the cells in this sample,
revealed gains of COX2 and HER?2 and high-level amplification of CCNDI as well as losses
of TP53 and ZNF217. The pattern in the second largest clone, represented by 20% of the
cells, was consistent with the loss of DBC2, MYC, TP53, and ZNF217. An example of a long
survival case with a low ITH is case 7L (Figure 10E-H), with a major clone consisting of
98% of all cells and the lowest instability index of the cohort (instability index of 2). The
major clone showed losses of CDHI and DBC2 and a gain of MYC, possibly indicative of
the formation of an isochromosome 8q'*®. Case 7L exhibited a diploid DNA histogram. Case
SL (Figure 10A-D), on the other hand, demonstrated that high ITH and aneuploidy were
also found in the long survival group. Losses of 7P53 and CDH1 and gains of COX2 and
ZNF217 were observed in the major clone, formed by 37% of the cells, and in several minor

clones of case 5L.
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Figure 9 from Liegmann et al.'”’: Patients with short survival after diagnosis. Histology (A,E),
image cytometry (B,F), imbalance clone plots (C,G) and miFISH results (D,H) for the cases
4S (A-D) and 8S (E-H).

(A,E) H&E-stained sections of the respective breast cancer samples showing the histomorphology.
(B,F) DNA histograms presenting the quantitative analysis of the nuclear DNA content assessed
by image cytometry using Feulgen-stained cytospins. For quantitative measurement of the DNA
content the sample was screened for several diploid nuclei (granulocytes, lymphocytes) to set the
2¢ value indicating a diploid DNA content. The quantitative measurements of the nuclear DNA
content (x axis) of the tumor cells given in “c” units were then calculated accordingly. The y axis
represents the logarithm of the total cell count. In case 4S 5,810 and in case 8S 6,721 nuclei were
analyzed.

(C,G) Imbalance clone plots visualizing the clonal composition of the analyzed breast cancer
sample and their putative evolutionary trajectory. The area of the circles correlates with the
occurrence of a cell-clone with a specific gain-and-loss pattern within the tumor cell population.
Clones derived by a single gain or loss change are connected by arrows. The arrows indicate the
clonal evolution according to gain-and-loss patterns in the color charts (D,H) starting from the clone
with the fewest gains and losses. Thus, unconnected clones must differ in more than one gain or
loss in their gain-and-loss pattern. Color coding allows assignment of the individual clones to the
corresponding clones in the color charts in D and H.
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(D,H) For every nucleus, copy number changes are visualized as gains (green), losses (red) and
neutral (blue). Gene-specific miFISH markers are displayed vertically with each probe's unique
chromosomal arm shown in the “Locus* column on the left of the plot, and the corresponding gene
name on the right. Nuclei are plotted horizontally by pattern frequency. Different gain-and-loss
patterns are separated by each vertical line stating the prevalence of the cell clone in the tumor
population. Copy number gains and losses are depicted as percentages of the total cell population
in the “Gain” and “Loss” column of the table on the right. The column “AvgSig” refers to the
average of all signal numbers specified for each of the eight analyzed gene probes.
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Figure 10 from Liegmann et al.'’: Patients with long survival after diagnosis. Histology (A,E),
image cytometry (B,F), imbalance clone plots (C,G) and miFISH results (D,H) for the cases
5L (A-D) and 7L (E-H). (B,F) In case 5L 4,759 and in case 7L 11,792 nuclei were analyzed. The
DNA measurements revealed aneuploidy in case 5L and diploidy in case 7L. Detailed figure caption
see Figure 9.
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Additionally, imbalance plots visualizing the likely trajectory of clonal evolution and
frequency of clones based on the miFISH data were created for the representative cases 5L,
7L, 4S, and 8S (Figure 9C,G and Figure 10C,G). The imbalance plots of the diploid cases
8S and 7L with a low instability index reflecting low ITH are depicted as an elementary
trajectory. In contrast, the imbalance plots of the aneuploid cases 4S and 5L with high ITH
show a complex trajectory with multiple circles illustrative of various clones within the

tumor cell population.

4.4 Analysis of subgroups distinct by survival time, ploidy, and instability index

The selection of patients in the cohort took place based on their profoundly different survival
time after diagnosis (median of 2.4 years in the short survival group versus median of 19
years in the long survival group). One aim in this thesis was to analyze if the genetic
parameters obtained in the miFISH- and NGS-analysis could explain the severely different
prognosis of the two groups. In Figure 11 a selection of the statistical analysis results for
the different subgroups are visualized as boxplots. Unexpectedly, after multiple testing
corrections, the observed CNAs (both the overall number of CNAs per sample as well as
separately analyzed for each gene probe) and average signal numbers were not significantly
different between the groups of long and short survival (Figure 11C). Moreover, the
instability indices as a reference point of ITH did not differ significantly between the groups
of short and long survival (p = 0.7, Figure 11A).

To further examine the 39 patients” miFISH data, we divided them according to their ploidy.
In this way, we gained a group of 16 diploid cases (10 long- and 6 short survival cases) and
23 aneuploid cases (11 long- and 12 short-survival cases). Both the average signal numbers
of each gene probe as well as the overall number of CNAs per sample showed significant
differences between the groups. As visualized in Figure 11D, in diploid tumors an average
of 4.5 CNAs per sample in comparison to 6.5 in aneuploid tumors was detected (p =0.0012).
Furthermore, 50% of diploid tumors showed a gain of COX2 and a loss of TP53 compared
to 87% and 83% of aneuploid tumors; however, after multiple testing corrections, this
comparison did not reach statistical significance. Remarkably, 7P53 was both lost and
mutated in 6% (1/16) of diploid and 22% (5/23) of aneuploid cases, translating into an entire
functional elimination of this tumor suppressor. Moreover, significant differences were
revealed when comparing the instability indices of the two groups (p = 0.0006, Figure 11B),
with lower instability indices (representing a lower ITH) in the diploid group. Giving some

examples, these profound differences become apparent by comparing the color charts and
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circle plots of the diploid tumor samples 7L and 8S with low ITH with the aneuploid tumor
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samples 5L and 4S with high ITH as presented in Figure 9 and Figure 10).

(A)

(B)

ns (p=0.7
£ 100 (p ) < 400+ *okok
g , | s ‘ o
= 80+ l S 3504 I
x I _— x |
£ g4 | z |
< 60 I d = 60 _l
2 L E
£ 40+ £ 404
2 - Z
- 1 A -
g 0 T T ‘_:n 0 T T
A N
,,‘1«\\ ,,'\@ PR
N N b@ b\“
o (s & S
> \) N N
% 2 &
QQ’ Ob >
~° &
(€) (D) (E)
® ) »
o ns (p = 0.5) & * ok 5 ok ok
- = =
© 10+ [ 1 c 10 © 104 | 1
P [ [
g - l . -I- g y-ln g -.ln
T g E 84 | @ ot S 8- - -
@ @ & .
A e O i [ O I T O O
£ 6- e i v T [ N P S
2 |« 2 '—iJ 2 | 4
a2 47 I 2 47 | g 47 7Y T
[=] [} il o
o | O o |
S 2 - S 29 ‘s 2 --
[ |
oy o )
2 2 0 . . 2 0 . .
E " ' £ > E O
=
2 "v'\\ '\Q’\ =z /z's’ /z""b z /,'19 /,"q
2 ¢« SEIIRS NS
\\ \\Q -\b .\b é._ 0+
g & N N & &
é\ cg\ S‘Q OQ & &
> R & O )
&g s S
& oé' 22 M
o o & S
Y. &
& &
~ o

Figure 11 from Liegmann et al."”’: Boxplots of instability indices and frequencies of CNAs per
tumor sample for different subgroups (miFISH results).

(A,B) Instability indices including minimum, maximum, median and outliers are presented as boxplot
for each subgroup: (A) long and short survival patients, (B) diploid versus aneuploid tumors.

(C-E) Frequency of CNAs per tumor sample including minimum, maximum, median and outliers are
presented as a boxplot for each subgroup:

(C) long and short survival, (D) diploid versus aneuploid tumors and (E) tumors with low versus
tumors with high instability index. ** p < 0.01; *** p < 0.001.
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In addition to this, we divided the 39 tumors into two equal-sized groups based on their
instability indices and examined their clinical data, miFISH, and NGS results. Patients in the
first group had tumors with an instability index of 2 to 24.8 (average of 12), while the
instability index of the second group ranged from 25.6 to 86.8 (average of 50.1). No
significant differences were detected in the statistical analysis regarding the clinical
parameters of these two groups. A significantly higher number of CNAs (4.5 versus 6.9,
p < 0.0001) was observed in the group with the higher instability index as presented in
Figure 11E. Another evident difference occurred regarding the mutation frequency of
PIK3CA, with 16% in the group with a low instability index versus 45% in the group with a

high instability index, not reaching statistical significance, though.

4.5 Clonal evolution analysis by phylogenetic tree modeling

To gain more information about the clonal tumor evolution, phylogenetic trees generated
from the results of the miFISH analysis using the software FISHtrees 3.2 were generated for
each of the 39 tumor samples. Starting with a diploid root cell that indicates a physiological
status (2, 2, 2, 2, 2, 2, 2), the software creates a phylogenetic tree by heuristically selecting
the signal pattern with the fewest CNAs and displaying the signal pattern of each cell.

Comparing the phylogenetic trees of the tumors of the long versus the short survival group,
both simple FISHtrees with only a few nodes, reflecting only a few different signal patterns
(measured by the total number of distinct mutational events), and with only a few different
tree levels (measured in tree depth) as well as complex FISHtrees with multiple edges and a
high tree depth could be observed in both groups. In contrast, when comparing the FISHtrees
of the diploid and aneuploid tumors, the total number of mutational events (p = 0.0008) and
the tree depth (p = 0.0008) were significantly different in the statistical analyses. In general,
as anticipated, the FISHtrees of the aneuploid samlpes, in comparison to the diploid tumors,
were more complex, reflecting the increased number of CNAs, higher genomic instability,
and ITH. Boxplots of the statistical FISHtree group comparison of long survival versus short

survival patients and diploid versus aneuploid tumors are presented in Figure 12.
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Figure 12: Boxplots of the FISHtree analysis presenting the total number of events in the tree
and the maximum FISHtree depth for the different subgroups.

(A,B) Total number of events in the FISHtree including minimum, maximum, median and outliers
are presented as a boxplot for each subgroup: (A) long versus short survival and (B) diploid versus
aneuploid samples. In the statistical analysis a significant difference between diploid versus
aneuploid tumors was calculated (p=0.0008).

(C,D) FISHtree depth including minimum, maximum, median and outliers are displayed as a boxplot
for each subgroup: (C) long and short survival, (D) diploid versus aneuploid cases. In the statistical

analysis a significant difference between diploid versus aneuploid samples was calculated
(p=0.0008).

A typical FISHtree of a diploid case (simple structure) and an aneuploid case (complex
structure) of long survival cases, SL (aneuploid) and 7L (diploid) are presented in Figure
13. The diploid case 7L consisted of five clones, all displaying a loss of CDH1 and a gain of
MYC. Two of the five clones were major clones, both showing an additional loss of DBC2;
the remaining three were minor clones. In the aneuploid case 5L, a high number of distinct
mutational events (207) resulting in a high tree depth (15) was determined, reflecting an
enormous degree of ITH. This case showed a multitude of minor clones and one major clone
(pattern: 8,4,4,4,3,2.4,5). All clones of case 5L displayed a gain of COX2, and the majority
(95%) of clones revealed a loss of CDHI and TP53. Whole genome duplication (WGD) was
revealed to have presumably occurred as an initiating event in tumor development of case
SL starting from the diploid root node (labeled as node 1 in Figure 13A), leading to
tetraploidization of the signal pattern in node 2. Later in tumor development, WGD
presumably occurred in four following nodes (labeled as node 12, 15, 19, and 22, colored in
pink), transforming from tetraploidy to octoploidy. Regarding the whole cohort, WGD
frequently occurred in a minor fraction of cell clones, with most clones in these cases being
diploid. Only in a few cases could the presumable occurrence of WGD as an initiating event

(tetraploidization from node 1 to node 2) be observed.
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Figure 13 from Liegmann et al."”’: Phylogenetic trees of exemplary long survival cases (A) 5L
and (B) 7L. FISHtrees were designed using phylogenetic algorithms (software FISHtrees 3.2). The
following gene order was used for displaying the FISH patterns: COX2, DBC2, MYC, CCNDI,
CDHI, TP53, HER? and ZNF217. Starting with a root node labeled in yellow color that indicates a
physiological status (2, 2, 2, 2, 2, 2, 2), the software creates a phylogenetic tree by heuristically
aiming to minimize the overall number of CNAs throughout the tree. In this way, clonal evolution is
depicted. The patterns' frequency within the cell population is expressed in the node size, however,
not being proportional to it. Nodes encircled by a solid line marks miFISH-signal-patterns observed
in the tumor tissue. Whenever an upstream node cannot be linked to a downstream node, as the
linking signal pattern was not observed in the tumor samples, the software algorithm predicts a transit
signal pattern connecting these two nodes. The nodes containing such a predicted transit signal
pattern are marked with a dashed circle line.

(A) The node of the major clone (here: tetraploid) is displayed in blue (pattern 8-4-4-4-3-2-4-5;
consisting of 71 out of 250 analyzed nuclei). In the legend signal patterns for selected clones (1-22)
are shown in detail. Whole genome duplication events occur in the pink labeled nodes 12, 15, 19 and
22 (patterns: 16-10-10-8-4-4-8-8; 16-6-5-6-4-4-8-8; 12-6-6-6-4-4-8-8; 12-4-6-5-4-4-8-8).

(B) The nodes indicating the presence of the major clone with the most prevalent pattern
(2-1-3-2-1-2-2-2; consisting of 217 out of 250 analyzed nuclei) and the clone with the second most
prevalent pattern (2-1-4-2-1-2-2-2; consisting of 29 out of 250 analyzed nuclei) are colored in blue.
In the legend signal patterns for selected clones (1-4) are shown in detail.

4.6 Mutual exclusivity and co-occurrence analysis

The MeMo algorithm from Ciriello et al. was used for the mutual exclusivity and co-
occurrence analysis of mutations (PIK3CA, TP53) and CNAs (CCNDI, CDHI, COX2,
DBC2, HER2, MYC, TP53 and ZNF217)". A significant mutual exclusivity of PIK3CA
mutations and CNAs of HER?2, as well as of PIK3CA mutations and CNAs of CCND1, was
detected and visualized in Figure 14. Moreover, a significant co-occurrence of CNAs of
DBC2/MYC (p = 0.023), TP53/HER2 (p = 0.042) and DBC2/HER? (p = 0.042) could be

determined. These results are presented in Supplemental Figure S3.
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Figure 14: Mutual exclusivity analysis results of mutations in PIK3CA and TP53 (OncoVar
results) and CNA (miFISH data) implementing the MEMo algorithm as described in MATERIALS
AND METHODS. Results are plotted vertically for each sample (columns) for the whole cohort
(n=39). Note the marked, significant correlations (A: PIK3CA and HER2, B: PIK3CA and CCNDI).



DISCUSSION Page | 49

5 DISCUSSION

5.1 Overview and discussion of experimental miFISH results

Based on the miFISH results, the most frequent alterations of the 39 analyzed tumor samples
were gains of the oncogenes COX2, MYC, and HER?2 and losses of the tumor suppressor
genes CDHI, TP53, and DBC2. These most frequent alterations, as well as the distribution
of gains and losses overall, are consistent with results documented in the TCGA database'!”.
Furthermore, they are also consistent with prior findings of comparative genomic
hybridization, precisely, the relative gains of chromosome arms or fractions of chromosomes

1q, 8q, 11q, 17q, and 20q, along with losses of chromosome arms 8p, 16q, and 17p'24 126,

5.1.1 Isochromosome formation, co-occurrence, and mutual exclusivity

In seven long and nine short survival patients (16/39), a loss of DBC2 (8p) accompanied by
a gain of MYC (8q) occurred as presented in Figure 7, leading to the hypothesis that an
isochromosome 8q has been formed. Similarly, a hint of an isochromosome 17q is given
with the concurrent loss of 7P53 (17p) and gain of HER2 (17q) in seven short and seven
long survival patients (14/39). An isochromosome is an unbalanced structural abnormality
in which one of the arms is lost, and the remaining arm is duplicated. Thus, a loss of DBC?2
(8p) accompanied by a duplication of the oncogene MYC (8q) would be a typical
constellation of an isochromosome 8q leading to the miFISH signal pattern in interphase
nuclei of one copy of the DBC2 probe and three copies of the MYC probe. When further
analyzing the spatial arrangement of miFISH signals for chromosomes 8 and 17 in the
cohort, the signal patterns strongly indicated the appearance of an isochromosome in around
half of the samples. However, in the other half of the tumors, the signals were too complex
to confirm or rule out the hypothesis of an isochromosome formation. Supporting the
hypothesis of an isochromosome formation, in the mutual exclusivity and co-occurrence
analysis of the eight analyzed genes (miFISH results) and the most often mutated genes,
PIK3CA and TP53 (NGS results), a significantly higher co-occurrence of DBC2 and MYC
(q = 0.023) as well as of TP53 and HER2 (q = 0.042) was discovered, as visualized in
Supplemental Figure S3. In general, isochromosomes 8q and 17q are the most frequently

isochromosomes detected in cancer'®’

. According to cytogenic studies, isochromosome 8q
and consistent 8p deletions are present in several human carcinomas, including breast

cancer!?®290:201 This suggests a substantial pathogenetic role in carcinogenesis.
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5.1.2 Loss of an oncogene/ gain of a tumor suppressor gene

In some cases, the atypical loss of an oncogene and/ or the gain of a tumor suppressor gene
were detected. To exemplify this statement, the loss of the prominent oncogene HER2 was
observed in 8/39 cases. A possible explanation for the loss of the oncogene HER2, which
resides on 17q, could be the loss of the entire chromosome 17 driven by the benefit of losing
a copy of the tumor suppressor gene TP53, located on 17p. Supporting this hypothesis, all
eight cases with a HER?2 loss showed a concomitant loss of 7P53 as visualized in Figure 7C
and, in more detail for the cases 8S, 9S and 13S, in Figure 8 and Figure 9. Similarly, in 9/39
tumor samples, a gain of the prominent tumor suppressor gene DBC2, which resides on 8p,
was observed. Remarkably, in all these nine tumor samples, a gain of the oncogene MYC,
located on 8q, co-occurred (see Figure 7C and, in more detail regarding the cases 9S and
14S, in Figure 8). This leads to the hypothesis that the gain of the tumor suppressor gene
DBC?2 occurs due to the gain of the whole chromosome 8 by profiting from an additional

copy of the critical oncogene MYC.

5.1.3 Signal amplifications of miFISH probes

Comparing the average copy number, HER2 showed the highest among the eight analyzed
genes and was amplified in 18% (7/39) of the tumor samples. This aligns with research by
Riou et al., describing that HER2 gene amplifications were present in 18% of breast
tumors*2. In contrast to literature®*> 2%, HER2 was predominantly amplified in long survival
patients (five versus two), in which no one received targeted anti-HER? therapy. For
instance, HER2 amplification and the probability of mortality and multifocal distant
metastases are significantly correlated, according to Riou et al.??>. Moreover, in three long
and three short survival cases (6/39), the oncogene CCNDI was amplified, occurring
exclusively in ER-positive breast carcinomas. This is in line with a study by Roy et al., in
which ER positivity and CCNDI amplification and protein expression were significantly

correlated®’’

. High CCND1 amplification has been linked to a poor prognosis in ER-positive
cancer in the literature’*”-?%%, However, this correlation could not be confirmed for the 39

tumor samples.

5.1.4 Inter- and intratumor heterogeneity based on miFISH results

Overall, the miFISH results displayed an enormous degree of inter- and intratumor
heterogeneity within the cohort. On one side of the spectrum, in some tumor samples, the
majority of the tumor cell population consists of only one single clone (see f.e. cases 7L and

8S in Figure 9 and Figure 10). On the other side of the spectrum were cases in which less



DISCUSSION Page | 51

than 10% of the tumor cell population revealed the same signal pattern (major clone), for
example, case 10S with an instability index of 68.8 and high ITH (Figure 8C). Moreover,
in some tumor samples, a copy number loss of only two tumor suppressor genes was
sufficient for carcinogenesis, for example, in case 16L with an instability index of 5 and low
ITH (Supplemental Figure S4). In contrast, other cases showed copy number changes in
almost all analyzed genes (see f. e., case 9S in Figure 8D).

Remarkably, in some tumor samples, despite most of the eight analyzed genes showing
CNAs, the number of clones within the tumor population, the instability index, and thus ITH
were low, and/or the tumor was diploid. For example, in the signal pattern of case 8S, six of
the analyzed eight genes presented CNAs. Nevertheless, a low ITH with a major clone
comprising 95% of the tumor cell population, an instability index of 7.6, and diploidy were
revealed (see Figure 9). This combination of a diploid tumor cell population with low ITH
paired with a high number of copy number altered loci indicates tumor cells with a highly

aberrant yet stable karyotype.

5.1.5 Statistical subgroup comparison of the miFISH and ploidy results

Surprisingly, the statistical analysis of the group comparison of long versus short survival
patients did not reveal a significant difference regarding the number of CNAs, the ploidy
(diploid versus aneuploid), or instability indices as visualized in Figure 11A,C. Thus,
neither the number of CNAs, ploidy, nor the degree of ITH in breast cancer patients aged 50
years and above seem to predict the survival time after diagnosis -at least not for this cohort.
To give two examples for this observation, cases SL and 4S presented a high instability
index, and cases 7L and 8S had a low instability index. However, 5L and 7L showed a long
survival and 4S and 8S a short survival after diagnosis, as visualized in Figure 9 and Figure
10. In contrast, previous studies mainly based on image cytometry discovered that both the
degree of instability and aneuploidy were generally associated with a worse
prognosis®”!7%18! These previous studies chose patients not selected by age, whereas this
analyzed cohort comprised exclusively patients within the age range of 50-85 years.
Therefore, the increased incidence of comorbidities among breast cancer patients aged 50
years and above may contribute to these discrepancies. Contrary to the finding in this work
that ploidy is not significantly correlated with the survival time, Cornelisse et al. evaluated
breast carcinomas of exclusively postmenopausal patients in 1987 with the result of ploidy
being an additional, independent prognostic factor®>.

Regarding the finding of no association between the number of CNAs and the survival time,

it should be considered that miFISH was carried out for “only” eight breast cancer-associated
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genes, hence only providing a snapshot of CNAs throughout the genome. Therefore, even
though it is improbable, it cannot be ruled out that by including additional genes, CNAs
might have been found that would have been able to distinguish the group of long versus
short survival.

In addition to comparing the subgroups long versus short survival patients, the statistical
analysis was carried out by separating the entire cohort into the groups a) diploid versus
aneuploid cases and b) tumor samples with a low versus a high instability index. In the
analysis of diploid versus aneuploid tumor samples, significantly higher levels of CNAs
were revealed in the aneuploid samples, as visualized in Figure 11D (p = 0.0012).
Chromosomal segregation errors in mitosis occur more frequently in aneuploid tumors as

mitosis is more complex and are the most frequent cause for chromosomal instability>*,

which in turn increases the amount of CNAs. Moreover, in line with literature®*!28209210 the
instability index of aneuploid tumors was significantly higher than that of diploid tumors
(p <0.0001), as illustrated in Figure 11B. The link between aneuploidy and chromosomal
instability is described by Potapova and Zhu et al. as a "vicious cycle," in which aneuploidy
potentiates chromosomal instability and thus causes an increased karyotype diversity>!°.

Within the cohort, notable characteristics in several cases were revealed, such as those
presented in Figure 8. Remarkably, short survival case 13S displayed only one instead of
two signals for five of the eight gene probes in the miFISH analysis. Thus, this case was
dominated by exclusive losses of genes. Additional hybridizations revealed losses for 10 of
the 22 chromosomes analyzed as visualized in Supplemental Figure S1, resulting in the
statement of case 13S being hypodiploid. 1-2% of breast carcinomas have been reported to
be hypodiploid, which is associated with a poor prognosis’!!. One year after being
diagnosed, breast cancer patient 13S deceased. In case 13S, the CCND1 probe presented two
copies in the miFISH analysis for most cells. This contrasts with a study by Tanner et al.
describing a significant correlation between a CCNDI-gain and hypodiploidy in breast
cancer®!'!. Another notable case was case 10S (Figure 8C). Despite an extremely high level
of chromosomal instability that produced several minor clones and a high instability score
(68.8), a loss of CDHI and a gain of CCND1 were evident in 99% of the tumor cells. This
leads to the hypothesis of these two copy number changes being the driver of this
malignancy. Otherwise, one would have anticipated that further advantageous gains and
losses for tumorigenesis would have become significant major clones under selection
pressure. Supporting this hypothesis, cancer genomes are reported as primarily dynamic and

altering under selection pressure during carcinogenesis in the literature®’-2%212,
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Consequently, for the tumorigenesis of breast cancer, deregulating essential pathways seems

to be sufficient and does not necessarily need CNAs of multiple cancer genes.

5.1.6 Clonal evolution via phylogenetic analysis of CNAs

Additionally, based on the miFISH results, phylogenetic trees were created for each case to
reconstruct carcinogenesis computationally and better understand the principles behind
tumor evolution. The FISHtrees for the cohort revealed an enormous degree of ITH as well,
as some were highly complex with several branches and nodes, whereas others consisted of
a simple structure with only a low number of distinct mutational events and tree depth. As
an example for a FISHtree with a simple structure, the FISHtree of the diploid long survival
case 7L with an instability index of 2.0 resulting in an extremely low ITH is presented in
Figure 13B (the corresponding color chart and imbalance plot for case 7L are displayed in
Figure 10G,H). In contrast, the aneuploid case SL with a high instability index of 46.4 serves
as an example of a complex FISHtree with an increased number of distinct mutational events
and tree depth and is displayed in Figure 13A (the corresponding color chart and imbalance
plot for case 5L are shown in Figure 10C,D). Noteworthy, the change of the signal pattern
from node 1 to node 2 in the FISHtree of case 5L is consistent with the duplication of the
whole genome, a tetraploidization, being the initiating event of the development of this
tumor. According to a study by Bielski et al. WGD frequently occurs in cancer and is
associated with poor prognosis®'®. In addition to the initiating event in node 1, WGDs are
likely to have also taken place in the four nodes 12, 15, 19, and 22 (shown in pink). Being
positioned downstream of node 1 by the FISHtree algorithm, the WGDs of these four nodes
probably happened later during tumor progression. The fact that the WGDs of these four
nodes did not result in the proliferation of these clones suggests that WGD may not always
provide a selective advantage. This is consistent with a study by Kogak et al. of younger
breast cancer patients, in which WGD was detected but seemed to be not essential for
tumorigenesis'?®. Additionally, this observation aligns with a publication by Lei et al.
claiming that WGD is not necessarily required for carcinogenesis and frequently occurs

more than once in cancer evolution®'*.

5.2 Overview and discussion of sequencing results

Comparing the somatic mutation status of the 563 cancer-related gene panel (OncoVar) of
the 39 breast cancer patients 50 years and above with the most frequently described
mutations in the TCGA database'!’, which contains a cohort of age-unbiased patients, a very

similar picture emerged. Furthermore, no significant differences between the different
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subgroups (long versus short survival patients, diploid versus aneuploid samples, tumors
with a low versus high instability index) could be found when comparing the overall
mutation burden per case or mutation frequencies for each of the eight evaluated genes.
Going more into detail regarding the OncoVar results, PIK3CA was the most commonly
mutated gene, in line with literature!!”. In 10 of 13 cases in the present cohort, the mutations
in PIK3CA were observed in the three mutation hot spots of exon 9 and 202!°, for which
oncogenic effects have been demonstrated?'®?!7. Consistent with literature!!’, the hot spot
mutation E545K was only found in luminal A breast cancer (case 16L and 10S). Moreover,
the mutations in PIK3CA were more prevalent in the long survival group and in ER-positive
breast carcinomas, in line with literature’®!!”. In addition, in 21% (eight of 39) of the tumor
samples, a mutation in 7P53 was detected, including mutation hot spots matching the 23%
displayed in the Catalog of Somatic Mutation in Cancer (COSMIC) database®!s. A
significant correlation between 7P53 mutations and intrinsic subtypes was revealed, with
triple-negative tumors presenting the highest amount and luminal A/B tumors having the

lowest amount of TP53 mutations, aligned with literature!%-219-220,

5.3 Conclusion and outlook

ITH is a common phenomenon in breast cancer and a key challenge for treatment selection:
tumors with a high degree of ITH consist of different cell clones, resulting in a higher
likelihood of resistant ones, leading to treatment failure. Due to the significant relevance of
this topic, this thesis aimed to gain further knowledge about ITH in breast cancer. A high
degree of ITH within the analyzed cohort was revealed. On one side of the spectrum, cases
in which most of the tumor cell population consists of only one single clone leading to a low
ITH to cases on the other side of the spectrum presenting multiple different cell clones with
less than 10% of the tumor cell population displaying the same signal pattern leading to a
high ITH were detected. Thus, these results give an insight into the enormous extent of inter-
and intratumor heterogeneity, causing huge challenges for the management of breast cancer.
A new approach described in literature to improve breast cancer treatment is to gain more
information about clonal evolution, resulting in the development of therapies that evolve
over time, possibly leading to better survival outcomes??!. Tumor evolution models such as
phylogenetic trees visualize changes in tumor heterogeneity along the temporal axis. In this
study, the clonal evolution of each of the 39 samples was reconstructed computationally,
displaying the enormous degree of ITH ranging from cases with highly complex
phylogenetic trees to cases with trees consisting of only a low number of nodes and branches,

resulting in a simple structure.
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Furthermore, an improved prognostication can lead to a more accurate and thus better
treatment selection. Previous studies discovered that both the degree of genomic instability
and aneuploidy were generally associated with a higher malignancy of the tumor and poorer
prognosis®”83:17%:181 "Jeading to the possibility of an improved disease prognostication. Next
to ITH, genomic instability often occurs in cancer!'® and can lead to an accumulation of
structural abnormalities of chromosomes or parts thereof, including CNAs'!’. Tumor

progression can be promoted by CNAs!!120.122

when occurring in oncogenes or tumor
suppressor genes. Regarding the amount of CNAs among the cohort, significant differences
were observed -with tumor samples ranging from losses in only two genes to cases with
CNAs in almost all analyzed genes. Overall, at least two CNAs of the analyzed eight breast
cancer-associated genes could be detected in each of the 39 tumors, indicating that CNAs in
at least two genes were sufficient for carcinogenesis. To summarize, the most frequent
alterations, as well as the distribution of gains and losses overall in patients with the age
range from 50 to 85 years in this thesis, are consistent with results documented in the TCGA
database'!” and with prior findings of comparative genomic hybridization'?*!%6 being
analyzed for age-unbiased cohorts (and in a minority of analysis on breast cancer cell lines).
However, due to the complex experimental design, “only” eight genes -although breast
cancer-specific- were examined on a single cell level by miFISH. As a result, only a tiny
section of possibly occurred CNAs were analyzed. Consequently, additional studies are
necessary, including a higher number of genes being investigated on a single-cell level.
Within these additional studies, the most recent findings regarding gene aberrations in breast
cancer in the Cancer Genome Atlas Network (TCGA) should be considered, for example,
the genes PIK3CA (chromosome 3), MAP3K]I (5), KMT2C (7), CDKN2A4 (9), PTEN (10)
and RBI (13).

In the statistical analysis of aneuploid versus diploid tumors, significantly higher CNAs and
instability indices, reflecting the degree of genomic instability, were revealed in the
aneuploid tumors. These correlations were previously described in a study by Kogak et al.

for a collective of premenopausal breast cancer patients'?®

as well as in a publication of
Oltmann et al. for an age-unbiased cohort consisting of pre- and postmenopausal patients®*.
These previously described correlations could also be confirmed through this thesis for a
cohort comprised of patients exclusively within the age range of 50 to 85 years.

Moreover, this work assessed the mutation status of 563 breast cancer-associated genes for
each of the 39 tumor samples. This mutation status revealed a comparable distribution of
gene mutations detected in tumors of patients 50 years and above and of the age-unbiased

TCGA cohort (2012)!"7.
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Notably, among the breast cancer patients of this cohort, neither the number of CNAs nor
the tumor ploidy nor the degree of ITH revealed an association with prognosis (distribution
to the groups with short or long survival). Thus, these criteria do not appear to be relevant
for the time of survival and therefore for disease prognosis among breast cancer patients
aged 50 years and above, possibly because age at diagnosis and comorbidities play a major
role on each patient's prognosis. However, these results contrast with a study by Kocak et al.
focusing on exclusively younger breast cancer patients (premenopausal), which revealed a
significant association between the degree of ITH and poorer prognosis as well as between
the number of CNAs and poorer prognosis'?®. These contrasting results regarding younger

breast cancer patients in the study by Kocak et al.!?®

and patients aged 50 to 85 years in this
work are supported by a publication of Lischka et al.!®". Lischka et al. statistically analyzed
premenopausal versus postmenopausal patients with different genome instability profiles.
The result was that the genome instability profiles predicted disease outcomes independent
of clinicopathological parameters playing a major role in disease prognostication in
premenopausal patients. In contrast, in postmenopausal patients, genomic instability did not
have a significant impact on each patient’s prognosis'®’.

As a conclusion, the importance of increasing the focus on older patients being
underrepresented in cancer research could be underlined through this work as some
conditions, for example, the association between the degree of ITH and prognosis or between
the number of CNAs and prognosis applying to breast cancer in younger patients might be
insignificant for older patients.

Due to the project's relatively small cohort (n = 39), more research is required to confirm the
findings on larger cohorts and further analyze the role of tumor heterogeneity, chromosomal
aneuploidy, and genomic instability in breast cancer. As the status of menopause was not
recorded in the present cohort, future studies should be carried out ideally on a data set
including these data, thus being able to analyze pre- versus postmenopausal patients
statistically. Overall, in cancer research future studies focusing on an older patient cohort are

needed. These will play a vital part in ascertaining whether data from research studies on

younger patients are applicable to both age groups.
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6 SUMMARY

Despite the majority (70%) of female breast cancer cases being diagnosed in women aged
55 years and older and an increasing population of older breast cancer patients due to
demographic change, older patients lack adequate representation in cancer research. Thus,
this doctoral thesis focused on breast cancer patients aged 50 years and older, aiming to
elucidate the role of intratumor heterogeneity, ploidy, and genomic instability and their
influences on disease outcome. Therefore, a breast cancer collective of 39 patients with short
(median 2.4 years) and long survival (median 19 years) were selected. Multiplex interphase
fluorescence in situ hybridization (miFISH) was carried out to analyze copy number
alterations (CNAs) of eight breast cancer-associated genes for their potential as biomarkers,
as well as assessing genomic instability and tumor heterogeneity. Furthermore, image
cytometry was performed to detect ploidy and phylogenetic tree modeling to gain more
information about tumor development. Supplementary, targeted next-generation sequencing
of 563 breast cancer-associated genes was carried out externally, and the obtained mutation
status was statistically analyzed, compared to the miFISH results, and interpreted as part of
this thesis.

The experimental part of this work revealed several CNAs of breast cancer-specific genes,
as well as gene mutations frequently reported in breast carcinomas. The copy number gain
of COX2 occurred most frequently (in 72% of the cases), followed by MYC (69%), whereas
losses were more common for CDH1 (74%) and TP53 (69%). Comparing aneuploid with
diploid tumor samples, significantly higher average signal numbers, CNAs, and instability
indices, reflecting the degree of genomic instability, were revealed in the aneuploid tumors.
In 16 cases, the signal pattern indicated the formation of an isochromosome 8q and in 14
cases of an isochromosome 17q. Supporting the hypothesis of an isochromosome formation,
CNAs of DBC2/MYC and HER2/TP53 significantly co-occurred. Moreover, significant co-
occurrence of CNA of HER2/DBC2 was detected, and CNAs for HER2 and PIK3CA
mutations and CNAs for CCNDI and PIK3CA mutations were significantly mutually
exclusive. Overall, the distribution of gene mutations of the 563-breast cancer-associated
genes, as well as the pattern of CNAs in the eight breast cancer-related genes (miFISH)
detected in the 39 patients aged 50 years and older, were comparable to results of the age-
unbiased TCGA-cohort. Notably, neither the quantity of CNAs, the tumor ploidy, nor the
degree of intratumor heterogeneity revealed an association with the survival time, indicating
that for patients above the age of 50, these criteria do not seem to have a substantial effect

on disease prognosis.
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7 ZUSAMMENFASSUNG

Brustkrebs ist die haufigste invasive Krebserkrankung bei Frauen mit einem
durchschnittlichen Alter zum Todeszeitpunkt von 74 Jahren. Hierbei beeinflussen mehrere
Faktoren das Risiko fiir Brustkrebs, wobei Alter eine grofle Rolle spielt: Die Inzidenz von
Brustkrebs steigt mit dem Alter deutlich an. Dennoch sind &ltere Frauen in der
Krebsforschung unterreprasentiert. Die Diagnose und Prognose basiert derzeit auf klinischen
und histologischen Parametern sowie molekularen Merkmalen und ist fiir eine optimierte
Behandlungsentscheidung von Brustkrebspatientinnen unerlésslich. Eine Herausforderung
fiir die Stellung einer moglichst prazisen Diagnose und Prognose sowie fiir die Wahl einer
erfolgreichen Therapie ist die Heterogenitit innerhalb eines Tumors (intratumorale
Heterogenitit) sowie zwischen Brustkrebs verschiedener Individuen (intertumorale
Heterogenitét). Tumorheterogenitit kommt hiufig in Brustkrebs vor und fithrt zu einer
grof3en Variabilitét der klinischen und histologischen Parameter, der Tumoraggressivitit und
damit des Ansprechens auf eine Behandlung. Neben den allgemeinen klinischen
Prognosefaktoren wie beispielsweise der TNM-Klassifikation sind spezifische Biomarker
und Genexpressionssignaturen fiir eine moglichst genaue Charakterisierung etabliert
worden, wie beispielsweise MammaPrint. Es hat sich gezeigt, dass die quantitative
Bestimmung des nukledren DNA-Gehalts in Brustkrebszellen zu einer priziseren Prognose-
Stellung flihrt, da ein Zusammenhang zwischen dem Grad der Aneuploidie und dem
Krankheitsverlauf besteht. Zusammengefasst zeigen sich diploide Tumoren im Vergleich zu
aneuploiden weniger aggressiv. Auch ist der Grad der genomischen Instabilitdt mit der
Prognose assoziiert, wobei Patientinnen mit genomisch stabilen Tumoren eine signifikant
bessere Prognose haben. Hierbei spiegelt sich der Grad der genomischen Instabilitét in der
Variabilitit des DNA-Gehalts innerhalb der Tumorzellpopulation wider: weisen
beispielsweise alle Zellen den gleichen DNA-Gehalt auf, so liegt ein genomisch stabiler
Tumor vor. Genomische Instabilitdt kann zu einer Haufung struktureller Anomalien von
Chromosomen einschlieBlich sogenannter Kopienzahlvariationen von Genen fiihren,
welches die Tumorentstehung sowie das Tumorwachstum fordern kann.

Das Ziel dieser Doktorarbeit war es, die Rolle der inter- und intratumoralen Heterogenitét,
chromosomalen Aneuploidie, genomischen Instabilitdt sowie Kopienzahlvariationen von
Genen bei Brustkrebs weiter zu erforschen. Ein verbessertes Verstidndnis dieser Tumor-
Eigenschaften kann helfen, die Diagnose, Prognose und somit die Wahl der Behandlung zu
verbessern. Dariliber hinaus legt diese Doktorarbeit den Fokus auf édltere Brustkrebs-

Patientinnen, da sie in der Krebsforschung unterreprisentiert sind.
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Die vorliegende Studie wurde an zwischen 1989 und 1992 am Universitatsklinikum
Schleswig-Holstein in Liibeck gewonnenen Mammakarzinom-Proben durchgefiihrt und von
der Ethikkommission der Universitit zu Liibeck genehmigt (Aktenzeichen 08-012 und 20-
507). Hierbei wurden 39 von 245 Brustkrebspatientinnen mit einem Durchschnittsalter von
67 Jahren und einem Follow-up von 22 Jahren ausgewéhlt, um eine umfassende genetische
Analyse an  Formalin-fixierten,  Paraffin-eingebetteten = Mamma-Biopsieproben
durchzufiihren. Diese 39 Patienten wurden in zwei Gruppen mit deutlich unterschiedlichem
Uberleben nach Diagnosestellung eingeteilt: Langiiberlebende (n=21, Median 19 Jahre)
versus Kurziiberlebende (n=18, Median 2,4 Jahren). In dieser Arbeit wurden mittels
Multiplex-Interphase-Fluoreszenz-in-situ-Hybridisierung (miFISH) Kopienzahlvariationen
von acht Brustkrebs-assoziierten Genen in mindestens 250 Einzelzellen fiir jede der 39
Tumorproben analysiert und die intratumorale Heterogenitit detailliert abgebildet. Der Grad
an genomischer Stabilitdt und intratumoralen Heterogenitdt innerhalb einer Tumorprobe
wurde durch den Instabilititsindex als Diversitdtsmal} dargestellt, der Werte von 0 bis 100
annehmen kann. Je hoéher der Instabilitdtsindex, desto ausgeprigter die intratumorale
Heterogenitit. Auf Grundlage der miFISH-Ergebnisse wurde zudem fiir jeden der 39
Tumore ein phylogenetischer Stammbaum erstellt, um die mogliche Evolution der
verschiedenen Zellklone grafisch darzustellen. Darliber hinaus erfolgte eine
Ploidiebestimmung der 39 Proben durch Bildzytometrie und miFISH mit anschlieender
Eingruppierung in diploide und aneuploide Tumoren. Bei der Bildzytometrie wurde eine
quantitative Messung des DNA-Gehaltes an mindestens 1200 Kernen pro Tumorprobe an
Feulgen-gefarbten Cytospins durchgefiihrt. Weiterhin erfolgte die Sequenzierung eines 563-
Gen-Panel mittels Next-Generation Sequencing (NGS) an diesen 39 Tumorproben vom
Frederick National Laboratory for Cancer Research in den USA. In dieser Arbeit wurden
diese Sequenzier-Daten zusammengestellt, statistisch analysiert, mit den miFISH-
Ergebnissen verglichen und interpretiert. AbschlieBend wurden Koexistenz- und
Exklusivititsanalysen von Mutationen in PIK3CA und TP53 and Kopienzahlvariationen der
Gene CCNDI, CDHI, COX2, DBC2, HER2, MYC, TP53, ZNF217 nach Algorithmen von
Ciriello et al.'>!® durchgefiihrt.

Die miFISH-Ergebnisse zeigten eine groBe Variabilitdt der intratumoralen Heterogenitét
innerhalb des Kollektivs. Insgesamt zeigten sich Kopienzahlvariationen fiir mindestens zwei
der acht Brustkrebs-assoziierten Gene in jeder Tumorprobe. Die héufigsten
Kopienzahlverdnderungen waren Zugewinne in den Onkogenen COX2 in 72% (28/39) und
MYC in 69% (27/39) und Verluste in den Tumorsuppressorgenen CDH1 in 74% (29/39) und
TP53 in 69% (27/39). In 16 von 39 Fillen trat ein Kopienzahlzugewinn von MYC

(Chromosom 8q) zusammen mit einem DBC2-Kopienzahlverlust (8p) und in 14 Féllen ein
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HER2-Zugewinn (17q) zusammen mit einem 7P53-Verlust (17p) auf. In dem Kollektiv
zeigten sich mehrere Fille mit erwédhnenswerten Besonderheiten, so beispielsweise der Fall
138S, bei dem Kopienzahlverluste auf 10 von 22 untersuchten Chromosomen auftraten. Die
ausgepragte Variabilitit der intratumoralen Heterogenitit innerhalb des Kollektivs spiegelt
sich in den Werten der 39 berechneten Instabilititsindices wider, die sich zwischen 2 und
86,6 befanden.

Die statistische Auswertung ergab, dass sich weder die Instabilititsindices als Mal3 der
genomischen Instabilitét noch die Anzahl an Kopienzahlverdnderungen der acht analysierten
Gene noch die Anzahl an Genmutationen der 563 sequenzierten Gene zwischen den Gruppen
der Langiiberlebenden versus der Kurziiberlebenden signifikant voneinander unterschieden.
Hingegen zeigte sich in dem statistischen Gruppenvergleich der aneuploiden versus diploide
Tumore ein signifikant hoherer Durchschnitt der gezdhlten Probensignale, der
Kopienzahlvariationen sowie der Instabilititsindices in der Gruppe der aneuploiden
Tumoren. Dieses spiegelte sich auch in den fiir die 39 Tumoren erstellten phylogenetischen
Stammbdume wider, wobei die Bdume der aneuploiden Tumoren im Vergleich zu den
diploiden eine signifikant grofere Baumtiefe (durchschnittliche Entfernung eines
Knotenpunktes von der Baumwurzel) aufwiesen und deutlich komplexer waren.

Bei der Sequenzierung des 563-Gen-Panels zeigten sich am hédufigsten Mutationen in den
Genen PIK3CA (12/39, 31%), TP53 (8/39, 21%), MAP3K1 (7/39, 18%), KMT2C (6/39,
15%), CDH1 (4/39, 10%), ITGB2 (3/39, 8%), SPEN (3/39), und SF3B1 (3/39). Mutationen
in PIKC3A4 wurden fast ausschlieBlich in Luminal A Tumoren detektiert. Die Koexistenz-
und Exklusivititsanalysen ergaben eine signifikante Hiufung des gemeinsamen Auftretens
von Kopienzahlverdnderungen von DBC2/MYC (p = 0,023), TP53/HER2 (p = 0,042) und
DBC2/HER?2 (p = 0,042) sowie eine signifikante Hiufung einer gegenseitigen Exklusivitat
von PIK3CA-Mutationen und Kopienzahlvariationen von HER2 sowie von PIK3CA-
Mutationen und Kopienzahlvariationen von CCND].

Zusammenfassend stimmten die in den 39 Tumorproben hiufig gefundenen
Kopienzahlverdnderungen (Zugewinne in COX2 (1q), MYC (8q) und HER2? (17q) sowie
Verluste in CDHI (16q), TP53 (17p) und DBC2 (8p)) und die Gesamtverteilung der
Kopienzahlverinderungen mit den Ergebnissen aus der TCGA Brustkrebskohorte (2012)!'!7
sowie mit vorangegangenen Studien {iberein, in denen insbesondere die relativen Gewinne
der Chromosomenarme oder Teile der Chromosomen 1q, 8q, 11q, 17q zusammen mit
Verlusten der Chromosomenarme 8p, 16q und 17p gezeigt wurden'?*1?°. Das Ko-Auftreten
eines Verlustes von DBC2 (8p) und Gewinns von MYC (8q) in 16 Féllen sowie eines
Verlustes von 7P53 (17p) und Gewinns von HER?2 (17q) in 14 Féllen lisst die Bildung eines
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Isochromosoms 8q beziehungsweise 17q vermuten. Zusdtzlich zu dieser Beobachtung
bestitigten die Koexistenz- und Exklusivititsanalysen ein signifikant gehéuftes Ko-
Auftreten von Kopienzahlverdnderungen von DBC2/MYC sowie von TP53/HER2. In
zytogenetischen Studien wurde gezeigt, dass die Isochromosomen 8q und 17q die am
hiufigsten vorkommenden Isochromosomen in Krebs einschlieBlich Brustkrebs sind!'?%2%!,
Dies ldsst auf eine substanzielle pathogenetische Rolle in der Karzinogenese schlieflen.
Weiterhin konnten durch die miFISH-Einzelzellanalyse verschiedene Besonderheiten
einzelner Tumorproben beobachtet werden. Beispielsweise wies der Fall 13S aus der Gruppe
der Kurziiberlebenden Kopienzahlverluste in 10 von 22 untersuchten Chromosomen auf, die
zu der Annahme eines stark hypodiploiden Tumors fiihrten. Hypodiploidie wird in 1-2%
aller Brustkrebsproben entdeckt und ist mit einer schlechten Prognose assoziiert*!!.

Die Auswertung der Sequenzierdaten der 563-Krebs-assoziierten Gene ergab, dass das
Mutationsspektrum der vorliegenden Kohorte mit Patientinnen im Alter von 50-85 Jahren
dem aus der TCGA-Datenbank (2012)!'7 und damit dem einer Kohorte ohne
Alterseinschrinkungen glich. Hierbei zeigten sich keine signifikanten Unterschiede
zwischen den prognostischen Gruppen (Kurziiberlebende versus Langiiberlebende). Dartiber
hinaus ergab die statistische Analyse der Kurziiberlebenden versus Langiiberlebenden, dass
weder die Anzahl der Kopienzahlverdnderungen noch die Ploidie als Einteilung in diploid
oder aneuploid noch der Grad an intratumoraler Heterogenitét signifikant unterschiedlich
war. Daraus ldsst sich schlussfolgern, dass diese Parameter bei Patientinnen iiber 50 Jahren
(Altersspanne der vorliegenden Kohorte: 50-85 Jahre) keinen wesentlichen Einfluss auf die
Uberlebensdauer nach Diagnosestellung haben. Mdglicherweise spielen bei Patientinnen
iiber 50 Jahren Komorbidititen und das Alter bei Diagnosestellung eine libergeordnete Rolle
bei der individuellen Prognosestellung.

Insgesamt konnte durch die vorliegende Arbeit ein umfassendes Bild der 39 Tumorproben
mit einem hohen Grad an genomischer Instabilitit und intratumoraler Heterogenitét
dargestellt werden. Im Gruppenvergleich von diploiden versus aneuploiden Tumorproben
zeigten sich in der statistischen Analyse signifikante Unterschiede: so traten signifikant
haufiger Kopienzahlverdnderungen und ein hoherer Grad an intratumoraler Heterogenitét
(gemessen durch den Instabilititsindex) in der Gruppe der aneuploiden Tumoren auf,

welches Ergebnisse vorheriger Studien bestitigt3%128.209.210,
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9.3 Supplemental Figures
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9.3.1 Supplemental Figure S1. Lollipop chart displaying the mutation localizations in PIK3CA
(A) and TPS3 (B).

(A) The linear PIK3CA protein and its domains are visualized to map mutations using Pfam (Protein
family database from Wellcome Trust Sanger Institute). The various PIK3CA domains are color-
coded as follows: PI3-kinase family, p85-binding domain (32—-108) in green, PI3-kinase family, ras-
binding domain (174-291) in red, Phosphoinositide 3-kinase C2(351-483) in blue,
Phosphoinositide 3-kinase family, accessory domain (PIK domain) (520-703) in yellow, and
Phosphatidylinositol 3- and 4-kinase (798—1014) in purple.

(B) Mutations are mapped on the linear TP53 protein and its domains from Pfam. The color markings
of TP53 indicate its distinct domains: TP53 transactivation motif (5-29) in green, TP53 DNA binding
domain (95-289) in red, and TP53 tetramerization motif (319-358) in blue.

(A+B): The height of the "lollipops" (y-axis) represents the number of cases showing a mutation at
the same site. “Lollipops™: green, missense mutation; black, truncating mutation. Figure created by
PD Dr. med. Daniela Hirsch.
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9.3.2 Supplemental Figure S2. Phylogenetic tree (A), DNA histogram (B) and color chart (C) of
miFISH results for hypodiploid case 13S.

(A) Consensus phylogenetic tree of miFISH results with the eight described gene probes using
phylogenetic algorithms (software FISHtrees 3.2).

(B) DNA histogram showing the quantitative measurements of the nuclear DNA content assessed
by image cytometry using Feulgen-stained cytospins.

(C) Color chart of miFISH analysis with 25 gene probes: centromere probes CCP2, 3,4, 6,7, 9, 10,
11,12, 15, 18, X and locus-specific probes COX2, CCNBI1, DBC2, MYC, CCNDI, RBI, CDHI, TP53,
HER2, CCNEI, ZNF217, DSCRS, NF2, as described in Materials and Methods. For every nucleus,
copy number changes are visualized as gains (green), losses (red) and neutral (blue).
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9.3.3 Supplemental Figure S3. Visualization of the significant co-occurrence analysis results of
mutations in 7P53 and PIK3CA (NGS results) and CNAs (miFISH results). Results are plotted
vertically per individual sample (columns) for the entire cohort (n=39) differently sorted by their
significant correlations (upper two genes). (A) co-occurrence of DBC2 and MYC, (B) co-occurrence
of TP53 and HER?2 and (C) co-occurrence of DBC2 and HER?.
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9.3.4 Supplemental Figure S4: Long survival cases.
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Case 14L:
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Case 15L:
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Case 16L:
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Case 17L:

sy (s ~--m1—‘\ Q’.:‘ B LA

s 250 nuclei Instabilitylndex:45.2| Average ploidy: 2.1
21,6% , GAIN | LOss | Avgsig

17L




SUPPLEMENT Page | 100

Case 18L:
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Case 20L:
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Case 21L:
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9.3.5 Supplemental Figure S5: Short survival cases.
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Case 2S:
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Case 3S:
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Case 4S:
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Case 6S:
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Case 8S:
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Case 11S:
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Case 16S:
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9.4.1 Supplemental Table 1: The Clinicopathological features of each breast cancer
sample (n=39), separated into the groups "long survival patients versus short
survival patients' sorted by sample ID with corresponding p-values.

Clinical data
Age at . ~ Ki67 . .
Sample ID| diagnosis Uit pT-status | pN-status |pM-status| ER-status | PR-status R (% stained Intrinsic subtype Hlltly (B | /v Pty
(years) status FISH) (by FISH)
(years) cells)
L 55 191 pT2 pNO pMO pos pos neg <5 Luminal A diploid 2
2L 55 19.6 ND ND pMO pos pos neg <5 Luminal A diploid 21
3L 56 20.5 ND ND pMO pos pos neg 20 Luminal B, HER2 negative | aneuploid 4.6
4L 68 19.5 ND ND pMO pos pos neg <5 Luminal A aneuploid 2.6
5L 73 15.7 pT2 pNO pMO pos pos neg <5 Luminal A aneuploid 4
6L 78 17.0 pT4 ND pMO neg neg neg <5 Triple negative aneuploid 4
g 7L 66 19.3 pT1 pNO pMO pos neg neg <5 Luminal A diploid 2
g- 8L 70 20.5 pT2 pNO pMO neg neg pos <5 HER2 positive aneuploid 3.2
3 9L 77 13.2 pT2 pN1 pMO pos neg neg <5 Luminal A aneuploid 4
= 10L 85 13.9 pT1 pN1 pMO pos pos neg 5 Luminal A diploid 21
E 11L 71 19.6 pT2 pN1 pMO pos pos pos 5 Luminal B, HER2 positive diploid 2.1
5| 12L 60 19.5 pT2 pN2 pMO neg neg neg <5 Triple negative aneuploid 25
(g, 13L 55 20.5 pT1 pN1 pMO neg neg neg <5 Triple negative aneuploid 3.1
g 14L 61 17.6 pT2 pNO pMO neg neg pos <5 HER2 positive aneuploid 3
= 150 72 20.5 pT4 ND pMO pos pos neg 10 Luminal A aneuploid 3
16L 71 20.6 pT1 pNO pMO pos ND neg <5 Luminal A diploid 2
171 56 20.7 pT2 pN1 pMO pos ND neg <5 Luminal A diploid 21
18L 59 21.5 pT2 pN1 pMO pos pos neg <5 Luminal A diploid 2
19L 51 20.5 pT2 pN1 pMO pos pos neg 5 Luminal A diploid 2
20L 50 215 pT1 pNO pMO pos neg neg <5 Luminal A aneuploid 4
21L 51 19.5 pT2 pN1 pMO pos pos neg 5 Luminal A diploid 2.1
18 59 3.3 pT2 pNO MO neg neg pos <5 HER2 positive aneuploid 4
2S 81 1.6 pT2 pNO MO neg neg neg 60 Triple negative aneuploid 3.3
38 74 21 ND ND MO pos ND neg 5 Luminal A diploid 2
4S 67 0.8 ND ND MO pos pos neg <5 Luminal A aneuploid 4
w| 5S 82 3.0 pT4 pN1 pMO pos pos neg 5 Luminal A aneuploid 23
%_ 6S 55 0.2 ND pN1 pMO neg neg neg 5 Triple negative diploid 21
g 7S 82 2.0 ND ND pMO pos pos neg 5 Luminal A aneuploid 3
» | 8S 53 29 pT3 pN1 pMO pos pos neg 20 Luminal B, HER2 negative | diploid 2
§ 9s 62 0.5 pT2 pN1 pMO neg neg neg 80 Triple negative aneuploid 3
2| 108 73 3.4 pT4 ND pMO pos pos neg <5 Luminal A aneuploid 4
tI=J 11S 78 1.6 pT4 pN1 pMO neg neg neg 40 Triple negative aneuploid 3
g 128 7 1.8 pT4 pN1 pMO pos pos neg 5 Luminal A aneuploid 4
ﬁ 138 58 1 pT2 pN1 pM1 pos pos neg <5 Luminal A diploid 2
148 58 1.2 pT2 pN1 pM1 neg pos pos 10 Luminal B, HER2 positive diploid 2
158 69 4.8 pT4 pNO pMO pos pos pos <5 Luminal B, HER2 positive | aneuploid 4
16S 84 3.7 ND ND pMO pos pos neg <5 Luminal A aneuploid 4
178 84 4.5 pT2 pN2 pMO pos pos neg <5 Luminal A diploid 2
18S 50 4.1 pT3 pN1 pMO neg neg pos <5 HER2 positive aneuploid 4.1
. EEpel av. Survival Her2neu-
diagnosis ( — pT-status | pN-status |pM-status| ER-status | PR-status status Ki67 Intrinsic subtype
(years) Y
Overview 16 T1/2, | 7 pNoO, 20 low (0-20%) 14 Luminal A, 2 Luminal B,
Long 63.8 19.0 2T3/4, | 9pN1/2, | 21 pMO 16/21 1119 3/21 1 high (>200/°)’ 3 Triple negative,
Survival 3 ND 5ND 9 ° 2 Her2 positive
Overview 6T1/2, 3 pNo, o 9 Luminal A, 3 Luminal B,
Short 69.2 24 | 7734, |10 pN1/2, 13 p,l\/l"f* 11118 11117 418 1: L‘?"L‘g;gof’))' 4 Triple negative,
Survival 5ND 5ND P 9 o 2 Her2 positive
p-value | av. age vs T1/T2vs | NOvs pMOvs [ ER-status | PR-status e Ki67 expression L
. status neg N Intrinsic subtype
calculation| av. age T3/T4 N1/N2 pM1 | neg vs pos [neg vs pos SIS low vs high
Luminal A 0.342"
: 1
pvalues | 0.1352 0.017' | 0.0434' | 0.207" | o0.488' | 0742' | 0.683' 0162  [-uminalB 0646
Triple neg 0.683
HER? positive 1!

1 Fisher exact test: 2 Student t test

ND, not determined; av., average; vs, versus.
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9.4.2 Supplemental Table 2: List of laboratory equipment.

Equipment

Supplier

Centrifuge VWR Scientific Model V

VWR International, West Chester, PA, USA

Centrifuge Eppendorf 5415 D

Eppendorf AG, Hamburg, Germany

DUET scanning imaging workstation

BioView Ltd., Rehovot, Israel

Epredia™ Diamond Point Marker

Thermo Fisher Scientific, Waltham, MA

Fluorescence microscope BX63 with eight
slide-stage

Olympus, Tokyo, Japan

Freezer (-86°C)

Sanyo Electric Co., Ltd., Japan

Fridge (4°C) Sanyo Electric Co., Ltd., Japan
ICM imaging system Ahrens ACAS, Hamburg, Germany
Incubator (37°C) Fisher Scientific, Pittsburgh, PA, USA

Microscope ,,ECLIPSE Ci-S* with a
halogen lamp 6V 30W, type 5761

Nikon Europe BV, Amsterdam, Netherlands
Philips, Amsterdam, Netherlands

Microwave

KitchenAid, Benton Harbor, MI, USA

NanoDrop 1000 Spectrophotometer

Thermo Fisher Scientific, Wilmington, DE, USA

NextSeq 500 system

[llumina, San Diego, CA, USA

Optical filters

Chroma, Bellow Falls, VT, USA

Pipetman® Classic Pipettes

Gilson, Inc., Middleton, WI, USA

Phase Contrast Microscope

Carl Zeiss, Oberkochen, Germany

Single cytological funnel with white filter
card, Cat.no. 1207U81

Thomas Scientific, Swedesboro, NJ, USA

ThermoBrite StatSpin System

Abbott, Chicago, IL, USA

Thermo Shandon Cytospin ® 3

Thermo Fisher Scientific, Waltham, MA

Thermomixer Eppendorf 5436

Eppendorf AG, Hamburg, Germany

Thermomixer D Eppendorf

Eppendorf AG, Hamburg, Germany
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Equipment Supplier
Thermomixer R Eppendorf Eppendorf AG, Hamburg, Germany

Vortex-Genie 2

Scientific Industries, Woburn, USA

Water baths (37°C, 48°C)

VWR International, West Chester, PA, USA
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9.4.3 Supplemental Table 3: List of consumables.

Consumable

Supplier

Aluminum foil, Reynolds Wrap®

Reynolds Cons. Pro., Lake Forest, IL, USA

Coverslips, 22x22 mm2, Glass

VWR International, West Chester, PA, USA

Eppendorf Safe-Lock Tubes

Eppendorf AG, Hamburg, Germany

Rubber Cement

Marabu GmbH & Co. KG, Tamm, Germany

Pipette tips 10ul, 20ul, 100ul, 200ul, 1,000ul

Neptune Scientific, San Diego, CA, USA

Thermo Microscope Slides Superfrost®

Thermo Fisher Scientific, Waltham, MA, USA




SUPPLEMENT

Page | 125

9.4.4 Supplemental Table 4: List of reagents.

Reagent

Supplier

Absolute Ethyl Alcohol, 200 proof

The Warner Graham Co., Cockeysville, MD, USA

ATL lysis buffer

Qiagen, Germantown, MD, USA

Buffer AE (10 mM Tris-HCI, 0.5 mM
EDTA, pH 9.0)

Qiagen, Germantown, MD, USA

Buffer PE (10 mM Tris-HCI, 80% ethanol,
pH 7.5))

Qiagen, Germantown, MD, USA

Buffer PM (binding buffer)

Qiagen, Germantown, MD, USA

DAPI (4',6-diamidino-2-phenylindole)

Sigma-Aldrich, St. Louis, MS, USA

Deionized Formamide

Thermo Fisher Scientific, Waltham, MA, USA

dsDNA High Sensitivity Assay Kit

Life Technologies, Carlsbad, CA, USA

Entellan

Merck KGaA, Darmstadt, Germany

FISH probes

CCP4 (4p11.1-q11.1)
CCP10 (10p11.1-q11.1)
COX2 (1g31.1)

DBC2 (8p21.3)

MYC (8q24.21)

CCNDI (11q13.3)
CDHI (16q22.1)

TP53 (17p13.1)
HER2/ERBB2 (17q12)
ZNF217 (20q13.2)

Cytotest, Rockville, MD, USA

Fluorochrome conjugates

Fluorophore DY-415-dUTP, (# 415-34)
Fluorophore DY-505-dUTP, (# 505-34)
Fluorophore DY-547P1-dUTP, (# 547-34)
Fluorophore DY-590-dUTP, (# 590-34)
Fluorophore DY-594-dUTP, (594-34)
Fluorophore DY-651-dUTP, (# 651-34)

Dyomics, Jena, Germany

4.5 % Formaldehyde

Carl Roth, Karlsruhe, Germany
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Reagent Supplier

HCI 1M Thermo Fisher Scientific, Waltham, MA, USA
HCl 5M Merck KGaA, Darmstadt, Germany

KAPA Hyper Prep Kits for [llumina

[Mlumina, San Diego, CA, USA

Mineral oil

Alfa Aesar, Tewksbury, MA, USA

MilliporeSigma™ Water
(Sterile purified Water)

Thermo Fisher Scientific, Waltham, MA, USA

Natrium-Acetate 3M (pH=5.2)

Quality Biologicals, Gaithersburg, MD, USA

NP40 Detergent

Quality Biological, Gaithersburg, MD, USA

Phosphate Buffered Saline pH7.4 (PBS) 1X

KD Medical, Columbia, MD, USA

Protease Type XXIV, Bacterial

Sigma-Aldrich, St. Louis, MS, USA

Proteinase K

Qiagen, Qiagen, Germantown, MD, USA

Qiaquick spin columns

Qiagen, Germantown, MD, USA

Qubit

Life Technologies, Carlsbad, CA, USA

Rubber Cement (Fixogum)

Marabu, Tamm, Germany

Schift’s reagent Carl Roth, Karlsruhe, Germany
Sodium pyrosulfite Sigma-Aldrich, St. Louis, MS, USA
20X SSC Thermo Fisher Scientific, Massachusetts, USA

Sulforhodamine SR101

Sigma-Aldrich, St. Louis, MS, USA

Tris-HCI1 1M (pH 8.0)

Quality Biologicals, Gaithersburg, MD, USA

UltraPure™ DNase/RNase-Free Distilled
Water

Life Technologies, Carlsbad, CA, USA

Vectashield Antifade Mounting Medium
w/o DAPI

Vector Laboratories, Burlingame, CA, USA

Xylene

Sigma-Aldrich, St. Louis, MS, USA

Xylol

J.T. Baker, Pennsylvania, USA
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9.4.5 Supplemental Table 5: Genes included in the OncoVar assay (n=563).
OncoVar genes

ABL1 BLM CTNNA1T FANCG  HIF1A LCK MYH11  PIK3CG ~ RUNX1T1 TET2
ABL2 BLNK CTNNB1  FANCI HIST1H3B LDLR MYH?7 PIK3R1 ~ RYRT TFE3
ACN9 BMPR1A  CUL2 FANCL  HLF LIFR MYH9 PIK3R2 ~ RYR2 TGFBR1
ACTA2 BRAF cuL3 FANCM  HNF1A LMNA MYL2 PIM1 SAMD9  TGFBR2
ACTC1 BRCA1 CYLD FAS HOOK3  LPHN3 MYL3 PKHD1 SBDS TGM7
ACVR1  BRCA2  CYP2C19 FBN1 HOXA3  LPP MYLK PKP2 SCN5A THBS1
ACVR1B  BRD3 CYP2D6  FBXO11  HRAS LRP1B NBN PLAGT SDHA TIAF1
ACVR2A  BRIP1 DAXX FBXW7  HSP90AA1 LTF NCOA1  PLCG1 SDHAF1  TIMP3
ACVRL1  BTK DCC FGF10 HSP90AB1 LTK NCOA2  PLEKHG5 SDHAF2  TLR4
ADAMTS20 BUB1B DDB2 FGF14 ICK MAF NCOA3  PML SDHB TLX1
AFF1 C110RF30 DDIT3 FGF19 IDH1 MAFB NCOA4  PMS1 SDHC TMEM127
AFF3 CACNA1S DDR?2 FGF23 IDH2 MAGEA1  NF1 PMS2 SDHD TMEM43
AKAP9 CALR DEK FGF3 IFITM1 MAGI1 NF2 PNP SEPT9 TNFAIP3
AKT1 CARD11  DICER1  FGF4 IFITM3 MAGOH  NFE2L2  POLD1 SETD2 TNFRSF14
AKT2 CASC5  DNMT3A  FGF6 IGF1R MALT1 NFKB1 POLE SF3B1 TNK2
AKT3 CBFB DOT1L FGFR1 IGF2 MAML1 ~ NFKB2 POLH SGK1 TNNI3
ALK CBL DPYD FGFR2  IGF2R MAML2 ~ NFKBIA  POT1 SH2B3 TNNT2
AMER1 ~ CCND1  DSC2 FGFR3  IKBKB MAP2K1  NIN POU5F1  SH2D1A  TOP1
APC CCND2  DSG2 FGFR4 IKBKE MAP2K2 ~ NKX2-1 ~ PPARG  SIRT1 TP53
APEX1 CCND3  DSP FH IKZF1 MAP2K4  NLRP1 PPP2R1A  SMAD2  TPM1
APOB CCNE1  DST FLCN IL2 MAP3K1  NOTCH1 PRDM1  SMAD3  TPR
AR CD274 EGFR FLI1 IL21R MAP3K7 =~ NOTCH2 PRKAG2 SMAD4  TRAF7
ARAF CD44 EML4 FLT1 IL6 MAPK1 ~ NOTCH3 PRKAR1A SMARCA4 TRIM24
ARFRP1  CD79A EP300 FLT3 IL6ST MAPK8  NOTCH4 PRKDC  SMARCB1 TRIM33
ARID1A  CD79B EP400 FLT4 IL7R MARK1 — NPM1 PRSS1 SMO TRIP11
ARIDIB ~ CDC73  EPHA3  FN1 ING4 MARK4 ~ NRAS PSIP1 SMUG1  TRRAP
ARID2 CDH1 EPHA5  FNIP1 INHBA MAX NSD1 PTCH1 socst  TSct
ARNT CDH11 EPHA6  FNIP2 IRF4 MBD1 NTRK1 PTEN SOX10 TSC2
ASXL1 CDH?2 EPHA7  FOXL2 IRS2 MBIP NTRK2 ~ PTGS2  SOX11 TSHR
ATF1 CDH20  EPHB1 FOXO1  ITGA10  MCL1 NTRK3 ~ PTPN11  SOX2 U2AF1
ATM CDH5 EPHB4  FOXO03  ITGA9 MDM2 NUMA1  PTPRD  SPEN UBAT1
ATR CDK12 EPHB6  FOXP1 ITGB2 MDM4 NUP214  PTPRT  SPOP UBR5
ATRX CDK4 ERBB2  FOXP4 ITGB3 MED12  NUP93 RACT1 SRC UGT1A1
AURKA  CDK6 ERBB3  FZR1 JAK1 MEF2B ~ NUP98 RAD50 SRSF2 USP9X
AURKB  CDK8 ERBB4 G6PD JAK2 MEN1 PAK3 RAD51 SSx1 VHL
AURKC  CDKN1B ERCC1  GAS6 JAK3 MET PALB2 RAD51C  STAG1 WAS
AXINT CDKN2A  ERCC2  GATA1 JUN MGMT  PARP1 RAF1 STAG2 WHSC1
AXIN2 CDKN2B ERCC3  GATA2  KATG6A MITF PAX3 RALGDS  STAT3 WISP3
AXL CDKN2C ERCC4  GATA3  KAT6B MLH1 PAX5 RARA STAT4 WRN
BAI3 CEBPA  ERCC5  GDNF KCNH2 ~ MLLT10  PAX7 RB1 STK11 WT1
BAP1 CHEK1  ERG GID4 KCNJ5 MMP2 PAX8 RECQL4  STK36 XPA
BARD1 CHEK2  ESR1 GLA KCNQ1  MN1 PBRM1  REL SUFU XPC
BCL10 cic ETS1 GNA11 KDM5A  MPL PBX1 RET SYK XPO1
BCL11A  CKS1B ETV1 GNA13 ~ KDM5C ~ MRE11A  PCSK9  RHEB SYNE1  XRCC1
BCL11B  CMPK1  ETV4 GNAQ KDM6A  MSH?2 PDE4DIP  RHOA TAF1 XRCC2
BCL2 COL1A1  ETV5 GNAS KDR MSH6 PDGFB  RHOH TAFIL ZNF217
BCL2L1 ~ COL3A1 EWSR1  GPC3 KEAP1 MTOR PDGFRA RICTOR  TAL1 ZNF384
BCL2L2  CRBN EXT1 GPR124  KIF1B MTR PDGFRB RNASEL  TBX22 ZNF521
BCL3 CREB1  EXT2 GRIN2A  KIT MTRR PDK1 RNF2 TCEB1 ZNF703
BCL6 CREBBP  EZH2 GRM8 KLF6 muct PER1 RNF213  TCEB2  ZRSR2
BCL9 CRKL FAM46C  GSK3B  KLHL6 MUTYH  PGAP3  RNF43 TCF12
BCOR CRLF2 FANCA  GTF2I KMT2A  MYB PGR ROS1 TCF3
BCORL1 CRTC1  FANCB  GUCY1A2 KMT2B  MYBPC3 PHOX2B RPS6KA2 TCF7L1
BCR CSFIR  FANCC  H3F3A KMT2C ~ MYC PIK3C2B  RPS6KB1 TCF7L2
BIRC2 CSMD3  FANCD2  H3F3B KNSTRN ~ MYCL PIK3CA ~ RPTOR  TCL1A
BIRC3 CSNK2A1 FANCE  HCAR1  KRAS MYCN PIK3CB  RRM1 TERT
BIRC5 CTCF FANCE ___HGF LAMP1 MYD88 _ PIK3CD __ RUNX1___ TET1
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9.5 Supplemental Protocols
9.5.1 Description of the Feulgen-staining

Under avoidance of light, Cytospin slides were incubated in 4.5 % formaldehyde for fixation
at room temperature overnight in a fume hood. Afterwards, cytospins were washed under
running tap water (until the smell of formaldehyde was entirely removed). Cytospin slides
were then incubated with 5 M hydrochloric acid for 60 minutes at room temperature under
avoidance of light, followed by three washing steps with sterile purified water. For staining,
cytospin slides were incubated for 120 minutes with Schiff’s reagent covered with Alu foil
for light protection. Afterwards, cytospin slides were washed under running tap water,
followed by three washing steps for 10 minutes respectively in freshly prepared sodium
pyrosulfite washing solution: In the first step, 2.4g of sodium pyrosulfite was solved in 125
ml sterile purified water. Then, 10 ml of this solved pyrosulfite was added to 10 ml of 1 M
hydrochloric acid and 180 ml of sterile purified water. For dehydration, cytospin slides were
incubated in an increasing ethanol series of 1 x 70%, 2 x 96%, and 2 x 100% for 3 minutes,
respectively. Slides were quickly immersed two times in xylol, followed by a longer
incubation step for 5-10 minutes. Finally, 1-2 drops of Entellan were added onto the slide,
and a 24 x 60 mm coverslip was touched onto the cytospin slide under avoidance of bubble
formation. In addition to the cytospins, a slide with tonsil tissue was Feulgen-stained as a

control.
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