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SUMMARY IN ENGLISH

This doctoral thesis investigates the molecular mechanisms underlying breast cancer progression,
focusing on genetic and transcriptomic alterations in histologically normal mammary tissues.
Unlike prior studies that focus primarily on tumors, this work examines non-tumorous tissues to
uncover early molecular changes that could serve as preclinical indicators of breast cancer or
predictors of recurrence risk. We analyzed data from 184 breast cancer patients, recruited either
with or without criteria related to prognosis, and 94 control individuals undergoing reduction
mammoplasty. Samples collected included 267 uninvolved margin tissues at varying distances
from the primary lesions, 184 skin or whole blood samples as reference, and 184 primary tumors,
originating from cancer patients (Papers II, III, and manuscript under review). In addition to
uninvolved margin tissues, 41 skin or whole blood samples were collected from control individuals

to investigate somatic mosaicism (Papers II and manuscript under review).

The research is grounded in the concept of field cancerization, which suggests that ostensibly
normal tissues surrounding tumors may harbor genetic and transcriptomic changes that predispose
them to malignancy. Leveraging cutting-edge techniques, we investigated structural chromosomal

alterations, post-zygotic variants, and transcriptomic changes, with high sensitivity and specificity.

The work began with establishing a comprehensive biobank of mammary tissues, which addressed
critical challenges such as tissue heterogeneity and the difficulty of obtaining matched control
samples. Rigorous histological validation, ensured accurate classification of non-tumorous tissues,
distinguishing them from micrometastases or other malignant regions. This biobank provided a
high-quality and reliable foundation for downstream analyses, overcoming variability in sample

quality (Paper I).

The next phase focused on the genetic profiling of non-tumorous tissues. Employing single
nucleotide polymorphism arrays, whole exome sequencing, and ultra-sensitive duplex sequencing,
we identified structural chromosomal alterations and low-frequency pathogenic post-zygotic
variants, such as in AKT1, PIK3CA, and TP53 which are typically associated with cancer but were
also detected in histologically normal tissues. These findings challenge the conventional
understanding of non-tumorous tissues as passive bystanders, highlighting their active role in early

tumorigenic processes (Paper II).



Building on these genetic insights, RNA-seq-based transcriptomic profiling was performed to
identify gene expression patterns in non-tumorous tissues at various distances from the primary
lesions of breast cancer patients with adverse outcomes. Advanced bioinformatics tools, including
pathway enrichment and survival analyses, revealed a distinct molecular signature involving
keratins, adhesion proteins, oncogenes, and tumor suppressors present in histologically normal
mammary gland samples of breast cancer patients who experienced recurrent disease, metastasis,
secondary tumors, or death within a 10-year follow-up period. Key pathways such as cell adhesion,
hormone signaling, and immune regulation were identified as critical players in early tumorigenic
processes. These molecular signatures were correlated with patient survival data, demonstrating

their utility in predicting recurrence risk (Paper III).

Lastly, we focused on pathogenic post-zygotic variants in non-tumorous tissues from the same
breast cancer cohort. An abundance of these variants was observed in the normal mammary gland
of patients with poor prognoses, often affecting genes known to drive tumor progression (i.e. ATK 1,
PIK3CA, PTEN, TBX3, TP53) (unpublished findings, manuscript under review). These variants
appeared to worsen patient survival, especially in patients with recurrent disease. These findings
emphasize the importance of analyzing non-tumorous tissues as they harbor alterations strongly
associated with aggressive cancer phenotypes and poorer survival outcomes. By integrating
molecular findings with survival metrics, the study demonstrated the clinical relevance of these

alterations, which were both detectable and associated with clinical outcomes.

This research addressed critical methodological challenges, including the identification of truly
non-tumorous tissues through rigorous histological verification, and the detection of early
transcriptomic alterations and low-frequency variants using ultra-sensitive techniques. The
inclusion of control samples from reduction mammoplasty surgeries provided a baseline for

distinguishing malignant tissues from normal ones with early molecular changes.

Collectively, these findings challenge the assumption that histological markers fully capture
underlying molecular aberrations. They confirm the existence of an intermediate state, where
microscopically normal tissues harbor alterations driving tumor initiation and metastasis.
Uninvolved mammary tissues are shown to play an active role in cancer progression through early

tumorigenic processes.



By combining genetic and transcriptomic analyses with long-term clinical data, this thesis offers a
comprehensive understanding of how molecular changes drive tumor initiation and recurrence.
These findings have significant implications for early detection, recurrence risk assessment, and
personalized treatment strategies, paving the way for future studies to improve breast cancer

outcomes through earlier, more precise interventions.

Keywords: breast cancer, uninvolved margin, mammary gland, transcriptomic alterations, post-
zygotic variants, single nucleotide polymorphisms, copy number variations, somatic mosaicism,

mortality, recurrence, poor prognosis.



SUMMARY IN POLISH

Niniejsza rozprawa doktorska bada molekularne mechanizmy lezace u podstaw progresji raka
piersi, koncentrujac si¢ na zmianach genetycznych i transkryptomicznych w histologicznie
prawidlowych tkankach gruczotu sutkowego. W przeciwienstwie do wczesniejszych badan
skupiajacych si¢ gtbwnie na guzach, w niniejszej pracy wykonano analiz¢ tkanek niezmienionych
nowotworowo w celu wykrycia wezesnych zmian molekularnych, ktére moga stanowi¢ wskazniki
przedkliniczne raka piersi lub predyktory ryzyka nawrotu. Przeanalizowano dane pochodzace od
184 pacjentek z rakiem piersi, rekrutowanych zaréwno z kryteriami dotyczacymi rokowania, jak 1
bez nich, oraz 94 os6b kontrolnych poddanych redukcyjnej mammoplastyce. Pobranie probek
obejmowato 267 tkanek z marginesu wolnego od zmian nowotworowych w réznej odlegltosci od
pierwotnych zmian, 184 probki skory lub krwi obwodowej jako material odniesienia oraz 184 guzy
pierwotne pochodzace od pacjentek z rakiem piersi (Artykuty II, III 1 IV). Dodatkowo od 41 0sob
kontrolnych pobrano probki skory lub pelnej krwi w celu zbadania mozaikowato$ci somatycznej

(Artykuty 111 IV).

Badania opieraja si¢ na koncepcji pola nowotworzenia (ang. field cancerization), ktéra sugeruje,
ze pozornie normalne tkanki otaczajagce guzy moga zawiera¢ zmiany genetyczne i
transkryptomiczne predysponujace je do transformacji nowotworowej. Wykorzystujac
nowoczesne techniki, zbadano strukturalne zmiany chromosomalne, warianty postzygotyczne oraz

zmiany transkryptomiczne z wysoka czuloscig i swoistoscia.

Praca rozpoczeta sie od utworzenia kompleksowego biobanku tkanek gruczotu sutkowego, ktory
rozwigzywat kluczowe wyzwania, takie jak heterogenicznos$¢ tkanek i trudnosci w uzyskaniu
dopasowanych probek kontrolnych. Rygorystyczna walidacja histologiczna zapewnila doktadna
klasyfikacj¢ tkanek niezmienionych nowotworowo, pozwalajac na ich odrdéznienie od
mikroprzerzutow lub innych zmian ztosliwych. Ten biobank stanowil wysokiej jakosci,

niezawodng baz¢ do dalszych analiz, niwelujac zmiennos$¢ jakosci probek (Artykut I).

Kolejny etap dotyczyt profilowania genetycznego tkanek niezmienionych nowotworowo. Z
wykorzystaniem  mikromacierzy = SNP, sekwencjonowania egzomu 1 ultraczulego
sekwencjonowania dupleksowego zidentyfikowano strukturalne zmiany chromosomalne i

patogenne warianty postzygotyczne o niskiej czestosci, w genach takich jak AKT1, PIK3CA 1 TP53,
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ktore sa zwykle zwigzane z rakiem, ale zostaty rowniez wykryte w histologicznie prawidtowych
tkankach. Odkrycia te podwazaja tradycyjne rozumienie tkanek niezmienionych nowotworowo
jako ,biernych obserwatorow”, wskazujagc na ich aktywng role we wczesnych procesach

nowotworzenia (Artykut II).

Na podstawie wnioskOw z genetycznej czgsci badania przeprowadzono profilowanie
transkryptomiczne oparte na RNA-seq w celu identyfikacji wzorcéw ekspresji genow w tkankach
nietumorowych w réznej odleglosci od pierwotnych zmian u pacjentek z rakiem piersi i
niekorzystnym rokowaniem. Zaawansowane narzedzia bioinformatyczne, w tym analizy
wzbogacenia $ciezek i przezycia, wykazaly unikatowag sygnatur¢ molekularng obejmujaca
keratyny, biatka adhezyjne, onkogeny i1 geny supresorowe obecng w histologicznie prawidtowych
probkach gruczotu sutkowego pacjentek z nawrotem choroby, przerzutami, wtornymi guzami lub
zgonem w ciagu 10-letniej obserwacji. Kluczowe szlaki, takie jak adhezja komoérkowa,
sygnalizacja hormonalna i regulacja immunologiczna, zostaly zidentyfikowane jako istotne w
procesach wczesnego nowotworzenia. Podpisy molekularne skorelowano z danymi dotyczacymi

przezycia, co potwierdzito ich przydatno$¢ w przewidywaniu ryzyka nawrotu (Artykut III).

Na koniec skupiono si¢ na patogennych wariantach postzygotycznych w tkankach niezmienionych
nowotworowo tej samej kohorty pacjentek z rakiem piersi. Zaobserwowano mnogo$¢ tych
wariantéw w normalnych tkankach gruczotu sutkowego u pacjentek z niekorzystnymi
rokowaniami, ktére czesto dotyczyly genow zwigzanych z progresja nowotworu (tj. AKTI,
PIK3CA, PTEN, TBX3, TP53) (Artykut IV). Warianty te byly zwigzane z gorszym przezyciem
pacjentek, zwtaszcza z nawrotem choroby. Te odkrycia podkreslaja znaczenie analizy tkanek
niezmienionych nowotworowo, ktore zawieraja zmiany silnie zwigzane z agresywnymi

fenotypami raka 1 gorszymi wynikami przezycia.

Wykonane badania byly zwigzane z istotnymi wyzwaniami metodologicznymi, w tym
identyfikacjag niezmienionych nowotworowo tkanek poprzez rygorystyczng weryfikacje
histologiczng oraz wykrywaniem wczesnych zmian transkryptomicznych 1 wariantow
postzygotycznych o niskiej czgstosci za pomocg ultraczutych technik sekwencjonowania.

Wilaczenie probek kontrolnych od oséb poddanych redukcyjnej mammoplastyce dostarczyto
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istotnego punktu odniesienia dla rozréznienia tkanek ztosliwych od histologicznie prawidtowych

tkanek z wezesnymi zmianami molekularnymi.

Wyniki badan podwazajg zatozenie, ze markery histologiczne w pelni odzwierciedlaja molekularne
aberracje. Potwierdzaja one istnienie ,,stanu posredniego,” w ktérym mikroskopowo prawidlowe

tkanki zawierajg zmiany napedzajace inicjacj¢ nowotworu i przerzuty.

Integrujac analizy genetyczne i transkryptomiczne z danymi klinicznymi, rozprawa ta oferuje
kompleksowe zrozumienie, w jaki sposob zmiany molekularne napedzaja inicjacje nowotworu i
ryzyko nawrotu. Odkrycia te maja istotne implikacje dla wczesnego wykrywania raka piersi, oceny
ryzyka nawrotu oraz opracowywania spersonalizowanych strategii leczenia, torujac droge
przysztym badaniom majacym na celu poprawe wynikow leczenia poprzez wezesniejsze i1 bardziej

precyzyjne interwencje terapeutyczne.

Stowa kluczowe: rak piersi, niezajety margines, gruczol sutkowy, zmiany transkryptomiczne,
warianty postzygotyczne, polimorfizmy pojedynczego nukleotydu, zmiany liczby kopii,

mozaicyzm somatyczny, Smiertelno$¢, nawrot, zte rokowanie.
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[. INTRODUCTION

1.1. Global Burden of Cancer

Cancer remains a major global health challenge, accounting for approximately one in six deaths
worldwide. In 2022, there were around 20 million new cancer cases and 10 million cancer-related
deaths, underscoring the persistent threat despite significant research advances (Figure 1a). As the
global population continues to grow and age, the cancer burden is expected to rise, with an
estimated 35 million new cases projected by 2050—a 75% increase from 2022 levels. This increase
is driven by lifestyle factors such as sedentary behavior, unhealthy diets, and exposure to harmful
substances, including tobacco smoke and environmental pollutants. Improved diagnostic
technologies have also led to higher detection rates, particularly in previously underreported

regions.

A small number of cancer types account for the majority of cases and deaths. According to
GLOBOCAN 2022, the ten most common cancers represented about 64% of all new diagnoses and
70% of cancer-related deaths globally. Lung cancer, responsible for almost 2.5 million new cases
(12.4% of all cancers globally), was the most frequently diagnosed, followed by female breast
cancer (11.6%), colorectal cancer (9.6%), prostate cancer (7.3%), and stomach cancer (4.9%)
(Figure 1a). The number of new cancer cases is projected to rise to over 35 million by 2050, driven

by population growth and aging[1].

1.2. Breast Cancer Incidence, Mortality, and Risk Factors

In 2022, breast cancer was the second most common cancer globally, with 2.3 million new cases,
making up 11.6% of all cancer diagnoses. It was the fourth leading cause of cancer death
worldwide, with 666,000 fatalities. Among women, breast cancer was the most frequently
diagnosed and the leading cause of cancer death in 157 countries for incidence and 112 countries
for mortality, accounting for nearly one in four cancer cases and one in six cancer deaths globally

(Figure 1b)[1].
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Figure 1. The pie charts illustrate the proportion of each primary cancer type among all diagnoses and the proportion
of each cancer type among all cancer-related deaths in 2022 for A: both sexes and B: females. For each sex, the area
of the pie chart reflects the proportion of the total number of cases or deaths; nonmelanoma skin cancers (excluding
basal cell carcinoma) are included in the other category. Figure adapted from Bray et al. (2024), CA Cancer J Clin.
[1].
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Both modifiable and non-modifiable factors influence breast cancer risk. Approximately 30% of
cases are associated with lifestyle factors, such as obesity, physical inactivity, and alcohol
consumption, which can be mitigated through dietary adjustments, increased physical activity, and
reduced alcohol intake [2]. Non-modifiable risk factors include age, family history, and genetic
predisposition. However, the majority of breast cancer cases are classified as sporadic, occurring
without a known genetic link or family history. Conversely, only 5-10% of cases are hereditary,
with 25-30% attributable to pathogenic variants in genes like ATM, BRCAI, BRCA2, CHEK?2,
PALB2, PTEN, and TP53 [3-5]. Reproductive factors such as late age at first birth, nulliparity,

early menarche, and late menopause are also associated with an elevated risk.

1.3. Breast Cancer Classification and Staging

Breast cancer is a heterogeneous disease with a variety of histological types and molecular
subtypes, each with unique clinical presentations, prognoses, and treatment approaches. The two
most prevalent types are Invasive Ductal Carcinoma (IDC), which originates in the milk ducts and
spreads to surrounding breast tissue, and Invasive Lobular Carcinoma (ILC), which begins in the
lobules. Less common invasive forms include Medullary Carcinoma; Mucinous (Colloid)
Carcinoma, characterized by mucus-producing cells; and Tubular Carcinoma, a less aggressive
IDC subtype. Papillary Carcinoma, though rare, generally occurs in older women and is often
associated with a favorable prognosis. Breast cancer can be broadly categorized into non-invasive
and invasive types. Non-invasive breast cancer, such as Ductal Carcinoma In Situ (DCIS), remains
confined within the milk ducts, whereas invasive breast cancers like IDC and ILC extend beyond

their original site [6].

Molecular classification based on hormone receptors (estrogen and progesterone) and HER2 status
has been pivotal in guiding personalized treatment approaches. High-throughput genomics and
transcriptomics have further elucidated the molecular complexity of breast tumors, leading to the
identification of four clinically meaningful subtypes: Luminal A, Luminal B, HER2-enriched, and
Basal-like or Triple-Negative Breast Cancer (TNBC) [7,8]. Accurate staging, based on the
American Joint Committee on Cancer (AJCC) system, is essential for determining appropriate
treatment and predicting outcomes, with stages ranging from Stage 0 (DCIS) to Stage IV (distant

metastases) [9].
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1.4. Physiology of the human mammary gland

Exploring the heterogeneity of breast cancer and its varying prognoses requires a detailed
knowledge of the normal development and physiology of the mammary gland. The human
mammary gland is a complex and dynamic organ integral to the female reproductive system. Its
development undergoes distinct changes during the embryonic stage, puberty, and lactation phases

(Figure 2).

Much of what is known about these processes comes from studies using model organisms,
particularly mice, which offer valuable insights into mammary gland biology and its relevance to
human breast cancer. Mammary gland development begins during the embryonic stage with the
formation of bilateral mammary lines at around embryonic day 10.5 (E10.5) in mice. These lines
develop into mammary placodes by E11.5, which then invaginate to form mammary buds. These
buds continue to develop into a rudimentary ductal tree, which remains quiescent until puberty.
During this stage, critical signaling pathways and interactions with the surrounding mesenchyme
guide the early formation of the mammary gland. At puberty, the mammary gland undergoes
extensive ductal growth and branching, driven by hormonal signals, particularly estrogen. The
Terminal End Buds (TEBs) are the key structures involved in this process. These TEBs, located at
the tips of growing ducts, are responsible for the elongation and bifurcation of ducts into the
mammary fat pad, leading to the formation of a complex ductal network. The process of ductal
morphogenesis during puberty establishes the basic architecture of the mammary gland. During
pregnancy, the mammary gland experiences further development, characterized by the
proliferation and differentiation of alveolar structures. Under the influence of hormones such as
progesterone and prolactin, these alveolar units prepare the gland for lactation. The gland
undergoes significant expansion, forming mature alveoli capable of milk production. This stage is
crucial for the gland's function in feeding offspring. Following lactation, the gland enters a phase
of involution, where the alveolar structures regress, and the gland returns to a state similar to the
pre-pregnant phase, although some changes persist. These developmental stages highlight the
dynamic nature of the mammary gland. Understanding these processes is essential for grasping the
underlying mechanisms of mammary gland biology and their implications for breast cancer,

particularly in identifying the origins of different breast cancer subtypes [10—13].
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Figure 2. Diagram of postnatal mammary gland development. A: in the postnatal animal, the early mammary gland
grows in an allometric fashion and remains relatively dormant until the onset of puberty. At this stage, dramatic
morphogenesis occurs, largely under the control of Estrogen (E). In the young adult, Progesterone (Pg) regulates
side-branching, while in pregnancy, the steroid hormones E, Pg, and Prolactin (Prl) exert roles in expansion of the
alveolar units. In the late stages of pregnancy and during lactation, the peptide hormone Prl plays a key role in
establishing the secretory state. After lactation, the gland involutes and returns to a resting state. B: representation of

a terminal end bud in a pubertal mouse mammary gland. Figure reproduced from Fu et al. (2020), Physiol Rev. [10].
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1.5. Screening and Treatment

Early detection and accurate diagnosis of breast cancer are critical for effective management and
improved survival outcomes. Conventional diagnostic methods, such as mammography,
ultrasound, and biopsy, remain the cornerstone of breast cancer detection. However, these methods
are not without limitations. Mammography, for instance, has long been the standard for breast
cancer screening, yet it is prone to errors due to its reliance on manual interpretation, which can
lead to variability in identifying and assessing masses. The accuracy of mammography can also be
affected by the expertise of radiologists and their workload, particularly in resource-limited regions
where access to specialized training and technology may be restricted. To overcome these
challenges, recent advancements in genomic biomarkers and deep learning algorithms have
significantly enhanced diagnostic accuracy and personalized risk assessment. These technologies
enable more precise identification of cancerous cells and allow for better differentiation between
benign and malignant tumors, reducing the likelihood of false positives and negatives. Despite
these technological improvements, the search for even more reliable and non-invasive imaging
modalities continues. Researchers are actively exploring innovative imaging techniques such as
microwave imaging, ultrasound tomography, breast tomosynthesis, and contrast-enhanced digital
mammography. These emerging methods hold the potential to provide more accurate detection by
improving image resolution and contrast, which are crucial for identifying small or dense breast
tumors. However, they also present challenges, including high costs, radiation exposure, and
limited accessibility, which may hinder widespread adoption. Magnetic Resonance Imaging (MRI),
known for its ability to detect small lesions that mammography might miss, is another tool in the
diagnostic arsenal. However, MRI's low specificity can lead to overdiagnosis, which may result in
unnecessary treatments and increased patient anxiety. Positron Emission Tomography (PET) is
highly effective in visualizing tumor spread and assessing therapy response, yet it requires
expensive, specialized equipment, making it less accessible, particularly in low-resource settings

[14,15].

As breast cancer screening technology continues to evolve, the development of more accurate,
cost-effective, and widely accessible methods is imperative. Such advancements will play a crucial
role in improving early detection rates, thereby reducing the global burden of breast cancer and
enhancing patient outcomes. In addition to technological innovations, a deeper understanding of

the seemingly normal mammary gland and the earliest molecular and cellular alterations that
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precede cancer development is essential. By studying these early changes, researchers can identify
biomarkers and patterns indicative of the initial stages of cancer, potentially allowing for diagnosis
before the disease becomes clinically apparent. This proactive approach could revolutionize breast
cancer screening, enabling interventions at the very onset of malignancy, ultimately improving

survival rates and reducing the need for more aggressive treatments.

Breast cancer treatment has severely shifted towards Breast-Conserving Surgery (BCS) over
mastectomy in recent years, reflecting global trends and advancements in medical care. This
preference for less invasive options prioritizes both oncological outcomes and aesthetic
considerations, driven by the integration of improved detection methods, advancements in radiation
therapy, and a stronger emphasis on shared decision-making between patients and healthcare
providers. The evolution of treatment approaches has allowed patients to play a more active role in
their care, as they carefully weigh the benefits and risks of BCS against those of mastectomy. This
decision-making process is influenced by a range of factors, including the stage and aggressiveness
of cancer, patient preferences, and the availability of effective adjuvant therapies, such as

chemotherapy, hormonal therapy, and targeted therapies [16,17].

For women at increased risk of breast cancer, particularly those with a strong family history or
genetic predisposition, Contralateral Prophylactic Mastectomy (CPM) presents a preventive option
aimed at reducing the risk of developing cancer in the opposite breast. However, CPM is not
without its challenges; it carries potential psychological and physical implications, making it a
complex and highly individualized decision. The consideration of CPM must involve a thorough
evaluation of the patient’s personal risk factors, the psychological impact of living with the fear of
recurrence, and the potential consequences of surgery on the patient's quality of life. As a result,
the decision to undergo CPM requires careful deliberation, often involving genetic counseling,

psychological support, and a detailed discussion of the expected outcomes [18].

Breast cancer treatment, now prioritizing breast-conserving surgery, underscores the importance
of early detection and understanding of initial tissue changes in identifying cancer early, enabling

less invasive treatments and improving outcomes.
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II. LITERATURE REVIEW

2.1. The Origin of Breast Cancer and Cancer Evolution Theories

Cancer, rather than a static disease, represents a continually evolving entity shaped by complex
genetic and environmental interactions. At the core of this dynamic process lies Intra-Tumor
Heterogeneity (ITH) - the diversity of genetic and phenotypic profiles within a single tumor and
its metastases - which poses a significant challenge for developing universally effective treatments
[19]. To explain ITH, several theories of cancer origin have emerged, including the Cancer Stem
Cell (CSC) theory [20] and the Clonal evolution theory [21], each offering unique insights into

tumor progression.

The CSC theory suggests that tumors originate from a rare subset of self-renewing cells that can
differentiate into various CSC and non-CSC subpopulations, contributing to tumor complexity and
treatment resistance. Initially observed in hematopoietic cancers and later in solid tumors like
breast and brain cancers, this model depicts CSCs as sitting at the top of a hierarchical tumor
structure. CSCs divide asymmetrically, generating both new CSCs and non-CSC cells, the latter
comprising the tumor bulk but contributing less to its growth. CSCs’ resilience is linked to high
recurrence and therapy resistance, as non-CSCs can revert to CSCs, fueling aggressive tumor

behavior[22].

Conversely, the Clonal evolution theory, proposed by Nowell in 1976, posits that tumors stem from
a single cell accumulating mutations over time, creating increasingly aggressive and diverse
subpopulations [23]. Clonal evolution can follow two paths: Linear Evolution (LE), with sequential
mutation accumulation, and Branched Evolution (BE), where distinct mutations diversify the
tumor. Although LE is less common in advanced cancers, BE is widely applicable to breast cancer
and is supported by findings of subclonal driver mutations and convergent evolution, where

different lineages acquire the same driver mutations, leading to parallel expansions.

The clonal evolution theory is often associated with the stochastic theory, but the two differ subtly.
The stochastic theory suggests that any cancer cell can acquire mutations that drive tumor growth,
emphasizing random mutations over predefined CSCs. Thus, ITH results from random genetic
variations and environmental influences, affecting treatment responses [24]. Tumor evolution in

humans, however, is challenging to study due to ethical constraints, so researchers often infer
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evolutionary history from single time-point samples through phylogenetic methods, though these

may miss key intermediates [25].

Key components in understanding tumor evolution models include the definition of a clone (a
group of tumor cells sharing a similar genotype and mutational profile) and a subclone (a subset of
tumor cells that have diverged from the main lineage and acquired additional mutations) [26].
Fitness refers to a tumor cell's ability to survive, proliferate, and propagate its genotype within the
tumor. Driver mutations confer a fitness advantage, increasing the prevalence of certain clones,
while passenger mutations do not affect fitness. Clonal expansion occurs when a genotype with
increased fitness becomes more prevalent in the tumor mass, and a selective sweep happens when

a highly fit genotype outcompetes all other clones [27].

Key concepts in tumor evolution include clones (cells sharing a genotype) and subclones (cells
diverging from the main lineage with additional mutations) [26]. Fitness, the cell's capacity to
proliferate and spread, is enhanced by driver mutations that increase clone prevalence. Clonal
expansion occurs when a genotype with increased fitness becomes more prevalent in the tumor
mass, and a selective sweep happens when a highly fit genotype outcompetes all other clones [27].
Next-Generation Sequencing (NGS) techniques, reveal genetic profiles and evolutionary trees,

highlighting patterns of clonal divergence and subclonal mutations in breast cancer [25].

The recently proposed Punctuated Evolution (PE) model diverges from the gradual alteration
accumulation seen in BE and LE models. Instead, it suggests that significant genomic changes
occur in short bursts early in tumor development, generating high ITH upfront. Following these
bursts, dominant clones stabilize, forming most of the tumor mass and contributing to a relatively
stable structure thereafter. Analogous to the "Punctuated Equilibrium" in species evolution, this

model implies that tumors may be "pre-programmed" to become aggressive or therapy-resistant

[28,29].

Evidence supporting the PE model has been particularly observed in DNA copy number aberrations
and chromosomal rearrangements. Early studies, such as those on "firestorms" in breast cancer,
described localized amplifications on single chromosome arms correlated with aggressive disease
[30,31]. Similarly, "chromothripsis," involving massive chromosomal rearrangements occurring in

a single event, has been observed in bone, colorectal, and prostate cancers. These rearrangements
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result in highly branched phylogenetic trees with few intermediates, supporting the PE model [32—
35].

Interestingly, these models of tumor evolution may not be static but can transition over time or
coexist for different mutation types. LE, though less frequent in advanced cancers, may occur in
the early stages, transitioning to BE as the tumor grows. In breast cancer, early-stage tumors may
follow different patterns than advanced ones, with early, rapid bursts of copy number alterations
stabilizing over time, while point mutations evolve gradually [36]. Single-cell sequencing and
longitudinal studies suggest that Copy Number Alterations (CNAs) and point mutations follow

distinct evolutionary paths, further illustrating cancer’s complexity [25].

Understanding these tumor evolution principles, especially ITH, is crucial for cancer treatment.
Each tumor’s unique evolutionary path underscores the importance of personalized medicine.
Therapies tailored to the molecular profile of each patient’s cancer can better target diverse tumor
subpopulations, requiring combination therapies to simultaneously target multiple pathways and
reduce resistance. Adaptive therapy strategies, which continuously monitor tumor changes and

adjust treatments, are vital for durable responses.

In conclusion, a comprehensive understanding of cancer’s evolutionary trajectory is essential for
developing effective treatment strategies. While the clonal evolution theory, with its linear and
branching models, provides a foundational framework, the cancer stem cell theory and the
punctuated evolution model introduce additional layers of complexity. These theories emphasize
the dynamic and heterogeneous nature of tumor progression. The interplay between these models,
particularly the role of ITH, underscores the need for a nuanced understanding of tumor evolution.
This knowledge is vital for devising personalized and adaptive therapies that can effectively target
the diverse subpopulations within a tumor and improve patient outcomes. As our grasp of tumor
evolution continues to advance, we can anticipate the development of more targeted and effective

cancer treatments that accommodate the complexity and dynamism of this challenging disease.

2.2. Evolving Perspectives on Tumor Origins

The debate over tumor origin has shifted from single-cell models to multifaceted approaches. The
"cancer field effect" or "field cancerization," first proposed by D.P. Slaughter in 1953, views
carcinogenesis as a stepwise genetic process, where an initial mutation gives a cell a proliferative

advantage, creating a field of clonal cells [37]. This concept led to investigations of seemingly
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normal tissue surrounding lesions, suggesting that these tissues may harbor mutations that, under

certain conditions, could trigger cancer initiation or recurrence.

As research has evolved, the focus in breast cancer studies has shifted from the single-cell origin
model to more nuanced perspectives emphasizing hormonal exposure, tissue microenvironment,
and gene-environment interactions. Prolonged estrogen exposure, beginning at menarche and
continuing through menopause, increases susceptibility to breast cancer through mechanisms such
as DNA damage and cellular stress responses, even in women considered to be at "normal risk"
[11]. Additional factors, including age, parity, and inherited pathogenic genetic variants—
particularly in the BRCAI and BRCA2 genes—significantly influence mammary tissue
composition, with specific changes observed in immune and epithelial cells [38]. The etiologic
field theory developed more than 60 years after the original concept, further expands on these ideas,
emphasizing the abnormal tissue microenvironment’s role at all stages of tumor development. This
theory challenges the notion that markers solely indicate neoplasia, suggesting instead that they
may reflect broader environmental changes, including contributions from non-transformed cells

and the extracellular matrix to cancer progression [39].

Recent advances reveal that breast cancer may arise from lineage-restricted progenitor cells rather
than multipotent stem cells, especially during puberty and pregnancy [10]. This suggests that
specific progenitor cells may drive particular breast cancer subtypes, including aggressive forms
like triple-negative breast cancer. Targeting these progenitor cells could improve treatment

outcomes by addressing the unique molecular profiles underlying these subtypes.

The evolving understanding of cancer - from single-cell to multi-stage, gene-environment models
- reflects the complexity of tumorigenesis. Insights into progenitor cells and the tumor
microenvironment are shaping more precise therapies. Continued research is crucial to prevent,
diagnose, and treat cancer effectively, leveraging an increasingly nuanced understanding of

cancer’s origins and progression.

2.3. Premalignant Changes and Transcriptomic Alterations in Cancer-Adjacent Tissues

Research on cancer initiation increasingly highlights the role of seemingly normal tissues adjacent
to tumors in early disease development. While studies have traditionally centered on genetic and
molecular changes within tumors, emerging evidence reveals that histologically normal yet

genetically altered tissues surrounding tumors may also contribute to cancer progression.
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Numerous studies identify transcriptomic changes, genetic mutations, and epigenetic alterations in

nearby mammary gland tissues, suggesting a precancerous state even in non-tumorous cells [40].

Challenging the traditional single-cell origin model, Nishimura et al. propose that breast tumors
often arise from multiple founder cells [41]. This hypothesis is supported by the presence of cancer-
related clones in non-cancerous tissues, indicating that precancerous cells may exist before
detectable lesions appear. The study emphasizes estrogen's role in mutation accumulation pre-
menopause, as well as the significant contribution of localized microenvironmental and epigenetic

changes to tumor development.

Transcriptomic studies further underscore the presence of significant molecular alterations in
histologically normal tissue adjacent to tumors. Graham et al. found altered gene expression related
to inflammation, cell cycle regulation, and DNA repair in these tissues, supporting the "field
cancerization" concept and hinting that such alterations could be early markers of cancer risk [42].
Roman-Perez and colleagues identified subtypes in adjacent normal tissues, including an "Active"
subtype linked to poorer survival in estrogen receptor-positive patients due to TWIST1
overexpression and claudin-low features [43]. Huang et al., using data from The Cancer Genome
Atlas, demonstrated that these normal-adjacent tissues provide valuable prognostic insights
potentially distinct from those of the tumor microenvironment [44]. Similarly, Aran et al. identified
a unique gene expression signature in adjacent tissues across multiple cancer types, suggesting that

tumors actively shape their surroundings to support invasion and metastasis [45].

Recent studies by Gadaleta et al. and Morla-Barcelo et al. further illuminate molecular changes in
peritumoral tissues. Gadaleta’s team identified four transcriptomic subtypes in adjacent normal
tissues that provide prognostic value, while Morla-Barcelo et al. found upregulation of genes
associated with inflammation, cell cycle, and extracellular matrix remodeling in estrogen receptor-
positive tumors [46,47]. Additionally, Sverchkova et al. investigated immune-related gene
expression in adjacent tissues, identifying Human Leukocyte Antigens (HLA) genotyping as a
promising biomarker for immunotherapy stratification, particularly in triple-negative breast cancer
[48]. Lastly, Lau et al. categorized peri-tumoral samples into clusters based on immune and cellular
compositions, finding a pro-inflammatory, adipose-enriched cluster linked to poorer survival and
a myofibroblast and adaptive immune-enriched cluster associated with better outcomes. The study

suggests that mammographic breast density may influence peri-tumoral subtypes and patient
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prognosis [49]. Together, these findings underscore the importance of studying cancer-adjacent
tissues for early cancer detection and risk assessment. Identifying transcriptomic and molecular
alterations in adjacent tissues offers new avenues for early intervention and tailored surveillance,

advancing personalized cancer treatment strategies.

2.4. Copy Number Alterations and Somatic Mutations in the Normal Mammary Gland

Somatic mosaicism, resulting mainly from post-zygotic mutations, significantly contributes to
genetic diversity within tissues. These mutations, which include simple nucleotide variants and
structural changes, are crucial for processes such as immune diversification and neuronal
complexity. However, they are also linked to diseases like cancer, cardiovascular disease, and

Alzheimer’s, particularly in aging populations [50].

Clonal expansions driven by somatic mutations are prevalent in both cancerous and normal tissues,
increasing with age and exposure to environmental factors like UV light, smoking, and
inflammation. Mutated clones accumulate across various organs, remodeling tissues and
potentially influencing cancer and other diseases, including cardiovascular conditions, autoimmune
disorders, and infections. Many driver mutations arise early in life but may take decades to lead to
cancer, highlighting a slow, multi-stage progression to carcinogenesis. Clonal selection
mechanisms vary between normal and cancerous tissues; for instance, mutations in NOTCHI can
suppress tumor growth in the esophagus (Figure 3) [51]. Understanding these clones may aid in
early diagnosis and prevention, leveraging clonal expansions to manage cancer risks and age-

related diseases.
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Figure 3. Mutation accumulation and clonal expansion in normal tissues. The patchwork plot shows the spread of
clones harboring driver mutations in normal tissues. With aging, somatic mutations accumulate in cells, clones with
driver mutations expand, and tissues undergo remodeling. Exposure to environmental factors, such as UV rays (skin),
alcohol consumption, and smoking (esophagus), increases the mutation accumulation rate and promotes the expansion

of mutant clones. Figure reproduced from Maeda and Kakiuchi (2024), Cancer Sci. [51]

It has been recently proposed that metabolic factors such as obesity and diabetes, along with
treatments like metformin, significantly impact the expansion of PIK3CA mutant clones in normal
tissues [52]. Conditions that activate the PI3K-mTOR pathway enhance the competitive fitness of
these oncogenic mutants, facilitating their clonal expansion even in non-cancerous tissues.
Conversely, metabolism-modulating interventions like metformin can reduce the fitness advantage
of these mutants, suggesting potential strategies for cancer prevention by targeting metabolic

pathways.

In breast cancer, chromosomal CNAs—including focal deletions, amplifications, and
aneuploidy—serve as essential biomarkers for diagnosis, treatment planning, and patient

stratification. These CNAs contribute to cancer heterogeneity and therapy resistance, offering
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prognostic insights beyond traditional histology. For example, amplification of chromosome arm

1q is particularly valuable for prognosis in TNBC [53].

Significantly, structural genetic aberrations are found not only in tumor tissues but also in cancer-
free breast tissues of patients with sporadic breast cancer, affecting nearly 40% of cases.
Aberrations like ERBB2 gene gains observed far from primary tumors suggest a widespread and
progressive field cancerization process, supporting the idea that genetically altered cells can

precede tumor formation [50].

Additionally, approximately 10% of uninvolved glandular tissue cells from breast cancer patients
display CNAs, indicating a predisposition to genomic instability that may contribute to early cancer
initiation. This finding has profound implications for early detection and risk management,
especially regarding radiotherapy [54]. Pereira et al. emphasize the importance of integrating CNA
profiling with gene mutation analysis for breast cancer classification, identifying several mutation-

driver genes relevant to targeted therapy, such as FOXO3 and AGTR2 [55].

Recent research has expanded our knowledge of breast cancer mutations. For instance, Nik-Zainal
et al. sequenced whole genomes from 560 breast cancers and identified millions of base
substitutions, small indels, and genomic rearrangements, underscoring the need for continued
exploration of cancer’s genomic landscape [56]. In another study, Li et al. reported frequent
somatic TP53-PIK3CA co-mutations in Chinese breast cancer patients, correlating with poorer

survival [57].

Oh and Sung (2020) found that somatic mutations, including those in PIK3CA, also appear in
histologically normal tissues near cancerous areas. Often matching mutations in the adjacent
tumors, these findings suggest that nearby "normal" tissues may harbor early tumorigenic events

[58].

Advances in mutation detection have further revealed modest variation in somatic mutation rates
across cell types, indicating that division-independent mutational processes may play significant
roles in somatic mutation [59]. A study from Hungary observed frequent mutations in 7P53,

PIK3CA, and KMT2C, reinforcing their significance in breast cancer [60].

In recent work, Rockweiler et al. (2023) utilized a multi-tissue atlas to examine post-zygotic

mutations across 54 tissue types from 948 donors. Their study shows that mutations vary
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significantly across tissues and are influenced by age and tissue type, with prenatal mutations often
being more deleterious. This research sheds light on the potential for using post-zygotic mutations

in diagnostics, particularly for cancer risk assessment [61].

2.5. Clinical Implications and Limitations

The discovery of early molecular changes—including transcriptomic alterations, pathogenic point
mutations, and chromosomal CNAs—in normal tissues adjacent to tumors holds considerable
potential for advancing cancer diagnosis, risk assessment, and personalized treatment strategies.
By identifying these early alterations, researchers hope to achieve more precise patient
stratification and to develop targeted therapies that improve patient outcomes. However, the
clinical application of these findings faces several challenges. Small cohort sizes, patient
heterogeneity, and inconsistent definitions of "normal" tissue affect the robustness and
generalization of results. Furthermore, a lack of healthy control samples and reliance on
mastectomy-derived tissue samples limit the applicability of these insights. The variability in
detection methods and the risk of tumor contamination further complicate data interpretation.
Addressing these issues will be essential for realizing the clinical potential of early molecular

alterations in improving cancer care.

2.6. Challenges in Defining and Controlling Histologically Normal Tissue in Breast
Cancer Research

Studying adjacent normal tissue holds great promise, yet several challenges must be resolved.
Defining "histologically normal" mammary tissue accurately is one of the primary hurdles. To
ensure samples are uncontaminated by tumor cells, researchers must adhere to meticulous
protocols, selecting samples from regions distant from the primary tumor and, ideally, from
separate breast lobes. Independent pathologists should evaluate these samples to confirm their
normalcy. Terms such as "uninvolved margin (UM)" or "uninvolved tissue" are commonly used to

describe non-tumorous tissue with no visible cancer signs [50,54].

Selecting suitable control samples poses additional complexities. Ideally, controls would consist
of individuals without a personal or familial cancer history, but achieving age-matching is
challenging since younger patients typically undergo cosmetic surgeries rather than cancer
treatments. Tissue from reduction or prophylactic mastectomies can be used as controls, but these

may not always be completely free of cancer risk. Breast cancer is relatively uncommon in younger
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women, with only one in eight invasive cases diagnosed in women under 45[62]. Moreover, breast
cancer's high lifetime incidence—approximately 13% of women will develop the disease—

complicates efforts to identify truly "healthy" control samples [62,63].
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III. AIMS

To investigate the molecular mechanisms underlying breast cancer development and progression,
this doctoral research addresses critical gaps in sample collection, detection methodologies, and
molecular profiling. The overarching objective is to advance the understanding of early
molecular alterations, their prevalence, and their clinical relevance in reportedly sporadic
breast cancer. This study employs a multi-faceted approach: first, the establishment of unique and
comprehensive biobanking protocols (Aim I); second, genetic analyses of histologically verified,
non-tumorous mammary tissues from breast cancer patients, with the inclusion of control samples
from mammoplasty patients (Aim II). Furthermore, transcriptomic and genetic investigations were
conducted in histologically verified, non-tumorous mammary tissues from breast cancer patients
with adverse outcomes, incorporating comparisons with breast cancer patients recruited without
any criteria related to prognosis and control samples, to assess the clinical implications of these

findings (Aims III and IV).

Aim I of this work (Paper I, Filipowicz N. et al.) laid the foundation by developing a
comprehensive biobank of histologically controlled, non-tumorous mammary gland samples
collected from various distances from primary lesions. The biobanking protocols, which also
included tumor, blood, and skin samples, were designed to mitigate challenges related to small
cohort sizes, patient heterogeneity, and the difficulty of defining histologically normal tissue. These
carefully curated samples are pivotal to ensuring the reliability and quality of "omics" studies in

cancer research.

Building upon this resource, Aim II (Paper II, Kostecka A. et al.) employed ultra-high sensitivity
techniques to identify subtle molecular changes, such as structural rearrangements and pathogenic
post-zygotic genetic variants, in breast cancer-related genes within the normal mammary glands
of sporadic cancer patients. This study addresses limitations in current detection methods, offering

insights into early molecular alterations that may precede tumor formation.

In Aim III (Paper III, Andreou M. & Jakalski M. et al.), transcriptomic profiling of histologically
controlled non-tumorous tissues and primary tumors was performed, with a focus on patients with
adverse outcomes. Using a custom gene panel targeting genes associated with breast cancer

dissemination and metastasis, this study assessed the clinical relevance of transcriptomic
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alterations in non-tumorous tissues by comparing patient samples with those from individuals
undergoing reduction mammoplasty. This analysis also aimed to address issues of sample

contamination and improve the selection of appropriate controls for breast cancer research.

Finally, Aim IV (unpublished findings, manuscript under review) investigated the prevalence of
post-zygotic and germline variants in paired histologically controlled non-tumorous mammary
tissues and primary tumors from sporadic breast cancer patients with adverse outcomes, as well as
from patients without prognosis-specific criteria and control individuals. This study aimed to
evaluate the correlation of pathogenic post-zygotic variants with clinical outcomes, such as
recurrence and mortality, contributing to improved patient stratification and treatment

strategies based on genomic alterations.

Together, this research addresses complementary aspects of somatic mosaicism, molecular
alterations, and patient outcomes, providing a robust framework for advancing breast cancer

research and refining clinical approaches to diagnosis and treatment.
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IV. MATERIALS AND METHODS

4.1. Cohorts: Patient Selection and Samples Studied

Access to well-characterized, histologically validated non-tumorous samples, reference tissues
(e.g., blood or skin), and control samples, combined with comprehensive clinical follow-up
information, is crucial for investigating the oncogenic potential of seemingly normal tissues. Given
the diversity of the research papers discussed in this thesis, multiple cohorts were indispensable.

The primary cohorts analyzed are described below:

4.1.1. Biobank (Paper I)

This biobank encompasses samples from five cancer types known for high incidence and/or often
fatal outcomes: breast (933 donors), colorectal (383 donors), prostate (221 donors), bladder (81
donors), and exocrine pancreas carcinomas (15 donors), as well as metachronic metastases of
colorectal cancer to the liver (14 donors). Additionally, samples from 64 healthy male donors were
included in studies on the Loss Of the Y chromosome (LOY). The recruitment took place across
five clinical centers in Poland: the Oncology Center in Bydgoszcz, the National Institute of
Oncology in Cracow, the University Clinical Centre in Gdansk, the University Hospital in Cracow,
and Specialist Hospital in Koscierzyna. Sample collection was approved by the Independent
Bioethics Committee for Research at the Medical University of Gdansk, and written informed
consent was obtained from all participants. Stringent inclusion criteria were enforced, especially
for breast cancer patients undergoing mastectomy or BCS, who were required to be free from
neoadjuvant therapy. The biobank at the end of 202, after two years of collecting, included 1,711
patients and controls, totaling 23,226 samples. On average, 74 donors and 1,010 samples were
added monthly over nearly two years. Notably, 40% of samples are from macroscopically healthy
cancer-adjacent tissues, and 12% are from tumors, adding significant value for studies on cancer

predisposition.

Sample collection protocols were designed through collaboration among molecular teams,
surgeons, and pathologists. For each diagnosis, the standard sample set included 1-2 Primary
Tumor fragments (PT), 1-12 UM specimens from various distances from the PT, 1-4 Whole Blood
(WB) samples (1.5 ml each), and 1-2 blood Plasma (BP) samples (1-1.5 ml each) for future
proteomic studies. Each tissue fragment was split into two parts: one is fresh-frozen at -80°C, and

the other is fixed in formalin, embedded in paraffin, and processed for Hematoxylin and Eosin

32



(H&E) staining. For breast and colorectal cancers, local lymph node metastases were also collected
if identifiable. Each sample is verified with histopathological reports. Additionally, uninvolved

margin and skin samples are collected to establish organoids and primary cell cultures.

4.1.2. Breast Cancer Patients Diagnosed with Sporadic Breast Cancer (Paper 11)

This cohort includes 52 patients diagnosed with sporadic breast cancer who did not receive
neoadjuvant therapy. The focus was on patients undergoing breast-conserving surgery (BCS), who
constituted two-thirds of the cohort. A total of 204 samples were collected, including UM, PT, Skin
(SK), and Peripheral Blood (BL), from the Oncology Centre in Bydgoszcz and the University
Clinical Centre in Gdansk, with the approval of the bioethics committee at the Medical University
of Gdansk (MUG). Written informed consent was obtained from all participants. The histological
subtypes and tumor tissue content of each PT sample were evaluated by pathologists according to
the respective AJCC guidelines [9], and tumor samples with less than 50% neoplastic cell content
were excluded. The normal mammary gland was sampled from the opposite quadrant relative to
the primary tumor site, maintaining a mandatory distance of at least 3 cm to exclude potential
contamination by residual tumor cells. Pathologists also evaluated these tissue samples to confirm
normal histology. All normal mammary gland samples from patients who underwent breast-

conserving surgery were derived from the tissue that remained intact after the surgery.

4.1.3. Reportedly Sporadic Breast Cancer Patients Selected Based on Unfavorable Prognosis
(Papers Il and IV)

Breast cancer patients with unfavorable outcomes and extensive clinical follow-up data collected
for up to 10 years post-surgery were recruited as part of a large biobanking effort between 2012
and 2018 (n=497). Criteria included disease recurrence, additional tumors, and/or death. None of
the recruited individuals received neoadjuvant therapy, and all breast cancer cases were reported
as sporadic. Samples collected included PT, UM (both distal [UMD, 1.5-5 c¢cm] and proximal
[UMP, at least 1 cm away from PT]), and SK, from the Oncology Centre in Bydgoszcz. These
samples were stored at —80°C, and tumor presence and normal histology of uninvolved margins
and skin samples were confirmed microscopically. Histological subtypes were assessed according

to AJCC guidelines [9,64].

33



4.1.3.1. Transcriptome Study (Paper 11II)

This study focused on 83 breast cancer patients with unfavorable outcomes. Most patients
underwent BCS (n=68), with fewer undergoing mastectomy (n=13). A total of 242 samples,
including PT, UMD, and UMP, were analyzed after excluding outliers. Samples from two distinct

tumor sites (PT1 and PT2) were included for two patients with multifocal primary tumors.

4.1.3.2. Variant Study (unpublished findings, manuscript under review)

The cohort for this study consisted of 77 breast cancer patients with unfavorable outcomes,
primarily undergoing BCS (n=63) (Breast Cancer Adverse Prognoses cohort, BCAP cohort). A
total of 231 samples, including matched PT, UMP (referred to as UM), and SK, were analyzed,
with some UM samples taken at a further distance from the PT (UMD) included in later analyses.
SK samples, as blood samples were unavailable, served as references to differentiate between post-

zygotic and germline variants due to the unavailability of blood samples.

The cohorts for the Transcriptome Study (Paper III) and the Variant Study (unpublished findings,
manuscript under review) partially overlapped, collectively including a total of 83 breast cancer
patients with unfavorable prognoses. These patients were analyzed across the two studies to

investigate distinct molecular aspects of breast cancer progression.

4.1.4. Reportedly Sporadic Breast Cancer Patients Selected Without Prognosis Criteria
(unpublished findings, manuscript under review)

The BCUS (Breast Cancer Un-Selected) cohort comprised 49 sporadic breast cancer patients
recruited without specific prognosis-related criteria, representing 5.25% of the total 933 breast
cancer donors in the biobank. Most patients underwent BCS (n=31) rather than mastectomy (n=18).
Among these 49 patients, 5 experienced recurrences, and 3 died within two years post-surgery;
however, the follow-up period for this cohort (approximately 2 years) was considerably shorter
than that of the breast cancer patients with adverse outcomes. A total of 147 samples, including
PT, UM, and BL, were analyzed. UM samples were collected at least 1 cm away from the PT, and

their normal histology was confirmed by two independent pathologists.

4.1.5. Control Patients
Paper II: Normal mammary gland samples from 26 age-matched women undergoing breast
reduction surgery, with no history of cancer, served as controls. Histological evaluations confirmed

tissue normalcy by two independent pathologists.
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Paper III: Fifty-three individuals undergoing breast reduction surgery, with no personal or familial
history of cancer, served as controls (CTRL). Samples were collected at the Karolinska Institute
and the University Clinical Centre in Gdansk, and histology was confirmed by dedicated

pathologists.

Unpublished findings (manuscript under review): Fifteen individuals undergoing breast reduction
surgery, with no personal or familial history of cancer, formed the Reduction Mammoplasty (RM)
cohort and served as controls. Paired normal UM and BL samples were collected at the University

Clinical Centre in Gdansk, with histological evaluations confirming tissue normalcy.

4.2. Technologies

4.2.1. SNP Arrays (Paper II)

Single Nucleotide Polymorphism (SNP) arrays, developed in the 1990s, are used for genotyping
and detecting genetic variations, including SNPs and Copy Number Variations (CNVs) across the
genome. DNA is fragmented and labeled with fluorescent dyes before being hybridized onto a chip
with probes designed for specific SNP sites. Post-hybridization, the chip is scanned to collect
fluorescence intensity data, which is then analyzed to determine SNP genotypes. The intensity of
the signal also helps identify CNVs, indicating heterozygous or homozygous alleles. SNP arrays
are valued for their high-throughput, cost-effective, and reliable nature in genetic research [65]. In
Paper II, SNP arrays identified recurrent genetic aberrations in paired PT and UM samples from

breast cancer patients, as well as normal mammary tissue from age-matched controls.

4.2.2. Targeted DNA Sequencing (Paper I1).

Although SNP arrays focus on the most common genetic variants, they capture only a small,
preselected subset of all potential variations. Targeted DNA sequencing focuses on specific regions
of the genome, such as genes or loci known to be involved in diseases, making it an efficient
method for identifying relevant genetic variations. This technique involves using capture probes or
primers to selectively enrich and amplify targeted genomic regions before sequencing. It provides
higher depth of sequencing and sensitivity compared to whole genome sequencing, detecting low-
frequency alterations and somatic variants with greater accuracy. This approach is particularly
useful for studying genes with known disease associations, enabling rapid and accurate genetic

analysis for diagnostic, prognostic, and therapeutic purposes [66,67]. In Paper II, targeted DNA
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sequencing was employed to identify post-zygotic and germline variants in UM, BL, and PT

samples from sporadic breast cancer patients.

4.2.3. Targeted RNA Sequencing (Paper I11)

Targeted RNA Sequencing (RNA-seq) involves selectively sequencing specific RNA transcripts
of interest rather than the entire transcriptome. This method uses capture probes or primers to enrich
and amplify targeted RNA regions before sequencing. Total RNA or Messenger RNA (mRNA) is
reverse-transcribed into Complementary DNA (cDNA), which is then enriched for specific genes
and sequenced. This approach allows for high sensitivity in detecting low-abundance transcripts
and rare isoforms, while also being cost-effective and reducing computational demands compared
to whole transcriptome sequencing. Targeted RNA-seq is especially useful for studying gene
expression and transcript variants associated with specific diseases or biological processes.
However, because it concentrates on a predefined set of genes, targeted RNA-seq may introduce
bias and potentially overlook important transcripts outside the target regions, limiting the discovery
of novel transcripts and alternative splicing events [68,69]. In Paper III, a customized RNA panel
was used to differentiate malignant from non-malignant breast samples and to identify a pre-

tumorous state in normal mammary gland tissue.

4.2.4. Whole Exome Sequencing (WES) (unpublished findings, manuscript under review)

Targeted DNA sequencing is an efficient and cost-effective method for investigating genetic
alterations, but it is limited to specific regions of the genome rather than covering the entire set of
coding regions. In contrast, Whole Exome Sequencing (WES) targets the coding regions of the
genome, focusing on exons where many disease-causing variants are found. DNA is fragmented,
hybridized with probes specific to exonic regions, and sequenced to generate millions of short
reads. These reads are aligned to a reference genome, and variants are identified and filtered to
differentiate between germline and somatic origins. Variants are then annotated to assess their
functional impact and relevance to disease, with comparisons made to genetic databases for
interpretation. WES is cost-effective compared to whole genome sequencing and provides valuable
insights into genetic disorders, potential therapeutic targets, and disease mechanisms. However, by
focusing on exonic regions, WES may miss structural variants, large deletions, or duplications.

Additionally, sophisticated bioinformatics tools are required for accurate variant calling and
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interpretation, which can complicate data analysis [70,71]. Here, WES detected pathogenic

germline and low-frequency post-zygotic variants in UM samples from breast cancer patients.

4.2.5. Duplex Sequencing (Papers Il and unpublished findings, manuscript under review)

WES provides a comprehensive view of the protein-coding regions of the genome and is a cost-
effective approach. However, it may miss low-frequency mutations due to higher error rates and
the lack of strand-specific error correction, often requiring follow-up studies to verify rare variants.
Duplex sequencing is an advanced method that reduces sequencing errors by independently
analyzing both original DNA strands. DNA fragments are tagged with Unique Molecular
Identifiers (UMIs) at both ends. These tagged fragments are sequenced, and reads are paired based
on UMIs to create consensus sequences for each strand. This method enhances error correction and
improves variant detection, particularly for rare mutations and low-frequency variants. Duplex
sequencing is especially valuable in cancer research for detecting low-frequency somatic variants.
Nevertheless, the technique is more complex and costly due to the additional steps of adapter
ligation, high-depth paired-end sequencing, and the need for sophisticated bioinformatics for error
correction [72,73]. In Paper II and the manuscript under review (unpublished findings), duplex

sequencing was employed to identify low-level subclonal variants in selected genes.

4.3. Challenges and Solutions

Exploring the oncogenic potential of seemingly normal mammary gland tissue from breast cancer
patients across multiple patient cohorts and control groups involves several significant challenges.
These challenges affect the validity and reliability of the findings and include variability in sample
collection protocols, the need for robust and age-matched control cohorts, and the sensitivity of the
utilized methods. This section discusses these challenges and the methodological solutions

implemented to address them, thereby enhancing the rigor and clarity of the studies.

4.3.1. Different Sample Collection Protocols

Breast cancer patients were also recruited using various protocols established prior to the
biobanking project, leading to differences in the collection of uninvolved mammary gland samples.
These protocols varied in terms of the distances from the primary tumor at which samples were
obtained, resulting in a diverse array of tissue samples. This variability introduces complexity into
the analysis, as different sampling distances can affect the interpretation of results. To mitigate this

issue, we provided detailed explanations and illustrations of these differences in the “Cohorts:
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Patient Selection and Samples Studied” section and in each publication. Despite this variability,
the diversity in sampling distances might enhance the robustness of our findings, as alterations in
transcriptomic profiles and genetic variants were observed not only in cancer-adjacent tissue (1
cm) but also at greater distances from the primary lesions (Papers II and III, and manuscript under
review). This broader sampling range helps capture a more comprehensive picture of potential

oncogenic changes.

4.3.2. Necessity for Robust, Age-Matched Control Cohorts

Controls for our studies were individuals without a personal or familial history of cancer. However,
these control individuals were not always age-matched with the breast cancer patients (Paper III
and manuscript under review). Age-matching controls are challenging because individuals opting
for cosmetic surgical procedures, who usually serve as controls, are typically younger. Breast
cancer diagnosis is relatively rare in younger women, with only about one in eight invasive breast
cancers diagnosed in women under the age of 45 [62]. Furthermore, recruiting healthy controls is
complicated by the high lifetime risk of breast cancer, with approximately 13% of women expected
to develop the disease, and the exact onset of carcinogenesis remaining uncertain [62,63].
Therefore, in Papers II and III, and the manuscript under review, normal mammary glands were
sampled from individuals without cancer history undergoing plastic surgery, providing the most

appropriate available control samples from a biological perspective.

4.3.3. Effectiveness and Sensitivity of Utilized Methods

To investigate transcriptomic alterations among UM, PT, and CTRL samples, a custom RNA
sequencing panel comprising 634 genes associated with breast cancer and related processes such
as epithelial-to-mesenchymal transition, cell death, and apoptosis was employed in Paper III. This
panel also included genes from the AIMS and PAMS0 predictors (74,75), which classify breast
tumors into molecular subtypes. Using a gene panel focused on a predefined set of genes introduces
potential bias and may not capture the complete transcriptomic landscape. This limitation could
result in missing important pathways involved in the disease. To address this issue, we validated
the custom RNA sequencing panel’s effectiveness by comparing it to external datasets of full
transcriptome and custom RNA-seq panel data from the same cohort of 18 breast cancer patients,

collected and processed similarly to the main dataset. This benchmarking confirmed the panel's
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ability to capture critical transcriptomic information, ensuring it consistently produces valid results

across different breast cancer samples.

Targeted DNA sequencing (Paper II) and WES (manuscript under review) were initially used to
identify post-zygotic variants in paired UM and PT samples from breast cancer patients, as well as
UM samples from control individuals. BL or SK samples were used as reference samples to
differentiate between post-zygotic and germline variants. However, detecting low-frequency
variants in heterogeneous UM and PT samples with standard NGS methods presents challenges
due to sequencing depths (typically 100-200x for WES or 500-1000x for targeted DNA
sequencing) and the inherent error rates of these technologies (approximately 0.1-1%). This can

lead to false positives and complicate the identification of true low-frequency variants [66,74].

To address these challenges, selected variant cases were validated using independent methods such
as Sanger sequencing and High-Resolution Melting (HRM). Sanger sequencing, or dideoxy
sequencing, is known for its accuracy and is suitable for sequencing individual genes and validating
variants. It involves DNA synthesis with chain-terminating dideoxynucleotides, resulting in
fragments of varying lengths that are separated by capillary electrophoresis and identified based
on fluorescence emission [75]. While Sanger sequencing is renowned for its precision, it is
relatively slow and labor-intensive compared to modern high-throughput sequencing methods.
Moreover, its sensitivity is limited: detecting variants with a Variant Allele Frequency (VAF) of
less than 10% is challenging, and identifying variants with a VAF of less than 5% is virtually
impossible. HRM 1is a post-PCR technique that identifies variations based on DNA melting
behavior, offering high sensitivity and cost-effectiveness. Differences in DNA sequences cause
variations in melting temperature (Tm), which are detected by the HRM analysis, allowing for the
identification of mutations, polymorphisms, and epigenetic differences. HRM is advantageous due
to its high sensitivity, specificity, and cost-effectiveness, as well as its ability to analyze multiple
samples quickly without the need for labeled probes [76]. However, HRM is an indirect method

and requires high-quality DNA and expertise to interpret the results accurately.

To further address these challenges duplex sequencing (Papers II and manuscript under review)
was employed. This ultra-deep sequencing approach significantly increases coverage (up to
thousands of times), enhancing sensitivity for detecting low-frequency variants. Duplex

sequencing reduces sequencing errors by independently tracking both original strands of the DNA
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molecule. True variants will appear on both strands, allowing for accurate differentiation from
sequencing errors [72,73]. Duplex sequencing confirmed the presence of previously identified low-
frequency pathogenic variants and revealed new extremely low-frequency pathogenic variants in

UM samples.

V. SUMMARIES OF PUBLICATIONS

5.1. Paper I — Filipowicz et al.

5.1.1. Introduction

Combining multiple samples from a large number of distinct patients and control individuals, along
with comprehensive, long-term clinical follow-up data, can significantly improve translational
research. More than 90% of cancer cases are not attributed to inherited genetic alterations; instead,
the accumulation of post-zygotic variants occurring after fertilization has been hypothesized to
contribute to cancer predisposition [77-79]. Additionally, the mosaic loss of chromosome Y in the
leukocytes of aging men—representing the most common post-zygotic variant in blood samples—
is associated with earlier mortality and morbidity, including multiple cancer diagnoses [80-83].
The collection of histologically controlled non-tumorous tissues and blood samples, in addition to
tumor samples from patients and unrelated healthy individuals, is crucial for genetic and proteomic
analyses. This publication outlines the development of a specialized biobank designed to support
cancer research by providing high-quality human tissue and blood samples, along with detailed
patient questionnaires for comprehensive data. This biobanking effort aims to systematically
explore the contribution of post-zygotic genetic variations in normal tissues to cancer

predisposition.

5.1.2. Results and Discussion

Samples were collected from patients with breast, colorectal, prostate, bladder, and pancreatic
cancers, as well as healthy male controls for loss-of-chromosome-Y studies. Recruitment occurred
across five clinical centers over nearly two years, resulting in 1,711 donors and 23,226 samples.
Breast carcinoma was the predominant diagnosis, with 933 donors treated either with mastectomy
or breast-conserving surgery, and detailed demographic and clinical information was collected. A
substantial portion of samples came from normal tissue margins at various distances from the
corresponding primary tumors, providing a unique resource for cancer research. The collection

process, involving detailed pathology and histopathology, required about 2,800 working hours.
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Standardized protocols ensured the quality and reliability of these samples, which are essential for
reproducible and accurate genetic studies. By offering a rich repository of biological materials, the
biobank aims to facilitate the identification of new biomarkers and therapeutic targets, ultimately
advancing personalized cancer treatment and improving patient outcomes. Dedicated software
(MABDatal and MABData2) was designed and implemented to support the decentralized
biobanking approach, allowing efficient data management and ensuring compliance with data
safety standards. This resource supports diverse "omics" studies and has the potential to enhance

the understanding of genetic variations involved in cancer predisposition.

5.2. Paper Il — Kostecka A. et al.

5.2.1. Introduction

Breast cancer, which affects 24% of women globally and is a leading cause of cancer-related female
deaths, mostly arises without inherited mutations in high-penetrance genes like BRCAI or BRCA2
(85-90% of cases) [3,4,84]. High-throughput genomics has classified breast cancer into four
subtypes and identified somatic driver mutations in key genes such as PIK3CA and TP53
[7,8,32,55,56]. Traditionally, these mutations were studied in tumors, overlooking the mutational
landscape in normal mammary tissue, which is hormonally stimulated and prone to DNA damage
[11,85-87]. This study screened for subclonal somatic pathogenic alterations in the normal
mammary gland tissue of sporadic cancer patients, particularly post-BCS. The findings reveal
frequent structural chromosomal aberrations and pathogenic point variants in crucial breast cancer
genes in the histologically normal tissue left after BCS. These genetic alterations in preserved
normal tissue suggest a link with recurrence risk and implications for future treatment, highlighting

the need for thorough genetic screening in breast cancer management.

5.2.2. Results and Discussion

A total of 204 UM, PT, SK, and BL samples were collected from 52 reportedly sporadic breast
cancer patients, treated mostly with BCS. Normal mammary gland samples were also collected
from 26 age-matched control individuals undergoing breast reduction surgeries. SNP arrays were
implemented to analyze chromosomal rearrangements and to detect DNA CNAs and Loss Of
Heterozygosity (LOH). Hierarchical clustering revealed distinct PT-only and control-only clusters,
with PTs exhibiting significant differences in CNAs (Wilcoxon test, p = 0.0094). Surprisingly,

control samples showed greater heterogeneity. Recurrent chromosomal aberrations, such as losses
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at 1p, 16p11.2, and 9p21.3, and gains at 3q25.3, 4q13.1, 8q, and 20q, were identified in UMs. LOH
at chromosome 8p, associated with poor breast cancer outcomes [88], was present in UMs, PTs,
and controls. ERBB2 gains were detected exclusively in PTs, except in one control sample.
Targeted DNA sequencing of UM, BL, and PT samples from breast cancer patients found
heterozygous constitutional pathogenic variants in 7.7% (4/52) of cases. After excluding
individuals with germline pathogenic variants, the analysis focused on 48 sporadic breast cancer
patients, identifying 15 somatic pathogenic variants in the normal mammary gland tissue of 19%
(9/48) of patients. These variants affected genes related to tumor suppression, oncogenesis, cell
death regulation, DNA repair, translation, gene expression, and chromatin remodeling. Ultra-deep
duplex sequencing was implemented to enhance the sensitivity and accuracy of rare variant
detection. PIK3CA and TP53 were prominent driver genes, with 6 hotspot PIK3CA variants and 7
hotspot 7P53 variants in total, revealed either with targeted DNA sequencing or duplex sequencing.
PIK3CA and TP53 variants, prevalent in tumors [7,35], were detected at lower levels in normal
tissue, suggesting potential secondary tumor sites. These findings underscore the importance of
profiling normal tissue to elucidate disease origins, potentially enhancing treatment and clinical
management. The study advocates for genetic and clinical surveillance of sporadic breast cancer

patients post-surgery to improve personalized care.

5.3. Paper Il — Andreou M. & Jakalski M. et al.

5.3.1. Introduction

Breast cancer is a major health issue, ranking as the most common cancer globally in 2020, with
2.26 million cases, surpassing lung cancer incidence [89,90]. Enhanced mammographic screening
and extensive educational efforts have facilitated early detection, aiding in the identification of
breast carcinomas during asymptomatic phases. BCS is favored for its tissue preservation benefits,
yet recurrence rates post-surgery remain substantial, implicating residual disease or alterations in
unexcised mammary gland tissue [16,17,91]. Current therapeutic decisions rely on tumor and
resection margin analyses, but emerging research underscores the prognostic potential of normal
tissue [40,50,54,92]. Unlike prior studies focusing on cancerous tissues of patients selected without
any criteria related to prognoses [42,45,46], this study aimed to investigate the transcriptomic
landscape of uninvolved mammary gland tissue at various distances from the primary lesion in
patients with adverse prognoses. Distinct gene expression patterns distinguish malignant from non-

malignant tissues, and a potentially pre-tumorigenic environment emerges in apparently normal

42



tissue, associating with smaller tumors and poorer outcomes. The study underscores the
significance of incorporating normal tissue analysis into breast cancer research for improved

prognostication and therapeutic strategies.

5.3.2. Results and Discussion

The transcriptomic profiles of 242 PT and UM samples collected proximal (UMP) and distal
(UMD) to the PT from 83 breast cancer patients who experienced unfavorable outcomes were
analyzed. Patients included suffered from disease recurrence and/or the presence of a second,
independent tumor and/or succumbed to the disease within 10 years post-original surgery. CTRL
samples from 53 individuals undergoing reduction mammoplasty surgeries without a history of
cancer were used as a reference group. Two independent pathologists examined tissue samples to
identify cancerous areas in PT samples and confirm the normal histology of UMs and CTRLs. A
custom panel comprising 634 genes associated with breast cancer progression and metastasis was
utilized for expression profiling. The custom RNA-sequencing panel's ability to capture
comprehensive information representative of the entire mammary tissue was validated using
external datasets from 18 breast cancer patients. The results highlight a clear distinction between
malignant (PT) and non-malignant (UMP, UMD, CTRL) tissues through Principal Component
Analysis (PCA), revealing significant differences in expression profiles. Differential expression
analysis showed the largest deregulation of genes when comparing PT to all non-malignant tissues,
with fewer Differentially Expressed Genes (DEGs) when PTs were compared with controls or UMs
separately. Functional annotation of DEGs linked to cancer-related pathways indicated aggressive
tumor profiles and poor outcomes. PCA further revealed heterogeneity within non-malignant
samples, with a subset of UMs forming a distinct group. AIMS and PAMS50 gene expression-based
classifiers, originally developed and used on full-blown tumors, corroborated the histopathological
evaluation for all CTRL samples, while some UMs exhibited tumor-like features according to
PAMS50. Hierarchical clustering revealed four distinct clusters, with Cluster 4, enriched with UMs,
exhibiting unique attributes and a down-regulated gene signature. This signature, named KAOS
(for Keratins-Adhesion-Oncogenes-Suppresors), featured key cellular components encoding
keratins, CDH1, CDH3, and EPCAM cell adhesion proteins, matrix metallopeptidases, oncogenes,
tumor suppressors, along with crucial genes (FOXAI, RAB25, NRGI, SPDEF, TRIM29, and
GABRP) having dual roles in cancer. Furthermore, Cluster 4 was significantly associated with

clinical outcomes, showing smaller tumor sizes (p=0.033, Mann-Whitney U test), higher age
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(p=0.025, Mann-Whitney U test), HER2-positive status (p=0.004265, Fisher’s test), and a higher
death status (p=0.04493345 and p=0.01512627, Fisher’s test for UMD and UMP, respectively).
Enrichment analyses showed deregulated pathways in Cluster 4, including PPAR signaling,
regulation of lipolysis in adipocytes, and estrogen pathways. These findings suggest the presence
of a pre-tumorigenic environment within histologically normal mammary tissue, indicating

potential prognostic value and implications for patient management and personalized care.

5.4. Manuscript under review, unpublished findings

5.4.1. Introduction

Breast cancer represents 12.5% of global cancer diagnoses, with incidence rates rising by 0.5%
annually [62,63]. Although awareness and early detection have led to a 42% reduction in mortality
from 1989 to 2021, breast cancer remains a leading cause of death among women, with even low-
risk stage I cases exhibiting a 15-20% recurrence risk after two decades [93,94]. While 5-10% of
cases are hereditary, most are sporadic [3—5]. Recent research has shifted focus to the normal
mammary gland tissue for early molecular detection of tumors, revealing that even histologically
normal tissue from breast cancer patients often contains significant genomic alterations,
particularly in the PIK3CA and TP53 genes [40,45,46,50,54,60,92]. However, the clinical
relevance of post-zygotic alterations in histologically normal mammary gland tissue of breast
cancer patients remains unclear. This study screened UM and PT samples from sporadic breast
cancer patients with poor outcomes and found that pathogenic post-zygotic variants in cancer-
associated genes are prevalent in normal mammary tissue. These variants correlate with patient

survival, highlighting the importance of molecular screening for better clinical management.

5.4.2. Results and Discussion

The genetic profiles of 378 samples of PT, UM, and BL or SK tissue from reportedly sporadic
breast cancer patients were analyzed. Patients were stratified into two cohorts: 77 patients with
adverse outcomes (BCAP cohort) and 49 patients without specific prognosis-related criteria
(BCUS cohort), all from the same ethnic population. The BCAP group had poor outcomes, with
patients experiencing recurrence or metastasis (n=40), developing a second tumor (n=18), or both
(n=8), and/or succumbing to the disease (n=45) within 10 years (Table 1). Additionally, UM and
BL samples from 15 individuals undergoing mammoplasty for non-cancer-related reasons served

as a control group. Two pathologists confirmed cancerous areas in PT samples and verified the
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normal histology of UM and SK tissues. Post-zygotic variants were filtered based on their

truncating nature (nonsense and frameshift), annotation in the ClinVar/InterVar databases

2 [13

(“pathogenic”, “likely pathogenic”,

uncertain significance”, or “conflicting interpretations of

pathogenicity”), presence in the COSMIC database, and minor allele frequency (MAF); variants

with MAF < 0.001 across all gnomAD populations (“popmax”) or not noted in the database

(gnomAD v2.1.1) were included.

Table 1. Summarized clinicopathological features of breast cancer patients included in the Breast Cancer Adverse

Prognoses (BCAP) and the Breast Cancer Un-Selected (BCUS) cohorts.

HER?2 (positive / negative / not available)

Subtype

BCAP cohort BCUS cohort
Number of individuals 77 49
Age (median, range) 62, 23-85 65, 37-84
p value = 0.082

Collected samples 238 147
Primary Tumor, PT 77 49
Uninvolved mammary gland, UM 77 49
Distal fragment of uninvolved mammary gland, UMD | 7 -

77 49
Reference sample
(whole peripheral blood, BL or skin, SK)
Histology

59 40
Invasive ductal carcinoma, IDC

3 4
Invasive lobular carcinoma, ILC

6 1
IDC - ILC

9 4
other
Receptors

57720 43/5/1
Estrogen, ER (positive / negative / not available)

43 /34 44/4/1
Progesterone, PR (positive / negative / not available)

16/56/5 5/43/1
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14 22
Luminal A

37 21
Luminal B

9 2
HER-2 enriched

11 1
Triple-negative breast cancer, TNBC

6 3
Not available
Follow-up information

50/27 5/44
Recurrence (yes / no)

26/ 51 0/49
Second cancer (yes / no)

45/31 3/46
Death* (yes / no)

Matched primary tumor (PT) and uninvolved mammary gland (UM, >1 cm ) samples were collected from two breast
cancer cohorts, i.e. 77 individuals characterized with adverse outcomes (BCAP cohort) and 49 individuals recruited
without any pre-selection criteria related to prognosis (BCUS cohort). Whole peripheral blood (BL) or skin (SK)
samples (if BL was not available) were collected as reference samples to distinguish between post-zygotic and germline
variants. Distal UM samples (UMD, 1.5-3 cm from PT, median 2.35 cm), available for 7 BCAP patients, were included.
*Death status refers to patients who succumbed to the disease (patient with ID BCAP61 died from non-oncological

reasons).

A total of 167 variants were identified in UM samples from 41 BCAP patients, compared to 56
variants in 24 BCUS patients and 10 variants in 7 RM individuals. Truncating nonsense and
frameshift mutations (n=37) were exclusive to BCAP, many affecting tumor suppressor genes such
as KMT2C [95], PTEN [96], TBX3 [97], and TP53 [7]. Missense variants were further evaluated
using the REVEL score [98] (threshold 0.75) to predict pathogenicity. In the BCAP cohort, 29%
(49/167) of variants were classified as pathogenic, including truncating (n=37) and missense
variants (n=12) with in-silico evidence of pathogenicity (REVEL score > 0.75). Notably, 24% of
pathogenic BCAP variants were detected only in UM samples, absent from corresponding tumors.
The BCUS cohort exhibited only 7 pathogenic variants (13%), with 43% of them exclusive to UM
samples, though significantly fewer than in BCAP (Hypergeometric test, p=0.0008578).

Several of the identified pathogenic variants affected dosage-sensitive genes in BCAP, such as
tumor suppressors (KMT2C [95], PTEN [96], TBX3 [97], and TP53 [7]) and oncogenes (PIK3CA
[99], AKT1 [100]). PIK3CA variants were present in both BCAP and BCUS, while TP53 variants
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(seven, including two recurrent variants) were exclusive to BCAP, suggesting a stronger role in
breast cancer initiation. In contrast, BCUS samples contained pathogenic variants in genes like
SF3BI1[101], HRAS [102], GNAS [103], and RUNX1I [104], with only the latter two being dosage-

sensitive.

Duplex sequencing detected low-frequency (low as 1.34%) pathogenic PIK3CA and TP53 variants
in the UM samples of poor-prognosis patients. These variants, linked to aggressive cancer
progression, were often observed exclusively in UM samples rather than in the primary tumor,
indicating potential early tumorigenic processes. Notably, some BCAP patients had multiple
pathogenic variants across cancer-related genes[105], suggesting potential synergistic effects
contributing to disease severity. Selected pathogenic or likely pathogenic variants in the BCAP
cohort were further validated using Sanger sequencing or High-Resolution Melting. An overview
of identified pathogenic, likely pathogenic variants or variants of uncertain significance or
conflicting interpretations with in-silico evidence of pathogenicity (REVEL score > 0.75),

identified in BCAP and BCUS cohorts is provided in Table 2.

47



Table 2. Pathogenic, likely pathogenic variants, and variants of uncertain significance or conflicting interpretations of pathogenicity with evidence for pathogenicity

according to REVEL score (>0.75), identified via whole exome sequencing in breast cancer patients according to the study’s criteria.

Gene Variant® ClinVar® (MAF) REVEL score! COSMIC ID¢ AVSNP150f Individual ID and UM Cohort
gnomAD¢ sample VAF?
AKTI ¢.49G>A (p.Glul7Lys) Pathogenic 0.00000887 | 0.51 ID=COSV62571334 1s121434592 BCAP32 (0.6%), BCAP66* | BCAP
2 (0.7%)
CNOTY9 ¢.259T>C (p.Ser87Pro) Likely Pathogenic | n.a. 0.737 ID=COSV55299564 151057519956 BCAP26 (0.4%) BCAP
ERBB2 ¢.2264T>C (p.Leu755Ser) | Likely Pathogenic | n.a. 0.86 ID=COSV 54062780 rs121913470 BCAP53 (0.7%) BCAP
GATA4 ¢.1078G>A (p.Glu360Lys) | Uncertain 0.0001 0.757 ID=COSV100632768 | rs368489876 BCAP47 (19%) BCAP
Significance
GNAS ¢.680A>G (p.GIn227Arg) Pathogenic n.a 0.888 ID=COSV55671120 1s121913494 BCUS32 (0.3%) BCUS
HRAS c.182A>T (p.GIn61Leu) Uncertain n.a 0.839 ID=COSV54236656 rs121913233 BCUS45 (0.9%) BCUS
Significance
KMT2C ¢.10279C>T (p.GIn3427*) | n.a. n.a. not applicable ID=COSV51484133 n.a. BCAP20 (0.9%) BCAP
MKI67 ¢.4991 4992del Pathogenic 0.0003 not applicable ID=COSV64072397 rs145960091 BCAPO03 (0.3%) BCAP
(p-Thr1664Argfs*7)
PIK3CA ¢.1258T>C (p.Cys420Arg) | Pathogenic n.a. 0.788 ID=COSV 55874020 1s121913272 BCUS45 (0.9%) BCUS
PIK3CA ¢.1624G>A (p.Glu542Lys) | Pathogenic n.a. 0.439 ID=COSV55873227 rs121913273 BCAP56 (0.7%), BCAP45 | BCAP
(12%)
PIK3CA c.3140A>G Pathogenic 0.00000891 | 0.455 ID=COSV55873195 1s121913279 BCAPI15 (0.08%), | BCAP, BCUS
(p-His1047Arg) BCAP31* (19%), BCAP36
(0.3%), BCAPS53* (0.7%),
BCUS39 (28%)
PIK3CA ¢.3140A>T (p.His1047Leu) | Pathogenic 0.00000891 | 0.359 ID=COSV55873401 rs121913279 BCAP54* (0.5%), BCUS49 | BCAP, BCUS
(0.6%)
POMGNTI | c.1814G>A (p.Arg605His) | Pathogenic/Likely | 0.00001776 | 0.871 ID=COSV 64340932 1s267606962 BCAP31 (10%) BCAP
Pathogenic
PTCHI c.2714G>A (p.Arg905His) | Conflicting 0.00003266 | 0.881 ID=COSV59488865 rs764310195 BCAP20 (11%) BCAP
interpretations
PTEN ¢.388C>T (p.Arg130%) Pathogenic 0.00003266 | not applicable ID=COSV64288463 rs121909224 BCAP15 (0.7%) BCAP
RUNXI ¢.497G>A (p.Argl 66Gln) Pathogenic n.a. 0.962 ID=COSV55867644 rs1060499616 BCUS47 (0.5%) BCUS
SF3B1 ¢.1996A>G (p.Lys666Glu) Likely Pathogenic | n.a. 0.685 ID=COSV59206172 1s754688962 BCUS48 (18%) BCUS
TBX3 ¢.371 372insTGGT n.a. n.a. not applicable ID=COSV57471668 n.a BCAP44 (12%) BCAP
(p-lle125Profs*14)
P53 c.151G>T (p.Glu51%*) Pathogenic n.a. not applicable ID=COSV52694020 n.a BCAP58* (16%) BCAP
P53 c.227del n.a. n.a. not applicable ID=COSV52728465 n.a BCAP54 (0.5%) BCAP
(p-Ala76Aspfs*47)
TP53 ¢.329G>C (p.Argl 10His) Pathogenic n.a 0.593 ID=COSV52668419 rs11540654 BCAP45 (0.8%) BCAP
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TP53 c.637C>T (p.Arg213%) Pathogenic n.a. not applicable ID=COSV52665560 1s397516436 BCAPOI* (0.8%), | BCAP
BCAP48* (0.6%)
TP53 c.711G>A (p.Met2371le) Pathogenic 0.00005437 | 0.923 ID=COSV52661887 1s587782664 BCAP15 (0.8%) BCAP
TP53 c.1024C>T (p.Arg342¥%) Pathogenic n.a. not applicable ID=COSV52665487 15730882029 BCAP38 (0.5%), BCAP47 | BCAP
(0.7%)
TP53 ¢.1025G>C (p.Arg342Pro) | Pathogenic/Likely | n.a. not applicable ID=COSV52690857 1s375338359 BCAP57 (0.6%) BCAP
Pathogenic

“Variant annotation provided for the basic isoform of the transcript. *Pathogenicity classification according to the ClinVar database. “Minor allele frequency (MAF)
across all gnomAD populations (gnomAD v2.1.1). “REVEL score. ID of the variant in the COSMIC (Cosmic 95 coding) database. 'rsIDs in dbSNP build 150.
8Individual ID and Variant Allele Frequency (VAF) for UM samples. BCAP — Breast Cancer Adverse Prognosis, BCUS — Breast Cancer Un-Selected, n.a.- not

available. *variants were also detected in selected patients' distal uninvolved mammary gland sample (UMD).
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All breast cancer cases in this study were classified as sporadic based on family history, though
genetic testing results were unavailable before recruitment. To assess germline pathogenic variants,
BL or SK samples were analyzed across cohorts. In the BCAP cohort, 14 of 77 individuals (18%)
carried pathogenic variants in known high or moderate penetrance breast cancer genes [106]. These
included BRCAI (c.4186C>T [p.GIn1396%*], c.4689C>G [p.Tyr1563*], c.5179A>T [p.Lys1727%*],
c.5266dup [p.GIn1756Profs74]), BRCA2 (c.5645C>A  [p.Ser1882], ¢.6591 6592del
[p.Glu2198Asnfs4], ¢.9382C>T [p.Arg3128]), PALB2 (c.172_175del [p.Gln60Argfs7],
c.1671 _1674del [p.lle558Lysfs2]), and RADS50 (c.3233 3236del [p.Lys1079Valfs28]). BRCAI
c.5266dup (p.Gln1756Profs74) and PALB2 c.172_175del (p.GIn60Argfs*7) were recurrent,
observed in four and two unrelated individuals, respectively. The 18% mutation frequency in
BCAP surpasses previous reports (~10%) and may reflect the aggressive nature of these cases

[7,55,92].

Four BCAP individuals (29%) with germline pathogenic variants also harbored post-zygotic
pathogenic variants in known cancer-related genes in their UM samples. The germline variants in
these cases were found in BRCA! (four cases) and RAD50 (one case), while the corresponding
post-zygotic variants were identified in PIK3CA or TP53. In the BCUS cohort, only a single patient
carried a pathogenic BRCA [ variant (¢.5266dup [p.GIn1756Profs*74]). No germline pathogenic or

likely pathogenic variants in breast cancer-associated genes were detected in the control group.

Kaplan-Meier survival analysis revealed that patients with recurrence (n=53) had significantly
lower survival probabilities compared to those without recurrence (n=72) across the BCAP and
BCUS cohorts (log-rank test, p=0.00017), with a hazard ratio of 2.44 (95% CI: 1.07-5.54,
p=0.0337), indicating more than twice the risk of death. Given the shorter follow-up period for
BCUS (2 years) versus BCAP (10 years), early outcomes were assessed within the first 24 months
post-diagnosis. During this period, recurrence patients (n=53) had significantly lower survival
probabilities than non-recurrence patients (n=71) (log-rank test, p<0.0001), with a hazard ratio of
4.85 (95% CI: 1.4-16.25, p=0.0105), suggesting over four times the risk of death. BCAP patients
had significantly more recurrence events than BCUS patients within this timeframe (Fisher’s exact
test, p=0.005488). Within the BCAP cohort, recurrence patients (n=48) had lower survival
probabilities throughout the follow-up period compared to non-recurrence patients (n=28) (log-

rank test, p=0.015), with a similar trend observed in the first 24 months (log-rank test, p=0.0088).
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Survival probabilities differed significantly across groups (log-rank test, p=0.024), indicating that
the presence and type of pathogenic variants (germline or post-zygotic), along with recurrence
status, strongly influence patient outcomes (Figure 4). Patients with pathogenic germline variants
(green) had the shortest recurrence-free survival, with most recurrences occurring within the first
60 months. In contrast, patients with pathogenic post-zygotic variants in breast cancer-specific
genes (blue) experienced recurrences less frequently and over a longer follow-up period,
suggesting a moderate but significant effect on recurrence risk. Patients without pathogenic

germline or post-zygotic variants (yellow) showed intermediate survival outcomes.
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Figure 4. Kaplan-Meier survival curves of breast cancer patients with pathogenic variants and recurrent disease. The
curves represent survival probabilities for different groups of patients from the BCAP cohort (breast cancer patients
with adverse prognoses) and the BCUS cohort (breast cancer patients without specific prognosis criteria), stratified

by the presence of recurrent disease and/or pathogenic germline or post-zygotic variants in breast cancer-specific
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genes. Survival time was measured from the date of diagnosis to death or the end of the follow-up period (10 years for
BCAP and 2 years for BCUS). The x-axis represents time in months, and the y-axis represents the probability of

survival. Vertical ticks on the curves indicate censored death events.

PIK3CA and TP53 variants co-occurred in three BCAP patients, suggesting a synergistic role in
cancer progression. Notably, a single BCAP patient had concurrent pathogenic variants in PIK3CA,
TP53, and PTEN, highlighting the complex interplay of oncogenic and tumor-suppressive
pathways. These combined variants likely contribute to a more aggressive disease course,
underscoring the need for comprehensive genetic profiling. Post-zygotic variants in 7P53 and
PIK3CA have been observed in breast tumors, but their effects on normal mammary tissue are less
clear [107,108]. These alterations, which accumulate with age and hormonal changes [11,109],
may represent early pre-cancerous changes that could lead to cancer if activated by factors like
aging or injury. All BCAP patients experienced adverse outcomes within 10 years, indicating the

significant impact of these genetic variations on prognosis.

While current diagnostics focus on germline variants [106], our study shows that post-zygotic
variants, like those in PIK3CA and TP53, are often found in normal tissue after breast-conserving
surgery, with allele frequencies ranging from 0.03 to 0.28, suggesting they may contribute to
recurrence or metastasis. Our findings show that pathogenic post-zygotic variants in breast cancer-
associated genes are more prevalent in normal mammary tissues of patients with adverse outcomes,
such as recurrence or metastasis, compared to those without specific prognosis criteria or control
individuals. Monitoring these patients for nearly a decade allowed us to directly link these variants
to clinical outcomes. These alterations were strongly associated with disease progression,
particularly recurrence, indicating an increased risk of aggressive cancer before clinical symptoms
appear. This underscores the need for expanded genetic screening and enhanced surveillance to

improve personalized management, especially for patients with poor prognoses

52



VI. CONCLUSIONS

Based on the findings from the four studies encompassed in this doctoral work, the following

conclusions can be drawn:

6.1. Paper I — Filipowicz N. et al.

The establishment of a comprehensive biobank of histologically controlled, non-tumorous
mammary gland samples, alongside tumor, blood, and skin samples, was successfully
achieved.

This resource addressed significant challenges such as patient heterogeneity and small
cohort sizes, creating a foundation for high-quality "omics" studies.

By defining stringent sampling protocols, the study ensured reliable differentiation between

normal and pathological tissue, improving the reproducibility of cancer research.

6.2. Paper II — Kostecka A. et al.

Ultra-high sensitivity methods successfully identified structural rearrangements and
somatic pathogenic variants in breast cancer-related genes within histologically normal
mammary tissue.

Subtle molecular alterations, including low-frequency pathogenic variants in genes such as
PIK3CA and TP53, were detected, highlighting the potential role of normal tissue in cancer
progression.

These findings underscore the importance of genetic profiling in apparently normal tissues

for improved understanding of early oncogenic changes.

6.3. Paper 11l — Andreou M. & Jakalski M. et al.

Transcriptomic profiling of histologically normal mammary tissues revealed distinct
expression patterns associated with poor clinical outcomes, such as smaller tumors and
HER2-positive status.

The study identified a potential pre-tumorigenic environment in non-tumorous tissues,
emphasizing its clinical relevance for prognostication.

The KAOS gene signature was defined, offering potential biomarkers for identifying early-

stage cancer risks and refining patient management strategies.
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6.4. Unpublished findings, manuscript under review (preprint).

Pathogenic post-zygotic variants were detected in non-tumorous tissues, correlating
strongly with adverse clinical outcomes, including recurrence, metastasis, and mortality.
Key genes such as PIK3CA, TP53, and AKTI emerged as central to early tumorigenic
processes, with their variants linked to aggressive disease progression and poorer survival
outcomes in patients with poor prognoses.

This study demonstrated that such pathogenic variants are more frequently observed in
patients with adverse outcomes than those without specific prognosis-related criteria,
underscoring their value as potential prognostic biomarkers.

The findings support the use of molecular screening of normal mammary tissues to identify
high-risk patients, enabling targeted interventions and improving clinical management for

those at greatest risk of recurrence or mortality.

6.5. General Conclusions

This work advances the understanding of somatic mosaicism in sporadic breast cancer,
demonstrating that histologically normal mammary gland tissue harbors molecular changes
that are clinically relevant, associating a gene expression signature and deleterious post-
zygotic variants with tumor size, increased mortality and survival.

The findings emphasize the need for high-sensitivity detection methods, comprehensive
sampling protocols, and the integration of normal tissue analysis into routine cancer
diagnostics and research, potentially through the use of advanced molecular technologies
and systematic tissue sampling approaches.

These studies provide a robust foundation for future efforts to refine patient stratification,
prognosis, and personalized treatment strategies by leveraging early molecular alterations
in normal tissues, supported by advanced data analysis techniques and the identification of

potential diagnostic markers.

These conclusions collectively illustrate the successful fulfillment of the research aims and the

significant contributions of this work to breast cancer research.

6.6. Future Perspectives

Advancing high-sensitivity detection methods is crucial to identifying subtle cellular changes that

might exist well before tumor detection by conventional techniques. State-of-the-art sequencing,
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single-cell analysis, and duplex sequencing technologies provide the precision needed to detect
early molecular changes with higher accuracy at lower thresholds. These technologies offer a
deeper understanding of tumorigenesis and reveal a more nuanced view of the genomic landscape

within normal mammary tissues adjacent to tumors.

Studying these alterations across patients with varied clinical outcomes is essential to linking
changes in normal tissue with patient prognosis. Stratifying patients by the presence or absence of
molecular alterations could reveal correlations with disease progression, treatment efficacy, and
survival, enabling tailored treatment strategies that consider the molecular profile of normal tissue

rather than focusing solely on the tumor.

Longitudinal studies that track these molecular changes over time in patients with differing
outcomes are also invaluable. Such studies could identify early biomarkers for relapse or resistance,
providing clinicians with actionable insights for timely intervention. This proactive approach could
improve relapse prediction and inform adjuvant therapy decisions, potentially enhancing long-term

outcomes for breast cancer patients.

In conclusion, advancing sensitive detection methods and rigorously investigating molecular
alterations in diverse patient groups are essential for translating these findings into clinical practice.
These efforts hold promise for refining cancer diagnostics, enhancing treatment precision, and

ultimately improving patient care through more targeted, effective therapeutic options.
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VIIIL. LIST OF FIGURES WITH FIGURE LEGENDS

Figure 1. Pie charts present the distribution of cases and deaths for the top five cancers
in 2022 for A: both sexes and B: females. For each sex, the area of the pie chart reflects the
proportion of the total number of cases or deaths; nonmelanoma skin cancers (excluding basal cell
carcinoma) are included in the other category. Figure adapted from Bray et al. (2024), CA Cancer

3 s R 1 1 O page 14

Figure 2. Diagram of postnatal mammary gland development. A: in the postnatal
animal, the early mammary gland grows in an allometric fashion and remains relatively
dormant until the onset of puberty. At this stage, dramatic morphogenesis occurs, largely under
the control of estrogen (E). In the young adult, progesterone (Pg) regulates side-branching, while
in pregnancy, the steroid hormones E, Pg, and prolactin (Prl) exert roles in the expansion of the
alveolar units. In the late stages of pregnancy and during lactation, the peptide hormone Prl plays
a key role in establishing the secretory state. After lactation, the gland involutes and returns to a
resting state. B: representation of a terminal end bud in a pubertal mouse mammary gland.

Figure reproduced from Fu et al. (2020), Physiol Rev. [10]...........cooiiiiiiiiiiiii page 17

Figure 3. Mutation accumulation and clonal expansion in normal tissues. The
patchwork plot shows the spread of clones harboring driver mutations in normal tissues. With
aging, somatic mutations accumulate in cells, clones with driver mutations expand, and tissues
undergo remodeling. Exposure to environmental factors, such as UV rays (skin), alcohol
consumption, and smoking (esophagus), increases the mutation accumulation rate and promotes

the expansion of mutant clones. Figure reproduced from Maeda and Kakiuchi (2024), Cancer Sci.

Figure 4. Kaplan-Meier survival curves of breast cancer patients with pathogenic
variants and recurrent disease. The curves represent survival probabilities for different groups
of patients from the BCAP cohort (breast cancer patients with adverse prognoses) and the BCUS
cohort (breast cancer patients without specific prognosis criteria), stratified by the presence of
recurrent disease and/or pathogenic germline or post-zygotic variants in breast cancer-specific
genes. Survival time was measured from the date of diagnosis to death or the end of the follow-up

period (10 years for BCAP and 2 years for BCUS). The x-axis represents time in months, and the
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y-axis represents the probability of survival. Vertical ticks on the curves indicate censored death
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IX. LIST OF TABLES WITH TABLE LEGENDS
Table 1. Matched and primary tumor (PT) and uninvolved mammary gland (UM, >1

cm ) samples were collected from two breast cancer cohorts, i.e. 77 individuals characterized
with adverse outcomes (BCAP cohort) and 49 individuals recruited without any pre-selection
criteria related to prognosis (BCUS cohort). Whole peripheral blood (BL) or skin (SK) samples
(if BL was not available) were collected as reference samples to distinguish between post-zygotic
and germline variants. Distal UM samples (UMD, 1.5-3 cm from PT, median 2.35 cm), available
for 7 BCAP patients, were included. The detailed sampling design is described in Materials and
Methods. An overview is also available in Figure 1. *Death status refers to patients who succumbed

to the disease (patient with ID BCAP61 died from non-oncological reasons).................. page 45

Table 2. Pathogenic, likely pathogenic variants, and variants of uncertain significance
or conflicting interpretations of pathogenicity with evidence for pathogenicity according to
REVEL score (=0.75), identified via whole exome sequencing in breast cancer patients.
“Variant annotation provided for the basic isoform of the transcript. *Pathogenicity classification
according to the ClinVar database. “Minor allele frequency (MAF) across all gnomAD populations
(gnomAD v2.1.1). SREVEL score. °ID of the variant in the COSMIC (Cosmic_95 coding) database.
frsIDs in dbSNP build 150. &Individual ID and Variant Allele Frequency (VAF) for UM samples.
BCAP — Breast Cancer Adverse Prognosis, BCUS — Breast Cancer Un-Selected, n.a.- not available.
*variants were also detected in the distal uninvolved mammary gland sample (UMD) of selected

L2841 P page 48
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X. LIST OF ABBREVIATIONS

AJCC: American Joint Committee On Cancer
BCAP: Breast Cancer Adverse Prognoses
BCS: Breast-Conserving Surgery

BCUS: Breast Cancer Un-Selected

BE: Branched Evolution

BL: Peripheral Blood

BP: Plasma

c¢DNA: Complementary DNA

CNAs: Copy Number Alterations

CNVs: Copy Number Variations

CPM: Contralateral Prophylactic Mastectomy
CSC: Cancer Stem Cell

CTRL: Control

DCIS: Ductal Carcinoma In Situ

DEGs: Differentially Expressed Genes

E: Estrogen

H&E: Hematoxylin and Eosin

HLA: Human Leukocyte Antigens
HRM: High-Resolution Melting

IDC: Invasive Ductal Carcinoma

ILC: Invasive Lobular Carcinoma

LE: Linear Evolution

LOH: Loss Of Heterozygosity

LOY: Loss of the Y chromosome

MRI: Magnetic Resonance Imaging
mRNA: Messenger RNA

MUG: Medical University of Gdansk

NGS: Next-Generation Sequencing
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PCA: Principal Component Analysis
PE: Punctuated Evolution

PET: Positron Emission Tomography
Pg: Progesterone

Prl: Prolactin

PT: Primary Tumor

RM: Reduction Mammoplasty
RNA-seq: RNA sequencing

SK: Skin

SNP: Single Nucleotide Polymorphism
TEBs: Terminal End Buds

TNBC: Triple-Negative Breast Cancer
UM: Uninvolved Margin / Uninvolved Mammary gland
UMD: UM Distal from PT

UMIs: Unique Molecular Identifiers
UMP: UM Proximal from PT

VAF: Variant Allele Frequency

WB: Whole Blood

WES: Whole Exome Sequencing
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Abstract

The progress in translational cancer research relies on access to well-characterized sam-
plea from & representative number of patients and controls. The rationale behind our bio-
banking are explorations of post-zygotc pathogenic gensa vaniants, especially in non-
tumeorad tissue, which might predispose 1o cancers. The targeted disgnoses are carcinomas
of the breast (via masteciomy or breast consernving surgery), colon and rectum, prosiate,
and urinary bladder (via cystectomy or trensurethral resection), exocring pancreatic carnci-
noma as well as metastasas of colorectal cancer to the liver. The cholce was based on the
hikgh incidence of these cancers and/or frequent fatal outcome. We also collect age-matched
normal controds. Owr atill ongoing collection originates from five clinical centers and after
nearly 2-year cooperation reached 1711 patients and controds, yielding a total of 23236 inda-
pendent samples, with an average of T4 donors and 1010 samples collscted per month. The
predominant diagnosis is breast carcinoma. with 933 donors, followed by colorectal carch
noma (383 donors), prostate carcinoma (221 donors), biadder carcinoma (81 donors), exo-
crine pancreatc carcinoma (15 donors) and metachronows colorectal cancer metasteses o
lrver (14 donors). Forty percent of the total sample count orginates from macroscopically
heakhy cancer-neighboring tissue, while contribution from turmorns is 12%, which adds to the
uniguenass of our collection for cancer predaposition studies. Moreover, we developed two
program packages, enabing registration of petients, clinical data and samples at the partici-
pating hospitals as well &3 the central system of sample/data management at coordinating
center. The approach used by us may serve a3 a model for dispersed biobanking from multi-
ple satellite hoapitals. Our biobanking resource ought to stimulate research into genetic
meachanizms underlying the development of commaon cancers. [twil alliow all aveilable
“-omics® approaches on DMA-, AMNA-, protedn- and tissue levels to be applied. The collected
samgples can be made available 1o other research groups.

Introduction

Ome of the prerequisites for translational research is avaikshility of well-characterized samples
af different types from patients suffering from various diseases. Another requirement & the
e wum:pr\d'b:rln'\-: n.ru”un“-l:m: fﬂhw-up clinscal records for pul.imi:. which 'uin'rpul'-
tant for the correlations between matecular findings and medical parameters. The third conds-
tion 3 a broed partscipation of patients treated at hospitals as well ax control subgects, via their
donation of samgles o research projects. When these conditions are met, progress can be
made towards 3P Medicine, ie. Pm‘!nli.'l'\ﬂ, Persuua].i.zeﬂ uulpncisi.tm_

Cancer is generally defined a5 a genetic disease, but the frequency of germline cancer-pre-
dl'l'Pu&.il'Lﬁ mulations vary mn:dd.mb]r between different tumors and these inherited muta-
tions are responsible for less than 10% of all cancers [1-3]. The remaining = 90% of cancers
arise as a result of mutations acquired during lifetime in normal somatic cells and the bulk of
all cancers oceurs late in life. Studies of cancer genomes have contributed 1o numerows discoe-
eries of mutations that drive cancer growth. Howewver, a fully developed tumor is often clanally
heterogenedsns and represents a late stage of the disese. Thas maght restrict description of
mutations that are occurring very early and instiate tumor development.

PLOS OMNE | hitpsc''doiong 10,1271 joumal pore 0266111 Apel 7, 2032 2120
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Post-zygotic (or somatic) mutations (F£M) in histologically normal human cells from vari-
(S OZANSE that develop cancer have i.I'I.lEI'E.'I‘iI'I.EI.r:bEE'.I'I ll.l.ﬁ,!ll.ﬂ:' oVED Ihrpuslﬁecaﬂu asa
major source of cancer driving mutations, but this field is stll poorly explored [1]. Examples
can be piven for breast cancer [5-7]. normal skin and other normal tissues [2,9], colon cancer
[10]. urinary bladder cancer [11], sberrant clonal expansions in peripheral blood of healthy
subjects [abso known as clonal hematoposesis of indeterminate potential) [ 12-14] and esoph-
ageal cancer [15]. In the latter study, the prevalence of cancer driving mutations was higher in
normal epithelium than in esophageal cancers. Furthermare, our biokanking project has been
influenced by our interest in analysis of mosic Loss of chromesome Y (LOY) in bood. [ has
been noted fer over 50 years that chromasome Y is frequently lost in the leukocytes of aging
men [14,17]. Recent epuﬂ.e'mmlnﬁu:] invesligations shiow that LOY in leukocytes, representing
lack of neacly 2% of the haploid muclear genome, is associated with earlier mortakity and maor-
!:dﬂi.‘l].' from mm:r-" in men, inchedi il mull.i.'Ple commaon forms of cancer [l.‘-.lS.]ﬂ].
Moreover, LOY is the ot common post-zygotic (somatich mutation from analyses of bulk
DMNA and single-cells from peripheral blood | 20].

Thus, comprehensive cancer-oriented biohanking requires sampling of not only tumor tis-
sues but also normal fragments from the affected organ and other contral tsue(s) that is not
directly involved in the disease process. We use the term "uninvolved margin (UM} or lissue”
that refers t histobgically controlled non-tumorous tissue, which is located at various dis-
tances from the sile off prmary lumor [54]. Collection of blood and plasma (liguid biopsy) is
also crucial fer future genetic and proteomic analyses, We report here the results of biobanking
aclivities for five common cancer ﬁaﬁm:ﬂ'ﬂi}m& been anguing at five major clinical can-
cer cenlers in four cities of Poland for a period of more than 23 months.

Materials and methods

Magnoses, logistics and collection protocols

We selected five diagnoses, i.e. breast-, colarectal-, prostate-, bladder- and exocrine pancreas
carcinomas, 2 well 23 metachronic metastases of colorecial cancer to liver. The chodce was
based on the high incidence of these diagnoses andior often Gital outcome of the disease. We
eitablished collaboration with fve dinical centers in Poland: Unmlngp Cenlter in B‘yr]unnna
National [nstitute of Oncology in Cracow; University Clinical Centre in Gdansk, University
Hl:upi.'l:ﬂ in Cracow and E"perialisl :Hns]:il:al in Kosciernma The Pn.ﬂmlugy Departmenis at
each of these centers were equapped with small -80°C freezers (80-liter volume, model ULTF
80, Arctice ), wed for temporary sborage uf:a.n'rp]u: :pu'mr Lo shipm.mi 10 3P-Medicine Labora-
tory in Gdansk. The freezers were accompanied by a baptop computer and rack reader fue 20
Daita-Matrix coded tubes {2 ml, Micronic), used for r\:s,ulr.l.lsu\n nl':a.rnplﬂ with ]'bEI.F al new]:f
developed "MABData 1" hiobanking seftware (see below). Dispatch of samples on dry-ice and
the corresponding documents from each hospital e 3P-Medicine Laboratory in Gdamnsk takes
place approximately quarterly sceording to 1 well -defined procedure.

Figs | and 2 show types and number of independent samples collected for twe common
11ii|.EJ1IJSﬁ such as breast- a.ndpu'uﬂal: cancer. Breast cancer hm.piﬂ were oblained ﬂur.i.ns
mastectemy or breast conserving therapy (BCT) surgeries. Fig 3 show similar outlines of sam-
ple colbection from patients operated for colorectal cancer (resection of primary lamer asid
metachronic metastasis of colorectal cancer to liver), bladder cancer (treated by either cystect-
My O 'l_-ﬂ.rI!-E:l'El‘hﬂ] Reseciion nfEl.uH:r '_rl.l.rnnr |TURBT]) and exacrine pancreas cancer,
respectively. For each diagnosis, the compubory set of samples include: 1-2 primary tumor
.Fra.ﬂrnmu (PFIk1-12 rpecirnens tid'u_.lﬁn'iu]v:d Ea.rﬁin [LINL) cnmpmu:ﬂ |.'lfJ'l'l.m:rmn:1.|".-i|=|.|:.I
normal tissue collected 3t various distances from FT; 1-4 samples of whole blood (WEB) (1.5 ml
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A B

BREAST CANCER BIOBANKING PROSTATE CANCER BIOBANKING
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Figl A y of samples collexted for two cancer diags (A) Collecsion foe breast carcinoms patients. (B) Collection for prestate carcinoens
patients. FFPE, Formalin. Fixed Paraffin. Embedded Socks; OCT, Optinual Cutting Tesn d fou fresh-1) tisiue: PBMC, Peripheral Blood

Maononuclesr Celle CPT, Cell Prepuration Tube with Sodius Hepurin (BD Biscience) foe nqnnmon of grasulocyte- and PEMC-fraction of white blood cels; FACS,
Fluorescent Activated Cell Sarting: lymph., lymphocytes Treg, T-regulatoey lysphocytes; NK, Nataral Kiler cells

hitps Aol oog1Q 1371 §oumal pose (266111 201

each) as the normal reference tissue; and 1-2 samples blood plasma (BP) (1-1.5 ml each) for

future p j dies. Whenever available, for breast and colorectal carcinoma, local
metastases to lymph node(s) (LN) were also callected, but only when they were clearly identifi-
able and large :nough on ym i The volu of samples from solid tissues ranged

between 0.005 em” to 1 em”. The tissues were collected according to the well-defined proto-
cols. After macro-sectioning of the rue:ted organ, small tissue fragments were selected and
excised for biobanking. Sub y, each fr t was cut in half: one portion was placed
1nlo:lcrymnnlandﬁ'uh tmunal 80 C; vrhxltlhedhaonemﬁudmbmahn,embcdded
in paraffin and underwent standard processing, sectioning and H&E staining (FFPE). The lat-
ter FFPE tissue sectioning was done along the cut surface clousl to the ﬁ'uh-fmun biobanked
piece of tissue, so that the FFPE section is as much as possible representative for the tissue in
the frozen specimen. Therefore, despite the d of uncertainty/discrepancy in the macro-

v

scopic in some situations (i.e. for prounnc nd:nacamnoma. multifocal breast can-
cer, pancreatic ad arcinom, a wn.h coexistent chranic panc i after
neoadjuvant therapy), every single bs ked tissue fragment (both tumor and normal) has sts

matching FFPE tissue that undeq;oes pathological verification of the actual tumor content.
The dispersed nature and scale of our biobanking required development of unified sampl
collection protocols, mingwdl«kﬁned clinical criteria for patient inclusion (Table 1). These
pmkmlswcrukv loped in close collaboration between the molecularly-oriented 1eam, sur-
geons invol 'in,‘ t recrui andt t and pathologists collecting samples. In
planning for material collection, we relied on our previous experience from studies of breast

PLOS ONE | hitps://dorarg 10,1371 joumal pone 0266111 Aprl 7, 2022 4/20
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cancer [56,21]. In order to assure good quality of RENA/DNA extracted from the collected
material, the general condition for all collected samples was a standardized time of usually 60-
75 minutes {and maximum 2 howrs) between tumorforgan resection and the moment aof
-Bl-degrees freezmny for specimens dissected by the pathologist. 18 did not apply for the mate-
rial used for Fluorescent Activated Cells Sorting (FACS) of leukocytes in the context of Loss OF
du-nmmuur:i[m‘fiinmﬂecuhml:ﬂ- uu]pu'nﬂ:lrm:hﬂ]y a% well as for material
used for establishment of primary cell cultures (see bebow).

Tissue ﬁ:pnrnt: dissected from il bomy l:l’ig TA) ﬁpecirnm include 1-4 PT:
{depending on the tumaor size and multifocality) and 9 UMa. Samples UM Land UM2
located =1 ¢m from PT {and 'Pmumahly in the same lobe of the breast) towards Ih:ni.'pp]e-
and cuter part, respectively. Udlx 11-13 bocated -2 cm from FT in the same quadrant, UMs
97 and 98 in two adjacent quadrants, UM99 in opposite quadrant, and 5 (skin) sample close
Lo resection margin, BCT protocol (Fip 2E) invelves collection of 1-2 PTs (depending on
the tumor saze), 7 UMs and 15, UMs 11-14 are collected in the vicinity of both resection
lines; two of therm (UMs 11 and 12} are choder 1o the rli.'P'plz.. while the ather two (UIMs 13
and 14) are further away from the center of the breast. Sample UM1 is taken between the
ni.p'p]e and PT, UM2 between PT and outer part of the breast. All the latter UMs are pre-
sumed Lo be located within the same quadrant and possibly the same lobe, in which the
tumaor is localized. In both breast cancer Pm-cﬂ!ur::. lowcal metastases (LN are aleo col -
lected, when possible. Moreover, for both breast cancer surgical procedures, 5100 and
UM00 are dissected by argeons di.rz\cﬂ:f at the operation theatre to a tube with steribe
medium with antibiotics and sent to Gdansk within 24 hours to establich organoids and pri-
mary cell cultures (see bebow).

Due 1o the usually multifocal growth of prostate sdenocarcinoma {constituting up L
95% of all prostate cancers) within thiz organ and frequent problems to macroscopically
axaess iks exact location, the whale Elaru] ix sliced from base to the apex {Fig 20 ) Four sam-
ples are taken with the punch in the slice that likely include the tumor: FT1 peripheral, right
labe: PT2 periphm-.ﬂ. left lobe; PT3 Peri.l.l.nzlhﬁl ri.gl'l.l lobe; PT4 Pﬂiuuthnl. left lobe. Ana-
logically, four fragments of petentially unaffected tissue are collected in the slice located
towards the base (UUM1-4) and apex (LUM1-4). A womal of vwelve tisoe l'ras.rm:nls are big-
banked, each followed by the pathological report on the actual tumor content in the match-
ing FEFE sa.'mp]:

For coborectal canicer, up to 4 FTs (labeled FT1 and P12 in case of orudtifocality, or A and B
when tivo .I'nEmmu are resected) and 8 UMs of mucosa (without musculbar and serosa hyer!
were preserved: UMs 1-3 collected 1 cm away from the margin of PT, UMs 11-13 with 2 em
distamce from the tumaor, UM98 and 99 at least 5 ¢m from FT, with UM99 a5 the most distant
one, located as Ear as Pcu:ible .Flwnl-"l'{!ﬁg 1A). For metachronic melastasis (M) of colorectal
cancer b liver two fragments MT1 and MTI1 (in the center and margin of the metastatsc
lhemar rﬂrpﬂ:lwﬂv] and maxamum tivo UM {dose— UM and distant—1UM99) are collected
{Fig 3E). A similar pattern of samples is applicable for radical cystectomy (Fig 30, while a
1.mi.|:|luE Pruuu:ul for TUREBT involves one PT and twa UM !ﬂ.I'DPI.E.i [Fag 300 Collection far
exocrine pancreatic cancer involves one FT and 1-3 UMs (depending on the type of resection
and size of the material that is avaiksble) becated abasut 1 co from ﬂumargm of PT, while the
UM9%9 is being the most remote fragment from PT {Fig 3E and 3F).
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Fig 3. Am illustration of sample collection pratocols for ool | carci il metisiakes of colorectal concer be liver, urinary bladder- aml ciscrine pamcneis
carcimeseis | A) Scheme of sansple colleion foe cokwemal carcinonss. (B) Profoood of seepdes collection fr metssraes of ookeaal cancer ta liver. () Pratoosd of
aamiple collection for urindey Bladder after cvsteaniy. |0 ) Collection of smples B transuretheil resection of Tumor (TURBT ) {E} Scheme of sample colleation o the
sungicel remsoval of pancreas head. (F) Soheme of sample colleation for dhe tatal pase reatsnsy. Prissary tumors in all panels are draown in red and samples of e mal
tissnes im green. Abbeevistions: UM unisvolved margin comgeant of macrosoopieally normal tissese; PT, primsry temor LN, regional ynnph sede the lines show
listanoes in contimedas feom prinsry mmor.

hilgec sl o1 0:1 37 Ujousril pons S6ET 110000

Cell cultures for breast cancer- and sorted lenkocoytes for Loss Of
chromosome ¥ (LOY) project

In addition to the standard deep-frozen camples for lobanking, we also gathered additional
tnigue material ﬂ:u':ml!.inﬁ dedicated Fmr::ﬂ.n.utt. Primary cultures from skin and uninvalved
non-tumorous glandular gsue fragment of breast cancer patients {Fig 24 and 28, $100 and
UK100) yielding skin and stromal fbroblasts as well 2s organoids were initiated for a subset of
cases using in house dessgned primary cell-culture protocols. For the same subset of patients,
OCT blocks from skin and uninvolved margin were 2l prepared as a possible material for
fuitnire spatial transcriptamics analys.

In arder to further study the association between LOY in blood amd prostate- as well as male
colorectal cancer, a okl volume of 36 m]ufperip]'zﬂ] blintwe] v e o luuknc:fle mrli.nﬁ Lm.nﬁ
FACS, a8 described previously [20]. Blood processing involbved viable freeving of 2-4 million of
peripheral blood mononuclear cells (PEMCs) and 0.1 -4 million of CI4* cells for single cell anal-
yis. The sorted fractions included: C119° B cells, COE” T cells, CD4" T-regulatory (Treg) and
Cha* nnn-Tr:Eoelh. E!.nnulun"l.ﬂ. manacytes and natural killer (NE) cells for further DNA and
BN A analysis. We also collected samples from whole blood and buccal swabs for males without
camcer or Alzheimer dissase dugnosis that were age-matched o the above-mentioned coborts of
prostale- and male colorectal cancer patients. These subjects will serve as controls and their hlood
leukocytes were sorted and preserved according to the above-mentioned scherme.

Development of dedicated IT solutions

The computerization and semi-automation of the sample collection was implemented from
the very beginning at each collection site. This facilitated the process of preserving a very

Table 1. Inchetion and cxol i ceit eria for sach disgmesin

Driaggnusi Imclusion erilria
Biedal canices BT with fwithoil sesadjuven thersgy
Unilsteral or Bilsteril mustectonsy withfwithour sosadjuvnt thenpy
Coloroaal cancer Ressxtion ol uni- or multifecal pramary temor withiwith L therapy
Livier muetuslicds Ressaction af uni- o miltidseal merach namor withMwithout periop therapy
PrHsll: cancer Prestateciomy with/without Sjarwias theripy
Bladdes cancer TURHT swithiwithout neeedjavan theesgyy
Rusdical cystec oy withdwitheo penadjuvant tuerapy
Pafcreilic cances Ulisd- iof prsvesbtiin sl Aufler odrcin i | EX0Crane LiRcer) "
Pancreativesduslenstamy " withom neosdjuvant terapy
Tokal prai et ity willsdil di therapy
Contral group Age = 65y without oncological and Alsheimer Diseise in dinical history

BCT-Breist Coservalive Therapy: metachronic tomos stands for the sevondary tumes thet aross mone thn 6
moniths diter disgresis of fira malignancy; TURBT-Transurctral Resection of Blidder Tumor, * —escimion
crilerise Prenperative meoadjuvant therapy, Endocrine cancer: ** —Pandreaticoduodimectonsy | Whipple procodure|-
epetation perfoemel oo remove the cnecrous bead of the paseress.

Bty i cep L BT 1 el e (RDEE 111000
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high number of donors, reaching 100 per month without the risk of mix-up of samples.
Each I-'a.IJ'mJuH'y Department at Ih:']nrlnur hurpcil:] wak 'Prm.'.id.ﬂ.i with a PC and a dedicated
MARDatal software designed for that purpose. This program package has a simple, user-
friendly web browser-based interface enabling registration of patients/samples with a set of
clinical data (excluding personal information for safety ressons) and aulomated registration
of tubes containing unique 21 codes. [t abo allows introduction of medical follow-up infor-
mation at a later stage. All data i being synchronized every 5 minutes with MABServer in
Gadansk using safe Advanced Encryption Standard (AES). The main goal of developing ded-
icated software for donor and sample registration at satellate hospitals was to introducea
user-friendly system that allows fast data synchronization with the central server, indepen-
dence from network access H.IHIP.I'DFE'.I' function also in an unstable internet connection
environment. MAEServer software is a proxy system (located at the 3P-Medicine Labora-
oy At the Medical l.i‘rl:i'ur:i.'l.}- of Gdansk} thar holds data from all |1.us'|:|i.|z.'|s for further use.
Moreover, this system was developed also for afety reasons; in case of any MABDatal com-
puter failure all data is kz'P'l.aI! MABServer, which is included in the central barkup sched ule
at the 3P-Madicine Laboratory. The management of samples and data locally is being assis-
ted with MABD=tal system, allowing doner and sample peeudonymization, registration of
ariginal samples from bospitals and numerows types of derivative specimens, together with
many additivmal parameters, adding extra attachments, smple and advanced searching and
data Expurl.ing_ s well a8 invunlurydsamplEL MABRData? is acnn'rpldr, sland-alone bias-
bank management system that supports not only current biobanking project, but is also the
main sodtware solution, umuz\cl'i.nﬁ data from other 'Pu:ni::ts and colbections for further
cross-searches. The decumentation received on paper is pseudonymized, scanned and
uploaded to the MABDat1a2 system, using iJ'n'P]EruEm:ti.m'l. of Optical Character Hecognition
{OCE) algorithms inserted into the database.

Biocthical approval

All Prun::d.l.l.l\e: for :a.mp]e collection were :P'pu.'ured. by the [ndzpenrim.l Bioethics Committes
for Research at the Medical Univerity of Gdansk {approval number NEBEN/564/2018 with
mu]l:iplz amendments). Thiz npprm'a] i% valid for collection of nmplu ak rnuhi'P]E collabarat-
ing hospitals. Since our collection of samples is still ongoing, vur mital ethical approval pro-
vides us with the possibility to extend the scope of bickanking for addstional diagnoses, after
an amendment of the application. Wratten informed consent was obtained from all the
jpatients price to surgery. All procedures were performed in accordance with the rebevant
national and international laws and ullil.‘!li.ﬂ!! a well as i.rltum:pﬂinnce with European Union
General Data Protection Regulation (EU GDPE)

Other laboratory procedures

DMNA extraction fram frozen solid tsiues was per.l'.ﬂrmad ugang standard Phuunl.":l'l.hn'uﬁnm
method with several in-house modifications (depending on the tissue type) and bysis badfer
with $D% (0.5% SDS, 60mM Tris pH 78, 5 mM EDTA) or carcosine and SD% { 2% sarcosine,
0.5% 505, 50mM Tris pH 7.9, 10 mM EDTA) DNA from whale blood was acquired using
OlAamp DNA Blood Midi Kit (CHagen) or Quickiene DNA whole blood kit § (Kurabo) with
QuickGene-Mini 480 instrument {Kurabo), DNA from sorted cells was extracted either wsing
SArcOsine l].:i: buffer { 1% srcosine, 10 mM Tras-HCL, 50mM NaCl, 10 mM EDTA) foll owed
by ethanol precipitation { <500 0040 cefls) or with (lAamp DNA Mini Kit (Qiagen] (500 000
cells). All laboratory processes wsing our samiples were carried out according to standard pro-
tocols including: sorting of keukocytes an FACS machines, etablishing primary cultures,
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extraction of DMNA and BENA for varioos downdream appﬂi.l:ﬁunr. eg drnpl:l riiﬂila] BPCR
(ddPCR), construction of NG5 braries for targeted DNA/RNA sequencing.

Results

Rationale

The main rationale and xims of our bobanking program are systematic explorations PEMs
especially in normal tissues, which is an understudied field of cancer research. We alse incor-
porate material for studies of masic LOY in males thas rnis]'l.l pm].i.rpluu o various dissases,
with a particular fecws on cancer. The selected diagnoses cover sporadic breast-, colorectal-,
proitate-, bladder- and Pu.rlcr:uli: carcinomas and represent tmmﬂi\l:l}' collected pﬂ.ti:nt:.
affected by common and often fatal dissases. The setup of our bisbank should allow a wide
Tange of *omics”- and other methods to be:P'P]i.ﬂ] in studies of the collected clinical material.

Gieneral statistics

The first patient was registered in the database on [une 5, 2019 and statistics described here are
up to May 13, 2021, Our collectson originating from five clinical cancer centers, afier nearly
2-years of coperation, reached in total 1963 doners. However, 1711 of these were collected
effectively {ie. with all tissue types from the collection protocols, described above in Materals
and Methods as compulsory set) yiekling 23226 independent samples {Fig LA and 48). This
results with an average of 74 donors and 1010 nmpln collected per muonth. In-aumplrlz Sam-
pling affected 13% of all donoers and was cansed by several factors, such as small size of tumor
rml]ti.rL;B_in imsuificient amount of Hsee m.'l'l.ﬂ":ll.prn]nuFd surgery I:i.rl:n:-:l.l'l.vll:il'Lﬂ:ih'l.‘g,I to prre-
pare material by pathologists the same day, as well as unresectability of the tumor. The pre-
dominant ﬂ.iaﬁnosis was breast carcinoma (933 donocs), followed hjr coborectal- {383 domors),
prostate- { 221 donors}), urnary bladder- (81 donors), execrine pancreas carcimomas {15
donors) and metachronous metastases of colorectal cancer to liver {14 donors). We alw coll-
lected blood and buceal swabs from 64 healthy male contral subjects that were age matched foer
the cohort of mabes with colorectal- and prostate carcinoma (Table 2). The average age of mabe
urmn]ugl.ﬂ] pulitnl: wak 67 vears (1 500+, rnge 33-93 years), while for E:nu.leuumhs:i:a]
dhomvors it was 62 years (1 5D 213, 24-92 years) and for healthy control subjects 71 years (1 500
5, 61-91 years).

Fig 40 -AF shows the distrbution of [CD-10 coedes within partscular diagnoses: C50 (malig-
nank rmnplasm of breast), C18—C21 l:mali.analu ruw‘:hrn of eolon, mci.m:iﬁl:mu'ﬂ juncHon,
rectum, anus and anal canal), C67 (maligrant neoplasm of badder), and C25 (malignant neo-
'P]a.'.m nfpancruulln. Within coborectal ﬂ.ia.ﬂnosu clear 'PTH."UD'III'I.J.I‘IDE of rectal cancers (20, 99
cases) is notable, followed by tumors of caecum (C18.0, 57 donors) and sigmoid colon (C187,
53 cases). In bladder cancer Pul:i:ms. the affected sites include Ir.iﬁun: and kxteral wall of the
bladder {C&7.0 and C67.2 and 34 and 35 donors, respectively]. The vast majority of pancreatic
tumars are located in the body of the organ (€25.0, 12 patients). In addition to [C1-10 diagno-
ses, we il gathered other clinical information regarding the donors recrusted to the projecy,
which is summuarized in Table 3. It covers basic dinical data: imaging results for the patient,
type nfsurg:q.dalu off nitzal Jiagm.ui: and treatment, blood count, as well as full I'l.i.'dupnﬂur-
logscal report with data for microscopic examination of all resected tisswe fragments. Maore-
aver, we colbected information from each donor via medical quul.i.unrni.rus. u.rru'int;
onorlogical history in the family, chronic illnesses and smoking habits.

The unigueness of pur collection s iflustrated by the number ufhﬁmunt: dissected from
macroscopically normal cancer-neighboring margin of tissue (named UM, LUM or UUM) (Figs
1 and 2}, which accounes for !'LEU.I']:f 0% af the iotal :u'npl: count, while the contribution from
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L | blacder cancer
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W ver matastasis
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12197
c WD [55) D c21.0(2)
0.0 (16)
. 501 {24) cz11(1)
€50.9 (300) . C50.2 (74)
C50.3 (42)
c18.3(17)
C19 (49) T C10.4 (13)
C50.4 (257) C10.5 (8)
N c189(1 C18.6 (14)
C50.8 (75) C50.5 (21) C18.7 (53)
C50.6 (%) C18.8{9)
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CE7.2(1)
CE7.9(6) __ G254 (1)
cerT (1) See,
C67.0 (34)
CE7.5(4) c2521(1)

C67.3(3)

€26.0(12)
C67.2 (25)

Fig 4. The statistics of donoes and ples coll. d in five collad ling hespitaly; status as of May 12, 2021, (A) The wial mamber of donors with
cotnpulsory set of samples (as described 3o Materiuls snd Methods-section and showa iss Figs | and 2). (B) The swm of all samples colleced froes secruited
donars, The pussbers for domoes snd sassples sre divided foe six Sifferent cancer diagnones 2 controls (") The controd () category repessents a healthy
made coboet > 65-year-obd recruitad 4s controbi for patients with prastate- and colorectal cancer, used o the Loss of ¥ Quwressciome (LOY) project. (C-F)
show distribution of dlugncses accoeding 1 International Clasification of Disesses (ICD-10, Warld Health Orgarseation ) for breast, colveectal, bladder
and pancreatic cancer patients, respactively. Abbseviutions: C50, Maligsant neoplasm of beesst: C50.0, Nipple and arenls; €50.1, Central poetion of breast;
C50.2, Upper-inner quadrant of breast; CS0.3, Lower-inner quadrant of breast; C50.4, Upper-outer quadeant of breast; C30.5, Lower-outer qeadrant of
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breast; C50.6, Axillary tail of beeaa; C508. Overlapping keion ol Breain; C5009, Browst, unspecified: C13, Mallnam seopbsm of colon; CLED, Caecum,
eewcaeral vahe C18.1, Appendic: C13.2, Ascending cobonc C13.3, Hepatic (lexure; Cl34, Transverse cobon: C14.5, Splosic Berure; CIAS, Descomding
oy CLET, Sigmsecid cobon, Signeeid (flesurel; CLEA, Overlapping keion of coleacCLES, Colon, unspecified, Lange inls tine, unspeifiod C15, Malnan
nenplasm of rectoiggmoid jancion, nduding colon with recuns. recoeshpmosd colon; 20, Ml dasm of reatum, Inchuding rectsl anspulls; ©21,
Maligrant m-phmu’uu.:u!uﬂmﬂcllndnmmp&mmﬁq@m;ﬂpﬂuﬂ&m (211, Anal canal, Anal sphincter; CAT,
Maligeant neoplisim of bledder, C670, Teigone of bladder; C872, Lateral wll of bladder, 0573, Asterior wall of bladder; 0874, Posterior wall of bladdes;
675 Bladder ned, 1nternal wrethral eeifice; CAT.7, Urschus C67 8 Overlapping lsion of bladdes; 06879, Bladder, sespecified; ©25. Malignant neoplism
of panceei; C25.0, Head of pasereas: C15.1, Body of pancseae T35, Tl of pancses. N -notyer defined doe i iemporary kack of peedicsl
documentation.

I ekl o0 A7 U oumal pone 0RBET 17 5004

tumor samples is 12%. The remaining sample represent blood, plasma, skin and srted leuko-
cytes wsing FACS, Furthermore, whenever possible we also collected material from keal metasta-
:uln|::r|1:||:||:|nuhhaualﬁll?udﬂﬂdnmwﬁhhmﬂouhmdﬂm.
respectively (1% of all samples). The implemented sampling procedures are demanding in terms
Jthu&nudﬂlhrmﬂzﬁdpzpmﬁhuihzﬁiﬂhﬂamﬂeﬁﬂ:ﬂemhihh?ﬂ]ﬂw
[repartments is %8 minules per patient to fulfill the requirernents of our protocols (ranging from
&l mu foir liver ¢ 'mmnmtﬁm:prtmmﬂ.wﬁd:imﬂlﬂe
patient registration, blood procesing for collection of tubes with peripheral blood and plasma,
ﬁmdhmhnhrplhn&:ajsh.mpmﬂhnnfl-??ﬁ”n' talides, and hi T I 1U"w|m-
ment. Thus, the collection from 1711 donors sums up to abowt 2800 working hours or about 70
working weeks with full time effort. This time represents only part of the entire project, as we do
ol include Hme spent on the following tasdkes: recruitment of patients by surgeons, collacting

Table 2. A summasy of donors and cancer diagnoees inclsded in the callectinn {salis as of May 12, 2021).

i avici Siex alistribwion Averige age Average staples {runge Clirvizeal i
Betil cances F- 99% [0 = 921} Bly+ 13 1347-31) = Magter ey - 42% (B = 391)
{ICD-10 C50) M- 1% (6= 11) BAy & & BOT- 53% (0= 4540
= Now-specified” - 5% {m = 46}
Colodedtil cates F- 45% [ = 174} Bhy £ 12 L6 {7-X7)
{ICD- 10 CIE -C21) B -55% (o = 2] 67y x 10
Liver metastisds (coderectl cameer) M- BES{a = 11] 65y £ 11 IL7-15)
{ICD-10 CFRTY F- 14%: [0 = 3] BAzd
Prostaie cances B 1% (n o= X215 B5yxT E5{7-19) Cileascm oot
JRCD- 10 il |
= 362-05% (m= 1)
= 3e3-16% [0 = 353]
® 3a4-2F% [n = 6E]
» 483-2F% [0 = &1]
sdad-2% (=5}
edads5-0.5 n=1)
o 485-1% (n=13)
= Non-specified” - 24% (n= 53)
Bladder cances F-21% (0= I7) BEy+3 12{7-17] = TURBT- 47% (n = 3]
{3010 CAT) B 795 {6 = ) BRy 9 = Cyslednmiy- 53% [a = 43)
Paonearic cancer Femile- 47% [a=T7] BEy & En4a-1u)
{esnceine, DED-10/C25) Male- 53% (n= B} BEY 9
Canilenl groap' Blake— 10N (i = &) Flz£5 T &1}

Ffenule; M- male: " —brdormation sot yet available and incorpormad in our dansbese y-yeir BOT-Breast Consenvative Therapy. DD codis: O30, Malign e
neoplasm of breait; C18, Malign en neoplism of oolon; C19, Malignan neoplam of recios igmeid jumction; ©20, Malnen neoplasm of nectmm (21, Malignan
meoplasm of anus and asal cinak C73.7, Secondary malig phasen of biver and intrahepatic bile duct; 061, Malig splasm al g C87, Malig

plasm of bladder; £25, Mali nenplism of pancecac TURBT-Transurcthesl Resection of Bladder Tamer.
** —Healthy mule cohoer = 85 years old recraited s contnels for the male patients with prostste and colorecal cancer for whom the white blesd coll fractions were
sarted by FACS o study boss of chromesome ¥.

it meg ML 3T 1 perral pone (2661 11000
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Tahle 3. Typs of dats collected from medical records of paticsts.

Drcurminl Inifrmition
Reajstration form in the = CHinical dars availahle from the hospatals CT, PET, MR BTG, USG,
Buxaprival celoaosiopy, graphy, mrography, cysecopy, scatigraphy;
» Dt i st agoenis amd (reatment;
= Typpe of surpery (radical cytecnemy TURET, muaaectony BT, fype of
i PeibeC b L
Histegathological sepert = Histoputhoksgicsl rype of cancer;
= Micrescopic desoripien of o no- s G
s Grade of cancer;
& T sligges
= Gk seaie (FCD-10 CR1);
=« EB. PR, HERD stapes [1CI-00C50)
= Ki-67 (D010 053,

= Size of pesevied o
Parsent questionnaine » Smnking status;
» e i
= Fasnily histey-oncobogcd Aleheimer Diseise
Complete blood count = Rodl Bllowead Counts
» White Bleod Count:
s Plateles.
CT-Comsputer Tomography; PET-Positron Enstision Teanogeapluy; MRI-Magmeic B e Imugieng: RTC-
dingrapluy; USG-ul graphy. 10D godes: 50, meligsant nooplains of breast: C6l, malignant neoplasm of
i TURHET, Trassurethral Resection of Bladder Tamar; BCT, Beeiat Coaderative Therapy: ER, Edrgen

Receptor state; PR, Progesteron: Receptor status; HERD, status of the buman epidermal growth Bctes recepor: Ki-
&7, imarker of peoliferation Ki-£3.

Bty i ooy ) EAT T el e (G611 10K

informeed consents and E].l.lnutil'qtlﬂ&:n'ma.i.lu. hﬂll.ml.q:!uu'! within each bm'p:llz] ane from
five partner hospitals to Geangk, as well as acquasition of material by the 3P-Medicine Laboratory
in Gdansk. Furthermore, in the izme devoted be development and testing of software (MAR-
Datal and MABData2) we do na count preparation of commean protocols for sample collection
s wedl uprzplral:imufﬁrmalaﬁrﬂen‘muwiﬁlbe P:lrhn:ipu‘l.inﬁl'l.nqnhk.

Anther important aspect of our biokanking approach is the histopathological verification
ﬂl’lh.rl.i:.m:l'rapunu that were n'n:mmlpi:aﬂy ptuu.m:d o represent either tumor or non-
tumor fragment and were kter verified by analysis of FEPE sections. We performed such com-
parison for prostate cancer and colorectal cancer. As suspected, prostate cancer represents a
challerge due to the ek of clear macroscopic demareation of the tumor. The caleulation on
the representative cobort af 100 prostate cancer patients showed that out of 400 specimens col-
lected pr\huu‘nb]:fa&tunﬂm:us tsxwe, 363 (65.7%) showed the presence ol burmsor cells. For the
similar sample size of 100 colorectal cancer patients, 205 out of 205 ( 100%) presumed tumor
ﬂmpl:i were confirmed as containing lumor s ue. 1L is important bo mention that E.l:]\ﬁ'a.g-
ment selected for frther molecubar examination is verified with the histopathelogical report.

ﬁ::ﬂymo{:mﬂkmﬁmhn. which & induded in the medscal quaﬂ.i.nlmai.r\e{!:ig 5}, reveabed
that nearly 50% of female cancer patients declared themselves as non-smokers and 31% as past-
srmirkers. Cnn'upunﬂ.inﬁ numbers of non-smokers amionyg, b is rﬂmr]rltm-ﬂ'im:l and
past-smokers is much higher (54%). Similar numbers of females and males declared themselves
as present smiokers { 16% and 14%, respectively), and this is alss valid for control subgects (19%).

The sumoiary of doniors and samples o all dizgroses s shown in Table 2. Breast cancer is the
maost common type of cancer dizgnosed world-wide in 2000 [22] (hatpe/woww.whoimtb mews -
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room fct-sheets/detailicancer) and it is abso well represented in our collection, accounting for
Eﬂﬁnfﬂmgﬁthdimmlzndmdnmufmm a.ndnn]}' 1% of males with breast
cancer. The average age for females undergoing mastectomy or BCT is 60 vears {150 £13),
and ﬂ::cnmr_i‘mnﬂ.insnu.nﬁﬂ'rm'mﬂd B Edﬁn[lﬁﬂtﬂfmﬁ“ﬂbrmlw
tugether, 53% are BCTx, and 42% are masteclomies, remaining 5% are not defined due 1o the
temparary lack of medical documentation. Coborectal cancer is the second most comman
diagnosis in the collection (22% of donars), with the predominance of male patients (35% ver-
sus 45% of females), with the average age of initial surgical treatment simalar for both sexes (66
wmtﬁ?}m].ﬂuﬂhlhmuﬂ]}'hrsenbeulnfﬂurﬁmﬁnnnl'lhzocﬂ-ﬁn.mr\ddwclﬂu
highest average sample count {n = 16) amony all diagnoses. Prostate cancer in our asembly is
diagnosed and treated on average at the age of 65 years, al a medium-grade stage: Gleason
score 3+4 (27% of patients) and 4+3 (27%), low medium-grade: Gheason score 6 (15%) and
n.l\d.}'a'l.:hiﬁh-ﬁn.d:.ﬁlﬂmﬂ m?ﬂt!.ﬂﬁ].'ﬂmmﬂeﬁbnrmeﬂmﬁx?mﬂmmy B
the most complicated of all diagnoses and the average sample count for prostate cancer is the
second |1i5|:|.ﬂ1.-[n = 15). ﬂrp:rl Mtrﬂmm{ﬁqmm.mwlﬂfnrl?ﬂ af all
gathered bladder cancer donors, which adds to the unigueness of our collection. The frequency
of bladder cancer among males is much higher than for females {79% versus 21%), with a simi-
lar average age of wrset for both sexes (69 and 68 years, respectively). Exocrine pancreas can-
cer, which is frequently unresectable and the most fatal disease in our collection, stands for
below 1% of all our donors anﬂ]:mn:ilﬂﬂa:diﬂﬂhﬂimuf:aeuu]:ﬂ.

Well-defined recruitment criteria for volunteers as healthy controlbs for the LOY project
{'J'ab]..' 4] nﬂtﬂhdiunhnmqmmnfmakﬂjeﬂg with an average aFuf?'I: years
and average sample count of seven. The starting material is peripheral blood for preparation of
vizble PFEMCs and CI4* T-cells and sorting of seven populations of leukocytes using FACS.
Additionally, buccal swabs are collected as reference material for non-mesoderm-derived tis-
1T 'fh:h.n'l:pu:medumﬂm mmn.gufkukﬂq'ﬂﬂ-. as above furmmrds.wuappl.i.udﬁk i
prostate and 25 colorectal cancer patients.

Cuality of derivative samples

The collected samples have already been used for subsequent research activities and a wide
\mﬁﬂrn{dnmﬂtrmn:ﬂ:limﬁtnuﬂ:n::.mupﬁmﬁeﬂmﬂ 'url.p'ﬂn:n'l.nd:nru’al ]ﬂ.bm.lDI'F
protcols that include [INA and RNA preparation and aliquoting. We present here the
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concentrations and quality of DNA extracted from solid tissue (PT and UMs), blood and the
pellets of FACS sorted cells (Fig 6). The amount of tissue used for DNA preparation differs
widely for various diagnoses and is lowest for bladder and prostate samples (starting from 2
mg of fresh frozen tissue), where the collected fragments usually do not exceed 8 mm”. How-
ever, the quality, integrity (DIN) and spectroscopic purity of DNAs were high for all samples
(¥ig 68 and 6C) with the exception of A260/230 ratio for DNAs from sorted cell pellets, espe-
cially from the subpopulations with low cell count after sorting (below 150 000 cells) (Fig 60).
This quality is, however, still sufficient to run ddPCR analysis.

Dedicated software for dispersed biobanking
In a typical research project oriented on sample/donor collecti it lutions are built
in I models as one sy case with 2 single pipe for data input. In our project, we cre-

adadeﬁddnhmmhdupendbnhnhngalmdhebmwwmhspml
is actually an independent biobank, equipped with both hardware and software

allowing sample/data registration as well as storage, including a possibility of @ posteriori data
verification and supplementation. This developed system and communication methods bring
data safety standards that correspond to 1S0-270001 requirements. The most important fea-
tures are included in MABData2 software. This package is not only the tool dedicated for bio-
banking collection, administration and management, but also allows for customized data
search, connecting different types of data and parameters describing samples and donors.
Both MABDatal and MABData2 packages are owned by the Medical University of Gdansk,
which has full license- and copyrights. Therefore, this in-house developed software allows
ind dence for future devel and for any number of users.

L3 v

Discussion

One of the major aims of our biobanking effort is to gather a representative collection of sam-
ples from multiple common sporadic cancer diagnoses, which would primarily allow large-
scale studies of early predisposing PZMs that initiate tumor development in normal cells from
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the affected organ. Consequently, the bargest oumber of samples are derived from histologi-
cally verified non-tumarous tissue, which is located at various distances from the site of pri-
mury tumore. The J-r_uﬁn of ar !uul:-nh:inﬁ is s on our proviaus expericnes from studies
of multifecal breast cancer [5.{!,_'-‘ l]. Furthermre, :u-:l.ihbciljt:r of materal rom local metasases
e bymyph modes: for breast and colorectal cancer as well as distant metastages of colorectal can-
cer to the liver allows for assessment of tumorous tissue at different stages of disease. More-
aver, we colbect at least ome additional reference tissue that is not related to tumor
development; usually blood or skin (Figs | and 2). This reference material is important when-
ever a possably pathogenic variant is found, in order to conlfidently exclude that it could repre-
sent a germbine mutation. The information regarding oncological fumily kistory gathered
rrmnﬂ'bepm.iznl quu‘iimna.irzmiahl also be h:lp{ul in such cases. Cul]e:ﬁnndmu]lip]e tubes
of plasma (liquid biopsy) from donors suffering from cancer and from healthy controls is also
crucial for future gemetic and profecmic analyses. The hiﬁhut number n.f:indzpﬂulﬂﬂ :ﬂ.I'DPJ.E.i
jper single donor is thirty-two (Table 21 Thus, sccording to the official BEMRL-ERIC directory
[|'|l|r!s:-'.'d:ret.t-:lr:.'.|'-|.1|:||:i eric.ew #1), our collection & tumpr:hnuh‘\e and ruprﬂnhﬂm]ﬁ:ﬁgﬂ
assembly of samples oréented towards studies of early events in cancer development. This col-
lection will allow essentially all available "-omics™ approaches on DNA-, BNA-, protein- and
tissue levels a5 well a5 many other methodological approaches to be applisd. Our biobanking
project also assumes acquisition: of kng-term follow-wp (3 (o 10 years after reatment ) for
recruited pﬂliﬂﬂ:, which wall be an i.rnpurlmt adbded value. As mentioned above, our biohank-
ing etfort is still ongoing and we have an opportunity te modify collection protocols and
include other cancer d.iaﬁnuuL The collected bh:lu.nﬁi.n] rmaterial and clinical data can be made
available for other investigators after a request 1o both corresponding authors. The letter
should outline the aim, number/type ufreq'l.lclled ::lmplu and ul:i}mdnﬂl.usy afl the 'Prnpused.
collaborative project. Such scientific cooperation can be established based on bilateral scientific
cispperation agresmentL

The number of recruited donors already provides us a good perspective regarding statis-
tics af the four most frequent diagnoses in our study. For the breast carcinoma, a chear pre-
dominance (32%) of C50.9 diagnosis (Breast, unspecified) ix apparent together with the
relative high incidence of ICD 50.8 {Malignant neoplasm of overlapping sites of breas),
which suggest unclear location or lack of the record in the patient documentation. This is
fellowed by the carcinomas located in wpper outer (1CD 5004-27%), lower outer (1CD 50.5-
90%), and upperinmr{lClJ o) 2-BM ) quariranb of the breast. This trend rellects the distri-
bution observed in other large-scale stody [23]. In the case of colorectal cancer, the kecation
of tumor 1% a crocial factor JEtEn'IﬁIﬁI'LE mobecular type. dizease Fupzsn'nn, Pmﬁunsiﬂ.
treatment and outcome [24]. In our collection 38% of cases are right-sided colon cancers
I'H‘_*iil'_l'l'_'l'pmx.i.malllc 1CD-10 from Cl18.0 80 C18.5 and 61% represent ledt-sided cobon cancers
(LSCC distal): CIR6 to C19, C20(Fig 40). The distribution is in accordance with a larger
study [25]. REOCs are an.l];.r ]'liEhur in femabes and have worse overall prognasis—in our
study it is comparable for both sexes (21% fermales ve 19% males), the opposte trend i
whserved in LSCC {25% fur females and 35% in this study]). Swch a representation and distri-
bution of donors and samples in the collection will enable the examination of molecular
heterogeneity, etinkegy and progression of these cancers.

For breast- and urin:q.- bladder cancer Paliunls. wi collected nm'p]r.i derived from pwao
different surgical procedures. Ereast cancer operations can be performed using either mas-
tectomy or BCT and the l'raquuu::f af these two surgeries in our material are 42% and 53%,
respectively. The tumors removed via BCT are diagnosed at eartier stage of development,
are I::rpil:all}' smaller and these patients wsually do not show suspicion of multifocal tumor
development. The trend in our cohort reflects the worldwide shift in surgical approach
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from mastectomy to BCT [26]. Bladder cancer patients are qualified for either cystectomy
or sparing therapy using (TURBT) and their respective frequencies of these t ts in
our collection are 533% and 47%. Hence, we have an opportunity to malecularly study these
two common cancers in patients with different grades of severity of the disease, which rep-
resents an added value.

It is well known that males have a higher incidence and mortality from most sex-unspe-
cific cancers, which is largely unexplained by known risk factors [27,28]. This substantial
cancer-related sex-disparity appears to be a neglected aspect of cancer research. Our collec-
tion of donors for bladder- and colorectal cancer confirms this. Bladder cancer is much
more frequent among males than females (79 versus 21), with a similar average age of
onset for both sexes (69 and 68 years, respectively) (1able 2). Colorectal cancer also shows
male predominance (55% males vs. 45% females), although the difference is less pro-
nounced. Smoking habits among males in Poland might be, at least partially, responsible
for these differences. As shown in Fig 5, 47% and 68% oncological female and male
patients, respectively, declared th Ives as past- or p kers, and thereisa
proven correlation between cancer incidence, smoking habits and LOY for men [ 1£,29,30]).
Our ongoing effort to obtain sorted sul lations of leukocytes using FACS from males

Lot

treated for prostate and colorectal cancer will help to study and possibly provide further
support for this hypothesis.

Supporting information

S1 Table. Pseudonymized list of patients that were included in the statistics presented in

the manuscript with the information on diagnosis, age, sex, ICD10, type of surgery where
applicable, number of original samples and the status of smoking declared in the medical
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High prevalence of somatic PIK3CA and TP53 pathogenic
variants in the normal mammary gland tissue of sporadic
breast cancer patients revealed by duplex sequencing

Anna Kostecka (' "*™, Tomasz Nowlkiewicz™*'*™, Pawel Olszewski®, Magdalena Koczkowska'?, Monika Horbacz (I, Monika Heinzl®,
Maria Andreou (57, Renato Salazar (57, Theresa Mair®, Plotr Madanecki’, Magdalena Guewa', Hanna Davies®, Jaroslaw Skokowski (%,

Patrick G. Buckley”, Rafal Peksa®, Ewa Srutel’, Lukasz Szylberg'™"", Johan Hartman (9'*'™™, Michal Jankowski®, Wojciech Zegarski®,
Irene Tiemann-8oege®, Jan P. Dumanski®® and Arkadiusz Piotrowski (2=

The mammary gland undergoes hormonally stimulated cycles of proliferation, lactation, and involution. We hypothesized that these
factors Increase the mutational burden in glandular tissue and may explain high cancer incidence rate in the general population,
and recurrent disease. Hence, we investigated the DNA sequence variants in the normal mammary gland, tumor, and peripheral
blood from 52 reportedly sporadic breast cancer patients. Targeted resequencing of 542 cancer-associated genes revealed
subclonal somatic pathogenic variants of: PIKGCA, TPS3, AKT1, MAP3K1, CDHI, RB1, NCORT, MED12, CBFB, TBX3, and TSHR in the

normal mammary gland at considerable allelic frequencies (9 x 10 %~

52 x 10"}, indicating clonal expansion. Further evaluation of

the frequently damaged PIK3CA and TP53 genes by ultra-sensitive duplex sequencing demonstrated a diversified picture of multiple
low-evel subclonal (in 10-2-10 alleles) hotspot pathogenic variants. Our results raise a question about the oncogenic potential in
non-tumorous mammary gland tissue of breast-conserving surgery patients.

npj Breast Cancer (2022)8:76 ; hitpsy//dol.org/10.1038/541523-022-00443-9

INTRODUCTION

Breast cancer affects 24% of worldwide and is the leading
cause of cancerrelated deaths in women'. Most breast cancer
cases (B5-90%) are not associated with inherited mutations of high
penetrance genes, such as BRCAT (MIM *113705) or BRCA2 (MIM
*600185)*". High throughput genomics technologies have high-
lighted the molecular complexity of breast tumors which has led to
the molecular classification of four dinically meaningful subtypes:
Luminal A, Luminal B, HER2-enriched and basal-like*~. Large cohort
studies of breast tumor samples identified somatic driver muta-
tions in key breast cancer-associated genes, such as PIK3CA (MIM
*171834), TP53 (MIM *191170), MAP3KT (MIM *600982), COHT (MIM
*192090), AKTT (MIM *164730), CBFB (MIM *121360), 7BX3 (MIM
*601621), RET (MIM *614041)*" To date, the identification of
somatic driver pathogenic varants has been inferred only from
tumors, without providing information on the mutational land-
scape and allelic frequencies of spedific variants in the tissue of
cancer origin, ie, normal tissue of the mammary gland. This is
highly relevant as under physiological conditions mammary gland
tissue is mitotically stimulated by hormones and undergoes cycles
of intense proliferation and remodeling during puberty, pregnancy,
and lactation”. During life, the mammary gland is exposed to
estrogen and I1s metabolites that damage DNA by single- and
double-strand breaks, mutations or, the formation of depurinating

adducts'® 2. These stress conditions can promote the accumula-
tion of post-zygotic, somatic genetic alterations that create the risk
of malignant transformation. Indeed, several studies, including
ours, have identified such changes in the uninvolved mammary
gland of breast cancer patients that is defined as histologically
normal glandular tissue, distant from the peimary tumor site’*-7%
The most pronounced genetic alterations were identified in the
normal tissue from mastectomy patients that per se did not have
direct clinical implications, as this affected tissue was removed
completely during surgery, but might suggest an increased
mutational load in the second breast. At the same time, current
clinical management of breast cancer includes breast-conserving
surgery (BCS) - removing the tumor and sparing nomnal breast
tissue as one of the recommended treatments™"”. The presumed
presence of pathogenic genetic alterations in the seemingly
normal mammary gland tissue that is not removed during BCS
might create a risk of recurrence and can affect future treatment.

Hence, we aimed to screen at unprecedented sensitivity for the
presence of subclonal somatic pathogenic genetic alterations in
breast cancerrelated genes in the normal mammary gland of
sporadic cancer patients (study overview in the Supplementary

Fig. 1).
Our study demonstrates that structural chromosomal aberra-
tions and clearly pathogenic point variants in crucial breast cancer
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driver genes are frequent in the normal mammary glandular tissue
that remains after breast-conserving surgery.

RESULTS
Patterns of chromosomal aberrations
We carried out analysis of chromosormal rearmangerments with SNP
arrays to detect DNA copy number alterations (CMAs) as well as
copy mumber meutral loss-of-heterazygosity events via ritotic
recombination. In addition to matched samples of normal
uninvolved marmmary gland (UM] and primary tumor (FT], we
inclueded normal mammary gland samples from 26 age-matched
wormen that undenwent breast reduction surgery and served as the
control group (Supplernentary Fig. 2). Spectrum of CMAS in the
studied cohort & presented on Fig. 1. Hierarchical dhustering
revealed two clusters with PT-only and control-only samples and
four additional clusters with mixed sample distribution (Supgple-
mentary Fig. 3]. We also camried out cross analysis of CMAs type,
size and number between the studied sample groups. The PTs
stand out in this comparison (Wilcoxon test, p = 0,0094], with slight
differences between normal rmammary tissue from breast cancer
patients and the contral cohort. Nonetheless, per individual basis,
todal number of OMAs, the number of gains, the size of deletions,
and size of CMAs in general were the discriminating features
between the normal mammary tissue from breast cancer patients
and the control cohor, surprisingly suggesting mone heterosge-
neous nature of the control samples (Supplementary Fig. 4

We identified recurrant chromosomal aberrations in UMs from
sporadic breast cancer patients, such as loss of 1p, 16p11.2, and
9p213, and 3g253, 4q13), Bq, and 20q gains, in line with
previous studies™®, Presence of loss of heterazygesity (LOH) at
chromasome Bp, associated with poor cutcome in breast cancer,
was observed in matched UMs and PTs, but alse in the mormal
mammary gland tissue of healthy controls™. We observed
additional events that frequently accompany Ep LOH, in the
Ums: 9p loss and Bq gain. ERBEZ gains were observed exclusively
im PT samples, except for one control mammary gland sampile.

Subclonal somatic pathogenic variants in breast cancer driver
genes present in the nommal mammary gland tissue

‘We applied argeted DNA sequencing to identify wariants in sets of
UM, BL, and PT sarnples of 52 individuals diagnosed with sporadic
breast cancer to distinguish germline and post-zygotic mutations
(supplementary Table 1, Supplementary Table 2).

Four individuwals (4/52, 7.7%) were heterorygous for a constitu-
tional pathogenic variant of a known breast cancer-associated
gene, e 5179 A =T (plysi727Ter) and 181 T > G (p.Cys61Gly)
in the BACA] gene, <509 510del (pArg170M:) and c354del (p.
Thel196] in the PALBZ and RADSO genes, respectively (Supple-
mentary Table 3] These results comespond to similar rates from
other studies where up to 10% of reportedly sporadic cases ms
out hereditary after molecular esting™”. Individuak with germiine
pathogenic variants were excluded fram further analysis, resulting
i a total of 4B clearly sporadic breast cancer patients. Constitu-
tional varants of breast cancer-associated genes are listed in the
Supplementary Table 3.

The summary of somatic variants fulfilling the cut-off criteria
detected in known breast cancer-associated and candidate breast
cancer-assodiated genes s provided in Supplermentary Tables 4
and 5, respectively. We identified 15 somatic pathogenic, likely
pathogenic varants or varants of uncenain significance with
predicted deleterious effect an the encoded protein in the normal
mamrmary gland tissue of 19% (9/48) of patients (Fig. Z). The
affected genes are wrnor suppressors (FPS3°. RETY COHIM),
ancogenes (PIKICA™), regulate cell death (MAPIKT=Y), DNA repair
(AKT1™, RADSO'®), translation (CEFE), gene expression (MEDTZ™,
TSHR™ and chromatin remodeling  (NCORI™L A detailed

npj Breast Cancer {2022} 76

description of these genes in the context of breast cancer i
provided in Supplernentary Tables 6, 7 and Supplementary Fig. 8.
All of these variants except AK2CA c3140 A = G (pHIs1047Arg)
were detected in BCS patients, in samples from the tissue portion
that was not qualified for surgical resection.

Heterogeneity of PIKICA and TP53 pathogenic variants
revealed in the normal mammary gland tissue

Two driver genes dominate across all subtypes of invasive breast
cancer: FIRICA and TPS3°. FIKICA encodes the catalytically active
plodalpha isoform that regulates cell proliferation and growth
receplor signaling cascade. Activating FIRICA point wvariants are
the most prevalent in breast tumors and were confirmed to lead
to malignant ransformation’~". We detected four hotspat FIKICA
somatic variants in the unimvoled mammary gland, all of them
hawe besn described in the COSMIC database and reported in
breast tumaors (Fig. 2, Table 2, Supplementary Fig. 51. TRET tumor
suppressol acls as a transcription factor and is frequenitly
imnactivated in human malignancies, mostly through loss-of-
function TP53 variants®™2. We detected an Be195Thr hotspat
vafiant in the unirvelved mammary gland that affects the central
DMA-binding domain (Fig. 2, Table 2, Supplementary Fig. 5).

To enhance the sensitivity and accuracy of rare variant
detection, we em duplex sequencing (Supplementary Fig.
7). We selected four individuals: P10, P28, P51, and P52 based on
the presence of PIRICA and TP53 hotspot variants in PT camples
according to standand NGS data (Fig. 3) and screened for variants
in the mormal mammary gland samples with high sensitieity
duplex NGS sequencing. Ulira-deep targeted duplex sequencing
of ARICA detected low-level subclomal pathogenic wariants:
€.1093G = A (pUGIuZ65Lys), 1356 A > G (RGASIGly), 16336 >
A (pGlus4slys) c1634A>C (pGluS4SAla), c2164G>A (p
Glu722Lys), ¢3140 A= G (p.His1047Arg), in the uninvolved man-
mary gland samples of three individuals. The detected wariants
were located in the known PIK3CA hotspot regions, reported in
breast tumors in the COSMIC database and functionally confirmed
to affect FIKICA function™ (Fig. 3, Supplementary Table 8). A
screen for TP33 varants not only confirrmed the presence of
His166Leu variant, but also revealed additional hotspot warianits:
c527G>T (pCys176Phe), cTOTA>G (pTw234Cys), c7336=A
{pGly2455ed, c 745 A= T (pArg249Trp), CB18 G = A |pArg273His),
cA39G>C (pAmg2EDThrL Imporantly, all these pathogenic
vafiants are located in the central DMA-binding domain indis-
pemsable for pS3 tumor-suppressive function™ (Fig. 3, Supple-
mentary Table Bl

DISCUSSION

Past-zygatic variations contribute to the genetic heterogeneity of
an individual, which is reflected in a mosaic pattern of genatic
alterations in all cells that make up the human body™. The
marmmary gland rermains mitotically active during life and under
physialegical conditions s exposed to DNA-damaging estrogen
metabalites' " Subclonal somatic genetic changes acquired during
life pose a risk of cancer development. Hence, we hypothesized
that these factors can increase the mutational burden in the
mammary gland. Other studies have repored the pressnce of
genomic and transcriptomic changes in the mormal mmammary
gland, and suggested that histological normalcy does not exclude
pathalogical bislogical changes™ 3. However, these studies have
been carfed out on nommal mammary tissue obtained from
mastectomies of cancer-adjacent samples, hence the dinical
relevance of the these findings was limited. In this study, we
screened for somatic genetic changes in the normal mammary
gland tissue of sporadic cancer patients, including tissue biopsies
from the pars of the breast that normally would not have been
removed during breast-conservimg  surgery. We  identified
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Fig. 1 Summary of Copy Number Alterations (CNAs) detected in the studied cohort. Chromosomal CNAs were calculated as mean Log R

Ratio (LRR) for chromosome arm and normalized to mean LAR of a sample. Results are presemedasaheamwwithcolonlmignim
{positive LRR values; red) and deletions (negative LRR values; blue). Hierarchical o ing was perf d with Ward2 algorithm™ and
identified six clusters. Pie charts with proportion of samples within ¢k are pi d in the Supplementary Fig. 3. Ctrl control cohort
mammary gland, UM uninvolved mammary gland, PT tumor.
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Fig. 1 Somatic variants detected in the uninvolved mammary gland [UM). Targeted sequencing revesled somatic variants of known breast
camnter-ausotisted gened (rows) present in 9-52% alleles in the UM of sparadic breast cancer patients (columns). Information on estrogen
recepdor (ER), progesterone receptor (PR}, human epidermal growth factor receptor 2 (HER2), and biological subfype of matched primary
turmor sample is included. *Wariants detected in matched PT sampde. CNA Copy Number Alteration status based on SNP arrays. LOH loss of
heterazygosity. Description of detected variants, including genomic position and pathogenicity classification is provided in Table 2

widespread genomic structural rearrangements that affect gene
dasage and somatic subclonal sequence variants of known breast
cancer-assodiated genes that control proliferation, cell death,
rmetastasis, and genome integrity: PKICA, TPS3, AKTI, MAPIKIT,
CDHI, RET, NCORT, MED1Z, CBFE, TBX3, and TSHR (Supplementary
Fig. Bl. These variants were present in a considerable percentage
of cells, suggesting they occurred earlier in the mammary gland
dewelopment of the carrier cells gained growth advantage and
underwent clonal expansion. Further, ultra-sensitive duplex
sequencing revealed heterogenous mosaic landscape of low-
lewel subclonal pathogenic varants of main breast cancer drivers:
FIKICA and TPS3 in the normal mammary gland tissue. Notably,
the setup of these variants was markedly different between urmor
and normal mammary tisswe from the same individuals which is
suggestive of multiple, in rrutational events that
ocourred in the marmmary gland (Fig, 4).

In paralled to sequence variants, we identified recurrent CHAS in
the mammary gland of breast cancer patients, but also in the age-
matched control group (Fig. 1). This facilitated detecting subale,
bt noticeable differences in terms of total number and length of
all detected CMAs per individual {Supplementary Fig. 4. Both
groups: breast cancer and control were age-matched and there-
fore the mammary gland tissue was exposed to cycles of estrogen
for comparable time and that can explain the accumulation of
copy nurmber alterations in both cohorts.

The rmost important finding from this par of ouwr study is that
the normal mamrmary tissue from cancer patients showed DMNA
copy number alterations as well as evidence of copy number
neutral loss-of-heterozygosity. These genomic  alterations in
concen with damaging sequence variants recapitulate aliemative
routes of gene inactivation that are typically observed in the
rmalignant turvors, but not in the benign tissue. In this context, our
study demonstrates that normal tissue profiling provides direct
inforrnation on the very origin of the disease and rmay improve the
choice of meatment as well as may aid in futher clinical
rmanagement of the affected individuals?™ . This is in contrast
1o iypical molecular profiling studies that rely on lirmited
retrospective information inferred from the tumors.

npj Breast Cancer {20@22] M

The PIR3CA and TPS3 genes are the leading oncogenic
mutations of breast malignancies and accordingly the maost
common chamges detected in our study were in the PK3ICA
gene™. Soyeal et al scresned for somatic wariants in benign
biopsies of patients that subsequently developed breast cancer.
PiICA and TPS3 wariants were the most prevalent changes in
tumor samples, but not detected in benign biopsies, possibly due
to limited sensitivity of standard massively parallel sequending for
rare variant detection®. To owercome this limitation, we
implemeanted duplex sequencing technology to detect PIKICA
and TP53 wariants in the normal mammary gland samples at very
low frequency. In the uninvolved mammary gland tissue, we
detected known hotspat pathogenic variants that might activate
PW3CA kinase or target DMA-binding domain of TES3 tumor
suppressor, disabling its function.

‘We confirrned that these variants observed in umor samples
wiere already present in the normal glandular tissue as well, albeit
at lower levels compared to the corresponding turmors. Strikingly
these chamges were accompanied in the same samples by other
PIICA and TPS3 pathogenic variants, present in the normal tissue,
but not in the coresponding tumors. This may suggest the
existence of potential sites of secondary tumor formation. Notably,
the rmapority of somatic pathogenic variants, induding these
PI3CA and TP53 hotspot alterations, occurred in the normal
mammary gland samples not removed during breast-conserving
surgery, not from radical mastectorny patients.

At the sarme time PIKICA and TP33 variant spectra in the normal
glandular tissue were more similar to the ones reported in camncer-
oriented database (COSMIC) than thaose in general population
lgnomAD), suggesting that the studied UM tissues reflect the
repertoire of somatic variants seen in tumor samples Supple-
mentary Fig. 9, Supplementary Fig. 10, Supplementary Table 9]
However, given the limited nurnber of four individuals included in
duplex sequencing analysis, these condusions should be inter-
preted with caution. Further studies on a larger well-characterized
cohort of sporadic breast cancer patients are needed for under-
standing how specific varants arise and expand during life.
HMavenheless, we demonstrate here that ultra-sensitive duplex
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prepansd
and selected for duplex sequencing.

saquencing approach might be beneficial to detect very low-level
frequency somatic mosaicism in different tissue samples, with its
potential dinical implications in terms of molecular diagnostics
and progrosis.

After surgical intervention, breast cancer patients remain under
dimical surveillance with recommendad yearly rammogram and
physical examination every 3—4 months for the first two years after

ry'". The current disgnostic approach has been focused
mainly an the identification of constitutional pathogenic variants
in known breast cancer-associated genes to catch early these
individuals who are in a higher risk of breast cancer development
andfor 1o whom the personalized targeted therapy could be
offered. Howewer, over 80% of all breast cancer cases are not
associated with inherited changes'™.

Our results demonstrate a complex landscape of mutational
burden in the seemingly normal mammary glandular tissue and
indicate an oncogenic potential of the tissue not removed during
surgery. This study provides a rationale for thorough genetic and
dinical surveillance of sporadic breast cancer patients that

Published in partnership with the Breast Cancer Research Foundation

underwent breast-consarving surgery. Including molecular evalua-
tion af the normal glandular tissue of sporadic breast cancer
patients could be beneficial for personalized patient cara.

METHODS

Patient samples and DMA isolation

We analyzed samples from 52 patients diagnosed with reportediy sporadic
breast cancer with an emphasis on breast-corserving surgeny (273 of the
patients studied) and who did not receive neoadjuvant therapy. Altogether
a total of 204 wninvohsed mammarny gland (UM]L, primary tumar {FT), skin
|5K], and peripheral blood [BL) samples were collected via the Oncology
‘{Centre in Bydgoszcz and the University Clingcal Centre in Gdarsk, with the
approval of bioethics committes at Medical University of Gdansk [MUG).
We have obtained wrtten informed coment from ol participanis. PT, UM,
SK, and BL samples from each patient were collected and stored in —80 °C
upon DHA isolstion. The ovenview of sample processing workflow is
presented in the Supplementary Fig. 1. The hstological subtypes and
tumor tissue content of each PT sample were evaluated by pathologets
according fo the curent American Joint Commettee on Cancer
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patients that underwent breast-conserving surgery.

Anli

g ", Tumor with less than 50% of neoplastic cell content
were excluded. The d y gland was sampled preferably from
the opposite quadrant relative to the pimary tumor site, with a mandatory
cm-oﬂcmemofalmlanmeuhasc.londudepmmd
wnh id tumot cells. These tissue samples were alko
Justed f | histology (Table 1,
SuwhmemaryTaNe 1. Allncrmd y gland samples from p
whomdembum:mm;gwwmdemedfmrnﬂlemm
of tissue that remaned intact in the patient body after breast-conserving
surgery. Solid tissues were homogenzed in a lysis buffer, then Proteinase X
was added and samples were incubated at 55 °C for 48 h. DNA isolation
from UM, PT, and SK tissue lysates was performed by phenol-chloroform
extraction as previously described'”. Hoodwuvmbnwasp«foumd
with the QlAamp DNA Blocd Mini Kit ding to the ; £
protocol (Qiagen, Germantown, MD).

Copy number alteration detection

SNP aray genotyping was performed for UM and PT samples on an
lllumina Infindum Global Screening Array, according to the manufacturer’s
recommendations {IBumina, San Diego, CAL SNP genatyping data from
mammary gland tissues of 26 age hed that undk breast

Statistical analysis

AN statestical analyses were carned out using R version 36.2 and package
stats. Packages pheatmap and ggputy were used for plotting. Statistical
significance of differences between two groups was tested using the
Mann-Whitney U test. Differences were considered significant at a two-
sided p < 0.05.

Targeted DNA resequencing

Targeted DNA sequencing panel was dessgned with Roche NimbleDesign
ondne tool (Roche, hitps//hyperdesign.com/). The panel included exons
with + /- 50 kbp flanking regions of $42 genes selected based on in-house
database and erature research (Supplementary Table 2). Sequencing
kbranies were prepared for sets of UM, BL and PT samples with the
capture-based Roche SeqCap EZ system according to the manufacturer's
protocal (Roche, Pleasanton, CA), followed by 150 bp paired-end sequen-
cing performed on Sumina NenSeqS&O and MmniSeq instruments
{llumina, San Diego, CAL S ing read alig

to the he
reference genome (hg38] was ,_' d with the B Wheeler
transform aligner (httpo/bio-by forge.nety™. Platypus vOR1.1

(hﬂp&llwurﬁnmcﬂhemnmmpﬂmmvan was used
for varant uhlg" Varants with poor mapping guality (<30), variants
smponadb,hd‘walﬂybaes(k”]mfmﬂun&nmw
d regions were exchuded from analysis. Variants

reduction surgery were used as control samples {Supplementary Fig. 2)
G yping data was yzed using Nexus Copy Number software version
Ion(&d)u:may) Quality control of samples was performed as described
previowsy'***. Briefly, samples with Log R Ratio (LRR) =d > 0.2 were flagged
as poor quality and exduded from the analysis The analysis was
performed with default settings except that significance threshold for
Copy Number Alterations (CNA) caling was decreased to 5%10° - (default
£*10°7), minimal number of probes per segment was increased to 10
(default ¥), gain threshold was set to 0.49 and 0.14 which ‘w

wuemmdmhv;mwmm!ﬂﬂm"
For variant selection, only varants with sequencing depth = 30 and
ﬂmealleleﬁmmyabﬂlmlmidedmmemﬂlmg

the ClinVar database {as of June 2021), vari classiied 25 Pathog

Likely Pathogenic, Conflicting interp jons of pathogenidty, risk factor,
mddmgmspmsemm:lukdnhmdyﬂunmmmn—
tr ng were included based on their frequency in the general

L i with minor aliele frequency (MAF) < 0.007 across all

appraomately 40% and 10% change for a high gain and gan resp:

M\e&hdtsommdomfntallghg-undgml.thebuﬂmw
was set 10 ~0.16 and ~0.74 what ¢ P to ~10% and
Md'\mgefaalmmdlghlmmpemvdy(ﬂedefmhus 0.09 and
~1.1 for a loss and high loss). Merarchical dustening was performed using

the Ward2 algorith

npj Breast Cancer (2022) 76

gmmADpowlam(‘m:ﬂornotnmdmlhed&hum
nchuded. For in sdico splicing analysis splice prediction algorithms, ie. SSF,
MaxEntScan, and NNSplice, embedded n Alamut Visual software (version
2.14) were used. Variants described in thas study were dlassified according
to the American College of Medical Genetics and Genomics and the
Association for Moleculsr Pathology recommendations*®. Based on
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Tabde 1. Summarized clinicopathological features of sporadic breast
cancer patient cohort.

Mumber of individuals
Collected samphes:

um
T
BL
LK

age (medianirange)
Histology

B swooR|e
é.ﬁ £

L

ER [positive’ negative] 44
PR (positivenegative} 4%
HEFR2 [posithve fnegative) 547
Subtype
Lurninal &
Lurninal &
HERZ-eniriched
Triple-negative
Uninwokved mamamary gland tissue (UM}, primary tumor (7T}, skin (SK), and

peripheral blood (8L) samples were collected from 52 indiiduals
diagrased with reportedly sporadic beeast cancer Histologeal evaluation
af tumor symples was perfomed acoording to the cument Amesrican Joint
Committes on Cancer gul.:hlhm‘“. PT samples wese dassified as bnvasive
Ductal Cardroma {IDC), Imvasive Lobular Carcinoma {ILCL milked $CDHILC)
or other. Estrogen (ER), progestesone PR, and ERBA2 (HEAZ) recepiors
were evaluated based on immunastaining or immunostaining and FISH
{HERZ). Biologimal subfypes were amigned based on ERFRMHERZ and
Ki6T status. Detaded dinicopathological information is peosided in the
Supplemantary Table 1.

Eeerature™ """ we selected 155 breast cancer-associsted genes that
were the primary focus of vanant anabysis {Supplementary Table X
Somatic varisnts presented in Fig. 2 and Table 2 wers confirmed by Sanger
seqguencng or High Resolution Meking analysis (Supplementary Fig. 53
Lollipop plots with vanant demanstration wene prepared based on images
generated with the Protein paint appication™.

Duplex sequencing

UM, PT, BL, and 5K samples of four individuals (P10, P28, P51, and P52}
were selected for detection of variants by duplex seguencing based on the
presence of PRICA or TRSY hotspat wamants i PT, but not UM tessee,
according to standard NGS. The protocols used here are based on the ones
described in more detail in Salazar et al 5.

Aondom [DWA sheanng ond size ssiection.  DMA was ultrasonacated for
10min at 210 *C using a Bandelin Sonorex Super BK 102 H Ultrasoric bath
ending up with a fragment size distibution of, on average, X¥5bp A
double-size selection was performed using Sera-Mag Select beads {Cytival
in order to excude fragments cutside a range of 100-400 bp. The sze
selection was performed in 50ul of sondcated DWA (2 pag), 2008 10
CutSmart buffer (HEB), 4768 POR grade water with 07 volumes beads
The reaction was mived by pipetiing thoroughly and noubsted at room
temperature (T} for 10 mine Tubes were then placsd on & magnet for
Smin and 150 pl of supernatant was transferred to a fresh tube. Next, 1.5
wolumes of beads in total considering the initial bead solution was added
to the salution and maed by pipetting. The mixtune was incubsted at AT
for 10min. Tubes were placed on a magnet and supsmatant was

Published in partnership with the Bresst Cancer Research Foundation
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dscarded. The beads wene washed twice with 80% ethanol, air dried at
noom temperature and 23 (8 of PCR grade water was added to resuspend
by pipetting. After incubating at AT for & min, the dissoleed besds were
allowed to stand at HT for Sman, placed on 2 magnet and the clear
supernastant containing the see-selecied DMA was transfered o a
nesw tube.

End-repair, A-taiiing, odapter §pafion, and beod punfeation.  Ste selected
genomic DNA was end-repaired and A-tadled using the NEBMNext® Ula™ B
End Repair'dA-Taling Module {Mew England Biclabs) according to the
mamufacturer’s  instructions  followed by adapter fgation with the
MEBMNext* Ulra™ |l Ligation Module (Mew England Biolabs) following the
manufacturer’s instructions. The adapters ligated to the A-tailed DNA were
synithesized as previously described [Adapter 2% The ligation reactian
was then purified using 13 volumes of Sera-Mag Select beads (Cytival. A
total of 965 sample was thoroughly miced with 1158 gl beads by
pipetting and incubated at AT for 10min. Tubes were placed on a magnet
and the supernatant was decarded. The beads were washed twice with
B ethanol. Next, the besds were dried at room temperature and 23 pl of
PCR grade water was added to resuspend by pipetting. After incubating
the dissolesd beads at RT for & min they were placed on a magnet and the
dear supematant containing the purified DNA was transfered to a
fresh tube.

Pre~copture omplification.  Ligated fragments wene amplified with KAPA
HiFi HotStart ReadyMix PCR Kit (KAPA Biosystems). Reaction components,
pEimer sequences, and cycling conditions are listed in the Supplementary
Tabie 10. For lbrares with mput DN& higher than 340 ng. two paraliel
reactions were prepared and pooled i the end, just before purification.
The first step of amplification was & ar 12 cycles of single primer extensions
followed by the addition of the primer NEBNext Unversad and & standard
PCR amplification of X cycles. PCR products were purified with 1.2 wolumes
Sera-Mag Select beads as described above, followed by teo rounds of
tageted capture steps to ennch the templates of interest.

Targeted captures and post-coprure amphifcation.  Two rounds of targeted
captures followed by PCR amplification were performed as described in
Salaar et al.. with minor modsfications on the post-capture amplification
[Supplementary Table 101" The bictinylated probes used to target excnic
regions of TP33, and FIRACA are detaflsd on Supplementary Tabde 100

Duplex sequencing data analysis

Fast(} files were analyzed with Galay rm (avadable on & private
server provided by the Medical University of Gdarsk) and first processed
by the tool Tnm Goloref! to tnm lumine-specific adapter sequences
including the barcode and spacer sequence at the 1° end of the raw reads.
Mext, the reads were analyzed according to a duplex sequenong {DS)
specific pipeline that includes an emor comection tool ™. After creating the
duplex comsensus sequence (D5, a trimming step of § nudeotides from
both & and 1’ end was included. The timmed comsersus sequences wers
then aligned by BWA-MEM and BamieftAligninds’s to the human genome
asembly hg3& To awoid false-paosities variants that would ooour within
any partial adapter sequences and barcodes at the ¥ end of the consensus
sequence and were not remowed by the first adapter timming step, the
tool chpOveriop from the package Bamltil was applied. Yamant calling was
then peformed by the wariant caller LoFreq. Finally, the wasiants
|substitutions only] were further mspected and assagneed o tiers using
the Variant Analyzer™®. Variants with DCS coverage below 300 and variants
outside the probe regaons werne discarded from our anale and only Teer
wariants were kept, together with Tier 2 that were detected more than
once. For mare details on this analysis see Povysil et al™. The full Galaxy
workflow i publidy  availables  hitpsyfusegaliorong sk ith-labdey
gdansk-paper—agalaxy-workflow.

The vanant frequency was caloulated by dividing the member of DCS
«calling the variant by the DCS coverage at the position of the variant within
the library it was detected. The vanant frequency was caloulabed by the
count for each alberation type (eg. A >} divided by the freqguency of the
sequenced reference allele [eg. frequency of A's in the reference
sequence multipied by the sum of the mean DCS coverage for that
libraryl. The relative count is the count for each vamant type deided by the
sum of ol ocoweTing wariants. within the tissue.
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identified in uninvolved mammary pland samples, featuring key cellular components
encoding keratins, CDH1, COH3, EPCAM cell adhesion proteins, matrix metallo-
peptidases, oncopenes, tumor suppressors, along with crucial penes (FOXA1L,
RABZS, NRG1, SPDEF, TRIM2%, and GABRF) having dual reles in cancer. Enfich-
ment analyses revealed disnuptions in epithelial integrity, cell adhesion, and estro-
pen sipnaling. This signature, named KAOS for Keratin-Adhesion-Oncogemnes-
Suppressors, was significantly associated with reduced tumor size but increased
mortality rates. Inteprating molecular assessment of non-malignant mammary tis-
sue into disease management could enhance survival prediction and facilitate per-
sonalized patient care.

EEYWORDS
et cancer, pene sigrature, mortalkity, unfavorable outoome, uninvohed margin

‘What's Mew?

Patients who undergo breast-conserving surgery for breast concer have a significant risk of
recurmence if the healthy tisswe l=ft behind harbors concer-predisposing alterations. Here,
the authors use 3 oustom-made gene panel, to potentially identify the risk of recurrence by
detecting such alterations. The authors investigated the gene expression in tumor samples,
paired non-cancerous tissue samples, and healthy mammary tissee samples from control
individuals. The gene expression signature that emerged was associsted with disruptions in

1 | INTRODUCTION

Breast cancer remains a pervasive gobal hesdth conoesm and repre-
sents the most prevalent malignancy workdwide, surpassing ung
cancer with 2.26 millon reported incidents in 2020 Improved
mammagraphic scresning and widespread  educational initiatives,
resulting in increased  self-monitoring, hawe facilitated the early
detedtion of breast cardinomas in esymptomatic stages. Conse-
guently, breast-oonserving surgery (BCS) has become inoreasinghy
prominent as a favored treatment approach, imvolving the removal
of the tumor, while minimizing the remowal of healthy  tisne,
thereby presering a substantial portion of the breast. ™ However,
despite histopathologically negative surgical mangins, sugpessting a
complete tumor excision during BCS, a considerable proportion of
patients experience recurrence rates a5 high as 19.3% in those
subjected to BCS alone
wehile administration of adpevant chemotherapy reporiedly reduces
Mmmhn&ﬁﬂiﬂmmnﬂ;m.‘m:uﬁu-
Fyingz cwase of recurrence, whether it is due to undetected residual
diseaee or the development of additional dhanpes within the onex-
cised mammary gland remains unclear.

Currently, dedisions regarding therapeutic management primar-
ity rely on pathological =xamination and genetic tests performed
solely on apments onginating from  tomors a5 owell 2 re-
section margins (mammary glnd tisswe in the umor perimeter
excised during surperyl. However, emerging evidence sugpests that
the normal mammary gland tissee sumoursding the concerous lesion

receiving radioth y and 5% in

estrogen signaling, cell adhesion, and epithelial integrity, as well as inoreased mortality.

halgs the promise of prognostic valee.” " Motably, the inchsion of
normal, cncer-adjpeent tssue samples in stody designs signifi-
candly enhanoes the acowracy of owerall survival predictions com-
pared to relying solely on tumor data 't While previous studies
havee investigated paired nonmal and cancerous tsue samples,
the asociation of rarecriptomic bndscape of nommal, uninvoheed
mammary gland tsse, located at a greater distance from the pri-
mary bumor and remaining in Ehe patient's body following BCS, with
unfavorable patient oubcomes hos nob besn thorouphby ineesti-
pated. Furth wore, the limited ilability of an di number
of control le=s in study designs posed challs ininberpreting
findings. Taking these factors into account, our stody aimed to
inwestigate 3 unique cohort of breast concer patients characterized
by adverse prognoses, with comprebensive follow-op data that
eatended to nearly a decade after their initial sorgeries. We
employed targeted BNA sequending, to analyze the transcriptomic
profiles of primary tumor and paired prosccimal and dstall unimeohed
mesmmary pland samples, a5 well as mammary glandular Gssoe sam-
ple= from control individuals without army personal and Tamilial his-
tory of canoer.

malignant {primary umor} and non-malignant funineoheed margin and
wach group. Motably, our study uncovers the existence of a pre-
phnd tissoe, digplaying an asodation with smaller twmor see and
higher patient mortafity.
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2 | MATERIALS AND METHODS

21 | Patient recruitment. sample collection, and
RMA isolation

We analyed specimens oblaned from 83 individuals who had been
diagnosed with bresst cancer ncluding 48 who undensent breast-
conserving surgery and 13 with mastectomies {dota missing for 2
patients). Al recruited individuals did not receive nesadiuant therapy
and were dharacberioesd by the presence of reoumend disease mekes-
tasis o the breast or s=condary ongans) andfor the appeasrance of a
second independent tumor andlor death in the following 10 years
(Table 1; Additional File 51, Table 1) For two individuaks, two dis-
tinct samples from multifocal primary bemor (desoribed as PT1 and
PT2) were obtained. Fifty-three individuals subjected to bresst reduc-
tion =upery without personal and familial bistory of cinoer wens
recruited as controls [Table 1; Additional File 51, Table 530 A graphi-
Gl representation of the project workflow can be fourd in Figure 15
A total of 295 samples, induding primary tumor (PTL unineobeed
mammary gland distal from (UMD, 1.5-5 cm), and prosimal b the pri-
mary tumor [UMP, at least 1 om from the primary tumor and abwarys
n shorter distance than UMD], 25 well 25 nomal mammary gland
fromm control individuals (CTRL), wers oolledied in the Oncology Cen-
tre in Bydgosece, the University Clinical Centre in Gdanisk, and Karo-
information, in biohank of our unit at the Medical University of
Geansk."® PT, UM, and CTRL samples collectsd were froeen at
B C. Detailed sampling design is presented in Figure 18, All frag-
ments prepared for molecubr anabysks were: miocroscopicilly evluoted
o identify twmor fragments and confinm normal bidtology of unin-
samples with >10%-15% immune infilkration were excluded from the
stuchy. RMA was extracted from tissuses using the RMeasy Mini acooed-
img o the orginal protom| with two modifiations @ 1-bromo-
3-chioropropane was wsed instead of dhionoform o prevent foaming
and emubsification and (b the dution was curied out with 90 pl. of
waler for PT and 30 gl of waler for UM and CTRL samples, followed
by repeated elution with the entire volume of the orgingl duate
[Chagen, Germantown, O] BMNA concentration and gquality were
determined wsing Apilent TapeStation ([Agilent Technologies).

22 | Targeted RMNA sequencing

The targeted RMA sequencing parel, desipned with the Rodhe Mim-
bleDe=ipn online tool (Foche, now HyperDesign, htips// perdesien.
com/ B, covered 7229 regions with a total length of 1,243,523 bp.
The pane=l nchedes 634 penes selected from literabure research
(Mufcfitional File 51, Table 530 The pene: have been asocated with
breast cancer and processes relabed to s dissemination and metasta-
siz, such as epithelia-to-mesenchymal transition, cell death, and apo-
plosis. Furdthermore, the paned incorporated penes from the AIMS and
PAMSD predictors, orignally developed to cassify breast. tumors into

TABLE 1  Sommarized dinicopathologicl characteristics of breast
ncer patient and control cohort.
Wumber of individuals 13
Breast cancer (BC) patients gl
Controbs (CTRL) 53
#Age imedian/range)
BIC patienks & [X3-@s)
CIRL 4 [18- Fé)
pyvalee = 13Me OF
Coliected mmpies (BC patients)
Pramary tumor, PT
Wninwobved margin distal from P71, U0
Wninwolved margin prosimal 1o F1, UME
Histoicgy (BC paticns)
Irrvasavee: ducial carcincema, 10
Irrvasive lobular ronoma, ILE
DC-ILC
Other
Receptons [BC paticnts)
Estrogon, ER {posiive/negative] AR
HER2 |postive /negative) 1761
Subtype [BC patients)
Lusminal & 1t
Lusminal B 40
HER-2 ennched 9
1z
&

BE2Y

'\¢~'-:-h&

Trick 3
Mot avalable

Follow-up information (BC patients]
Eecurmence [yes/no) 5033
Seromd cncer fyesfma) nss2
Death fyes/mal 50133

Motez BT, UMD, and UIMP samples weere colledted from 83 individials
diagnosed with breast caincer. O RL samplies wens collected from 53
individusls without amy porsonal and familial history of cancer. Histological
eyaluation v performed to identify tumor samples and confirm the normal
histology of unimeohved mangin and conbrod samiples. P samiples weore:
darsified as imvasive Dudal Cardnoma (), vasiee Lobulbr Cardinoma
HILC)Y, mied (ICOHILC), ar other. Extrogen (ER), progestensne (PRL and
ERBEHZ (HERY recepions wore evaluabed based on immunostaining.
Biological subbypes wore: amsigned based on ERPR/HERZ and Kit# stahs.
|Hesourrent disease v reporied for S0 patients, the presence of 2 seoond,
Independent bumor wars confimed for 31 patients, and 50 patients died by
tthe time of last contact. Detailed dinicopathological information for breast
cancer patients is provided in Addiional Fils 51, Table 510

fiwe distindt subtypes: Luminal A, Luminal B, HER2 enriched, basal-
ik, ard mormal-le ' 9 Sapuencing Fbraries were prepared using
‘the KAPA RMA HyperPrep kit {lllumina Phtforms, KR1350-v2.14) and
‘the BRANVD NGS work=tation (Agilent) with the dedicated automaltin-
tion protocol (KAPA RMA Hyperprep kit KR1350-1.16). Hybridis-
‘tion was camied out with SegCap RMA Choice: Probes using the KAPA
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FIGURE 1 (A} Graphical representation of the project workfow. A total of 295 fresh-frocen pimary tumor §PT), unirmesheed mammary ghand
endsed proximal (UkP, >1 om) and distal (IMP, 1.5-5 om) from the PT, and control samples {CTRL) were collectsd from B3 individuaks dogpnosed
mmMmﬂmﬂmammﬂmFBmmﬂhhMm Bininfomatics

m fard tooks wars wsed bo imeestigabe expression patterms in PT, UM, and CTRL samples, 2= well as associations with
hmdﬂmﬂ}ﬂﬂﬂ:ﬂmmTﬂnﬂHﬂdﬂmdbﬁﬂd[ﬂnﬂ UME, ainad LMD ssmpless: From bresest cances
patients with unfrvorable cutomes. UMP was abscrys oolleched ot 2 soaller distance than UMD from the PT. Tissue samples were svaluated by
breast canoer cases. Controd {CTRL) mammany gland samples wene: collected from individuals subjected to breast reduction surgesies withoot
personal and familial hislory of cncer. Parts of the: figune were drasn by using pictures from Servier Medical Arl Servier Medical Art by Senvier is

licensed under a Creative Commons Attribution 3.0 Unported Licerse (hibps£) oreative

HyperCaptune Reagent and Bead kit {v2, Rodhe Sequencng Solutions,
Inc} acconding to SeqCap RMA Enfichment System Users Guide (v 1.00
with slight modifications. Comporent A was replaoed with formaldeingde,
ard the Muliples. Hybridimtion Erhandng Olige Pool was rephcoed with
Uriversal Blocking Ofigos (UBCL Met, the cOMNA Baris wene quonti-
Fieeed sy ther AP Library Cruanitifcation lat (KROA05-v11 20, Kapa Bio-
sy, Woburn, MAL Paired-end resck of 150 bp were perenbed using
TruSeg RMA Adoess secuencng dhemistry on HiSeqg X irstrument
Evrope, Amsterdam, The Metherloreds) The sapencng oovespe ard
quality stalistics for each sample are summarniesd in Additional Filke 51,
Table 54

23 | Dataanalysis

231 | Processing of sequencing data from the
targeted panel

The raw RMA-zeq data were firt subjected 0 guality chede using
FarbOW  {hatbpecy e Bioinformetics babrsham.ac ulk projects Tastogef,
wergion 00119, followed by adapter trimming with BEDwk from the

org/Micermses/hy/ L0V]

BATook packape fhitpe) fsouneforze neldprojects bbmap), verson
B34 with: the Following ==t of parameters kim =, k= 23, mink = 11,
hefist — 1, minlen — 70, ipe, tha, The: prooeesed s wene then mopped
azainst the referencoe humon genome: (h38, GENCODE version 35) using
STAR fwersion 27320 The peneraied ResdsPerGeneoutish files
eniract mww resd oomits that ropped o the anotsied penes, Subee-
guerithy, the merged mmyinesd matris was penented with a astom R soipt
ard further procesed with the edpeft feerson 3380 First, the geres
worre Filkered o keep only those whoss epeesson wees at least 1 counk
per million (CPM in at kst one mple. Mexd, the procesed gene epres-
sion matrbe wes normalkzed using the TMBM method in edgeR. ™

Principal Component Anabyses (PCA) waere performed to identify
outfier samphes wsing the R package FactoMineR: {version 24177 This
wias cumied oul in s=eeral roaonds: for all sample types s=paraiely [con-
troks, tumor samples, ete ] and all samples memed.

232 | Cancersubtype prediction

PAMSO and AlMS dassifiers were applied 1o normaliesd gene expres-
sion matrices using the B package penefu (version 2 24171023 The
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samples were chesified nibo one of the following cibepories: Nommal,
LumdA, LumB, Her?, or Basal.

233 | Sampke dustering and differential expression
analyses

Gene papression heatmaps were penerated with the pheatmap R
library [version 1.0.12) Sample dusters were identified wsing the
built-in hierarchical chestering function of pheatmap [default parame-
temrs], which uses the Eucidean distanoe o the similarity messore and
the complete Fnkage method, The number of sample custers was sel
o four.

Elpeft wis e to identify diffensntially sopresced penes (DEG=)
wsing the Quasi-Likefihood F-test {OLF) with a significance threshold
set io 005 {False Discowery Rabe, FOR) [17). Differential expression
[DE) amahyses weere performed n o modes first, Lo pesfonm paireise
sample bype comparisons; second, Lo additionally indude the nforma-
tion on duster membership of the samples. We induded age a5 a
oovariate in the DE analyses due to the sipnificant age difference
betwesn controls (44, 18-74) and conosr patients [62, 23-85)
[Wilcouon: test). The identified set of differentially expresssd gene
were subjected to enrchment anabyses of Gene Oniolopgy (G0 bermes
and KEGG pathways using ClusterProfiler. ™

234 | Bdemal RNA-seq datasets

Exterral bulk RMA-seq datasets were wsed to corroborate our find-
ings. These dotasets originated from other breast coancer shudies in
our lab. The sample collection and processing methods were conss-
tent with those described in this study. Their FASTO files wene pro-
cemsesd From scratch wsing the same tools as desorbesd abowe. Data
intepration was done with the ComBat seq fundion from the sa R
library (wersion 34210, default parameters) to adjust for the effect of
different data batches ™%

3 | RESULTS

31 | Clear delineation between malignant and

Prindipal component anabysis (PCA) of all samples, using the nomal-
ized expression profiles of panel penes, revealed distinet differences
betwesn malipnant (PT) and nom-malipnant (UM | CTRL) samples,
identified by the first prirdpal component (Figure 28 Fourteen out-
liers weere identified and scluded from dowrstream anabyses, leaving
295 samples [53 controls, 143 margins, and 7% twmor samples). DE
anahysis, whidh weed non-maligrant somples 25 3 basefine, chowed the
larpest set of deregulatesd penes (FDR <0005, log-fold dhange of =1}
when comparing PT agiret all non-malipnant e (CTRLs, Uls)
[Figure ¥B6). The number of differentially expressed genes deoreased

witen comparing PT tissues with CTRLs or Ubds separabely. Inbeness-
ingly, a relatvely small number of differentially expressed penes weoes
found between URP and UMD, suppesting similar expression profikes
and minor effeds regardiess of their physicl distance from  the pri-
TRy LLnmer.

Examiration of the functional annotation of differentially
expresed penes [DEGs] identifed, as expected, enrichment of gene
ontology terms and pothweys previously ssociated with cncer
{Figure 51). The obserred s=is of enriched biologicl terms and path-
wirys among the primary tumor profiles, such as those reated o pro-
liferation and cell oyde, refleded the appressveness of those cancers
and the unfavorable oulcome of this cohort.

The second prindpal component of the PCA of all ssmples
showed hebemopeneity within the nor-malignant groop (Fgeee 208) CTRL
mples fomed a rebiifvely homogeneous popubiion, desting from unin-
wohvesd mangins [Ukts, while U smples were more variable and dis-
perssd over 3 broader aren. T imeestipaie this further, we performed
PCA soledy on U and CTRL sampless. This revesaled 2 subeet of UibMs
foming a disting popubiSon (Fgure 52A) Notably, the Bt of the top
50 penes; fhot acoounted for the variability m the it princpal ocompo-
enes rebated] to epithelal matris stnochuee: and onganization {Fgeee S20).

32 | UM tizsues disply abnormal features
according to PAMS0 gene dassifier

ARG and PAMSD prediciors were applied to all samples o comobo-
sified all samples from reduction mammoplasty aepees (CTRL) o=
normed-ike. In tumor frogments, AMS and PAMSD clecdfiers tend to
e more in asigning the sl subtype to PT samples, rather than
Lurmnired A, Luminal B, or HER2-enriched JAIMS v hitopatholopical das-
sification aowraoy: 0% (Lumiral AL 74X Lomiml B, £5%
(HERZ-errichef), and B8% BrsHielPAMSD veras histopathological
dosifiation asoumcye: 0 lumiral AL S6% (lumial B} 0K
(HER?-errichef], and 87% {RaalHios)] [Additionad File 51, Table S50
However, we noticed some disgresment in UM samples, while AIMS
whresifiesd st 2 noemal-ike, PARMS0 assipned -0 of the UM smpkss
o morfike sblypes. This dsceponcy could potentialy be eqlned
by the: different number of genes norporated and the different. pring-
e v by each tool At the same time, PAMS0 probobifity soones for
indivichual =amples indicated that the dordfication of U often bolanoed
betwen the nonmatHike and tumor-ile subbypes suggesting the presencoe
of feaberes deviofing from the “nonmal” stoabe Pabfifonal Fe 51,
Tabhe 55).

33 | Adistinct cluster emerges within uninvolved
margin tissues

Throwph hisrarchicl dustering of all samples in our dataset, using the
expression profiles of panel genes, we identified four distinct cusbers
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FIGURE 2  {A) Principal Component Analysis (PCA) of primary tumor (PT), unirneobeed margin (UB), and control (CTRL) ssmples. PCA was
performed based on the expression of panel genes. UM samgles include unimvohed morgin proimal Lo primany tumor {UBMP) and
uninvohed margin distal from the primary tumor {UMD). This anabysis illustrates the broad dispersion of breast cancer and morphologically
nommal tissue samples across the main principal axes. Each point represents the orientation of a sample projected inbe the branscriptional
space, cofor-coded o indicate its group membership. Tumor profiles primarily aggregate in a distinct quadrant of the tanscriptional space,
wheereas UM and CTRL tissues sooupy two separate quadrants. The first PC represents the maximom variance direction in the data
[H0A%], which corresponds o the differences betwesn primary tumors verses all other sampdes. The: second PC primarily reflecis
differences between UM and CTRL profiles, with proximal and distal profiles displaying a broad spread aoross the main principal axes. The
PCA plot was penerated with the fvic_poaind function from the R padkage factoextra (version 1.x0.7). (B} Differential gene expression
analysis aoross primary tumor [PTL uninvalyved margin (U], and control (CTRL) samples. UM samples include uninvebved mangin prosmal
o primary tumaor (UMP) and unirvobved mangin distal from the primary temor (UMD, The highest number of DEGs [false disoovery rate
IFDR| £0.05 and a log-fold change: of =1; QLF test] is observed when comparing PT versus all non-malignant tissues, whike UMP and UMD
share few DEGs indicating overall similarity betwesn their expression profikes. The variabhe contribution plots were generated with the

fwiz_oontrib function.

[Figure 3). Two of these dusters, refermed o 2s Chester 1 and Chster 2,
were predominantly populated by PT samples. Clusters 1 and
2 appewed to be formed according o PT moleoalar subtypes, as
determined by histopathological evaluations combined with AIMS and
PAMSD predictors. Chuester 1 §0 = 35) predominantly  contained
HER2-enrched and basal-fike: tumors, whensss Chester 2 [n— 571 was
mainly composed of luminal tumors. The remaining o costers
included non-malignant fe. CTRL fe=s, baming two excep-
tions, populated Chester 3 o — 145), while UM samples dispersed
betwesn Closters 3 and 4 (= 48] We further sought to imeestigate
wiy UM samples split between these two dusters, while CTRL sam-
ples larpely coabesced within Chester 3, despite both oniginating from
the same tmsee type. The notable differsnce in ope bebwesn breast
cancer patients (UM samples} and individuaks subjected to reduction
mammoplasty surpenies [CTRL samples) could potentially be an ele-
ment adding to the stuation, although we indisded age as 2 covariate
in DE anabysis.

A subsequent DE analysis that incorporated chester assigrament
along with the sample type, revealed that the highest number of dif-

Chester 3 and Uk samples in Clester 4 (FOR <0005, log-fold change of
=1]. The second-highest number of DEGs appeared when comparing
i profiles betwesn Chesters 3 and 4 [Figure 53],

Remarkably, the top down-remulated penes in Ub tssoes in Cles-
ter 4 included keratine KRT14, KRT15, KRT17, KRT&8, KRTS, KRT7,
KRT1%, ool adheson-related pene: CO8H1, CDHS, EPCAM, and a
mairin melalopeptidase MMPF. This list alvo comprised trarsoription
Fachors FOX, FOMAT —tumor suppressor or candidale bumor sugpnes-
=or genes, dualrole genes RAR2S, NRG1, SPDEF. TRIMH, and the
potential. A sedection of these genes is presented in Figure 45 The
statistical significance of these findings persisted {p < 05, Cuawd-
Likefihood Ftest—OLF) when induding the sample group infomation
and even urdder multiple comparison scenarios [UBs in Cluster 4 v
Uis i Choster 3, UMPs in Chuster 4 vs. UMPs in Coster 3, UMDs n
Chrster 4 v, UMDs in Cluster 3) [Figure 46). These genes exhibited a
bimodal expresson pattern in bath types of Ubds, best exphined by
the split of UM somples between Closters 3 and 4. They form a
distinct signature, hersby named as KOS5 signature for Keratin-

Ferentially expressed penes wos observed | 1 CTRL ez in

Sdhesion-One Suppressors.
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FIGURE 3 Hierarchical dustering of primary tumor (PT), uninvolved margin {UM], and control (CTRL) hess. Ch i fi d using the
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clinical d via hi halogical esxamination is illustrated for all primary tumors. Additionally, subtype inf agned via
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34 | Cluster 4 is distinguished from other non-
malignant profiles through enrichment analysis

Enrichment analyses were conducted to identify disrupted GO terms
and KEGG pathways in samples locited in Chaster 4 (hypergeometric
test, FDR <0.05) (Additional File S1, Tables S6 and 57). Aralyses
Mmmwlmmlmdm

the o igral 'y and the ol adhesion molecules path-
way were up-regulated in Cluster 3 UMs refative to Cluster 4 UMs. In
© the “Regulation of Lipolysis in Adipocytes” and the “PPAR

Signaling Pathway™ were significantly down-regulated in Cluster 3
UM compared to Cluster 4 UMs (Figure 5A). Notably, all above-
described observati =i X when performing multiple
comparisons between UM and CTRL samples located in Clusters 3
M4Wm5&kedmmdnmbhmdmlhew
of targeted genes involved in metabolic-related pothn

ingly separated malignant samples (PT) from the non-malignant sam-
ples (UM, CTRL) when dustering the full dataset for genes included in
the “PPAR sigrnafing pathway.” UM and CTRL samples originally
grouped into Custers 3 and 4 were again separated in the new dus-
ters, however, new Cluster 2 comprising mostly CTRL samples, also

included several PTs (Figure S4) Re-clustering the full dataset for
genes included in the “Regulation of fipolysis in adipocytes™ pathway
disagreed with the original dustering of samples {Figure 55). It shoukd

be noted here that the ized RNA panel's ability to
efficiently capture crucial inf e ep of the full mam-
mary lissue transcri was valid i by by i two distinct

- {full trarscry tom RNA-seqg panel) of PT

and paired UM samples from the same 18 breast cancer patients that
originated from other breast cancer study in our kb (Figure S&).

35 | Cluster 4 significantly associates with
patients’ clinical outcome

Cluster 4 shared a greater degree of smilarity with Cluster 3, popu-
bited by CTRLs and UMs, than Clusters 1 and 2, which were domi-
nated by malignant profiles (Figure 57). Cluster 4 was significantly
enriched with UM amples {(p — 1.98e 08, Fisher's test), encompass-
ng 23% of all samples and 40% of total UM samples, representing
41% of patients. Furthermore, it was  significantly  enriched
(p ~ 7.62e 05, Fisher's test) with samples that were classified by
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3, and 4. Low expression of sslected penes is noted in Coster 4 companed to Chester 3. {B) Heakmap with average expression of genes incheded in
the identified signature in Chasters 1, 2, 3, and 4. Further stratification, incheding sample groug, that is, primany tumaon (PT], unineobed mangin
procrmal {LIMP) and distal (UMD} from the PT, and control (CTRL) highlights o relative down-repulation of pene egnession in URMP, LMD, and

CTRL soamyplie=s hoanted in Cluster 4 compared to thoses in Chester 3.

PAMSD == one of the breast cincer moleoular sublypes (when com-
paring within UMs onlyl. This association was sipnificant for all Ubs,
as well s for both distal and prosimal UMs (p — 1.02= 08 and
p = 00256, respectively]. However, the impact of eadh indivichals
stage [Le, stratifiction of advanced disease based on patient’s history
ard physical ination firdings i by imaging and
pathalogy data®™ ) was not significant in benms of sample dustering
(Pearson's Chi-squared test, p = &4774). Spedficlly, stape was nol a
factor contributing to the awsipnment of UM smples into Ches-
tev= 3 or .

Identification of a distind patient group, having both Uk samples
[proodenal and distal) in one duster, allowesd us to execube comprehen-
sive comparisons  wsing follow-up information collected  for eadh
patient. Patients with both Ubs in Claster 4, as opposed to Chester
3, exhibited smaller twmor sizes as measured by uitrosonography and
pathological examination {p - 0013 and p - 033, respectively,
Mann-Whitney U tesl] and were older [p - 025, Mann-Whitrey
U peest) Chusiesr 4 mesmbership was also associabed with tumos HER2
positive status (p -~ 004265, Fisher’s test). Upon nestricting owr analy-
5is b patients with only one UM sample assigned o either Chuster 3
or 4, it was observed that Chester 4 had a bl o =a1)
of patients with a posithve desth sabus [(p - 04493345 and
p = 01512627, Fisher's test for UMD and UMP, respeciively). Finalby,
when performing another oo L fior with a siricthy
defined Ubds clustering pattem, that is, UMD in Ouster 3 and UMP in
Chuster 4, 3 substantial fink to patient death status emerged, contrast-
ing with the patienis who had the reverse UM assignment (UMD in
Chster 4 and UMP in Cluster 3) {p = 001396 These findings

mdiaie that the spatial mformation of unimvobeed mammany bssue,
obined by samples 3t different distances. from the primary tumosr,
oould revenl different pisces of nformation of the patient’s climicl
picture.

4 | DISCUSSION

This study kes an mportant step owand understnding the: proper-
ties of microscopically nomal, wnineolved mammany Bssee 0 breast
cancer patients with unfrvorable ovtcomes. Char results provide new
insight into the concept of bioksgical sbnommality n histolegically nor-
mad mammary ghnd tiswe, remowed ot different distances from the
primany tumgr, 12320

We identified o distinct subset of histclogically non-concsrows
uninvohved mammary (UM) samples, refered to as Clester 4, which
demonstrates urigue atiribuies oo conbrast W other non-canoerows
L =omgele= andd, importantly, o mammary ghnd samples collected
Frowm individisaks withowt cancer (CTRLL Motably, Cluster 4 is sipnifi-
canthy enriched with UMs (both prosmal and distal] ctegoried as
tumor-lke by PAMS0 This Ekely sugpests the presence of feature
characteristics in Chister 4 UMs divergent from the “nonmal™ state

Furthemore, a distinct gene signature present in Clster 4 UMs,
named 2 KADS 5 irmenlving the dosw lation of penes
participating in variows procesees:, supports the above-mentioned the-
sin. Geres comprising this sipnoture con be prouped inbe two main
catepories; {a) cell adhesion and strodwal support penes, and
bl trarscription factors and tumor suppressors foncopenes. The first
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FIGURE S {A) Enrichment analysis across uninvoheed margin {UM) samples in Chesters 3 and 4. Analysis performed for differsntially
expressedd genes (DEGs) identifies Gene Ontology (GO] tenmes and KEGG pathwarys. A maximem of 10 significantly enriched GO tenms /KEGG
pathways are presented here. The DEG sets were filtered to retain only thoss demonstating a log fold dhange {(logFC) of =1, with an adjusted p-

y of enriched T

walue [p adj} of <.05 (B F

aonoss multiple comgarisons ineolving Chusters 3 and 4. Comparisons indude UM _3

warzaes U4, UIMP_3 versus UMP A, UMD 3 verse URD A, and CTRL 3 versus Uk 4 [full list of DE tests i nailable in the Additional
Fibe 51, Tables 54 and 571 GO tenme’KEGG pathways with a frequency of at least 3 among the conducted © SO0 are pr 1. The
Estrogen signaling pathway, the PPAR signafing pathwary, and the Regulation of Spolysis in adipooytes pathway consistenthy appear enriched
among DEGs uprepulaied in Cluster 4 UM samples upon multiple comparnisons.

proup inchded penes encoding Tor keratin: (KRT14, KRT15, KRT17,
KRT4B, KRTS, KRT7, KRT1%), metallopeptidarses {MMP7), and cell adbe-
sion moleoules (COH 1, CDHA, EPCAM). Muotility keratins KRTS, KET14,
arud KATI7, hawe besn previously implicated in “subbype switching”
that s, switching of moleoular sublype between lung and pleura
Iﬂmmhmmwflmwdlatuﬂd
esantial for the tumoripenic potential and migration of 3 besl-ike
breast cancer cell Ene along with GABRP.® Furthenmore, KRT19,
KRTY, and KRT1S are individually linkesd to bresst cancer, especially
associated with metastatic potential and poor patient outromes ™
Diaminished cytokeratin, cell adhesion-related (CHED, COH3, EPCAM)
and matrix metallopeptidase (MMPT] pene expression indicates the
presence aff alterations Enked o nvosheeness and senifies disuptions
in the cytoskeleton, pointing Lo less of adhesion and epithelial e
integrity. Subsequently, these obserations point to  epithelial-
to-mesenchymal transition (EMT], an otherwise nomal process: during
which epithelal cells acquire migratory and invasive  properties,
observed abo i bumor metastasis?Y Honetheless, we did not
observe concomitant up-regubition of messndwmal marker=. This

suppests the potential muf:puﬁiﬁrﬂﬁdm.mmm
group contained candidse oncogenes and cndidate tamor suppnes-
sor genes in breast concer [RABZS, NRG1, SPOCT), reportedly having
thual-functioning rofes associated with estrogen (ER] stotus 71 Addi-
tiomally, this group induded the tmor suppressor TRIM2ZF pene,
whose depletion has been Enked with preneoplastic changes such 2
ke of polwity and incresssd mipmtion and invasion inonon-
tumorigenic breast o, 25 well a5 alteration of keratin expression
tor erharsoe o=l invasion in sguamous cell carcinoma.™ Finally, mem-
bers of the forkhesd box ranseription family (FOXAT, FOXIT) presi-
ously ammociated with breast cncer, %% were part of this group. The
ohserved down-reguiation of penes with dual roles in cnces, both
esiahfished and condidate tomor suppresor penes, s well 25 ban-
soription facdiors, undersoores the disturbed ervironment in the Ches-
e A LA e

Irmterectirgly, Custer 4 wos further charaderized by the down-
regulation of the estrogen signaling pathwary and the up-regulation of
the “Regulation of Bpobes in adipocybes” and the “PPAR sipnaling™
pathwerys. Derepulation of the biter, an upsiream effecior of Githy
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acid coidation, ™ suppests a link to metabolic imbalance. Disruption of
metabolicrelsted procesces hos been observed in pabents with
altered PPAR signaling, reinforcing the established role of PPARs in
lipid transport, fatty add oxidation, and ther involvement in oosstalk
with other lipogenic pathwerys"" Intriguingly, PPARs can share com-
mon ligands with estrogen receptors {ERs) and both have contrasting
repulatory effects on the PIKIKAAKT sipnaling patheany, which influ-
ences breast cancer cell survival and profiferation ™

We observed a sSpnificant. assodation bebwesn chesber meember-
ship and less Bavorable patient outcomes, a5 patients with UM som-
ples in Cusdier 4 were aosociabed with 2 positive death status, and
also with smaller siee tumors. The atter finding is nbiguing, althowgh
nod siraighiforward o explin. Pab enroled in this shudy, baring
e expeplions, experienced mortality primerily atiributed fo breast
cancer jisell, disense reourrence, or the emergence of sscondary
fumors. However, the presence of comorbadities (undooumented hesre]
such i hypertension, cardiovasoabr disegse ([OVD), and type 2 diabe-
tes can affect the progresion of the di oomplicate reabment,
arud influence the patient’s health outcome™ Although we did not
fird & dinect significant assodiation between custer membership (for
UM omples) and recumence or secondary bumos essenls ineo oonne-
sponding patent, our findings could llkely reflect the overall sydtemic
appressiveress of the diseases. The concepd of unirarsformed o=lls
dissociating from the original i i oagan, di inating via the
wasoular wystem, and incorporating into parts of otherwis= nomal-
Ippeg ogans o seed metastases, has been recently mised again
wumama;ﬁ“hmumm-
vimnment found in Clheter 4 UM could potentialy facilitate the
homing of these untmnsformed cells early on, thus assisting in
the spread of ncer throughout: the body and uitimately leading to
death.

The etivlgic fidkd theory™ a different perspective on the field
efiect theory initially proposed by Saughter's group in 195357 sup-
poris the abowe-mentioned thesiz. This concept embraces tumor-host
arid gene-environment interactions and highlights the exdstence of an
abnonmel tissoae  mior i ™ within  microscopically
normal Lissue that can influence every stape of bamor devedoprment.
Importantly, the eticlogic feld effect concept dhallenges the notion
that markers exchrdvely indicate neoplasia. Instead, it sogpests that
these markers may repressnt ervironmental changes, inchding the
potential contribution of non-trorsformed cells and extraceliular
malrices o neoplastc evolubon. A continuows model, volving muli-
ple siapes, favoring the aoguisition of alteations, might be a better
= ion of a realistic t igenic process.

Owr findings present an alternative perspectve o o previows
stucly, which postulated that histologically normal tEssoe adjacent (o
breast comwer  eshibits only minimal  gene  sgpresdon  chanpes
compared to brest reduction tssee = Acconding bo that sudy, these
differences in pene expression prmarily represented individual Gesoee-
arid patiend-specific wariability, rather than any associations with the
patient's dinical picthure. Hosever, it s worth noting that our study
differed in termes of patient selection, as we foorsed on patients with
adverse  ouboomes, induding the presence of reosmence,  the

emergence of a second independent tumor, or mortality, as the princ-
mal indusion diteria. Furthermore, the determination of tumor adja-
ooy waried across these two stodies. Consequently, our findings
mdicie the development. of a pre-tumoral, change-fvoring environ-
ment, 3 feature characberistic of patients with a higher risk of recr-
rence arid a decrensed survival rate.

While our stsdy offers valmble imights nio the mokeodar
changes oocuming within the mirmolved mommary gland of breast
cancer patients with unfaeorable outcomes, it does come with oerkain
Fmitations. We understamnd that we may not have captured the com-
plete spectrum of molecslr chanpes happening within thess toes,
simce wee only fooueed on abermtions ot the gene expression level.
Secondly, we did not indude samples from metashiic Stes in our
shdy desipn. The incorporation of samples from secondary lesions
would hawe allowed for a thorough and o L of
nomal-appearing gland ssue, and metastatic sites. In this contexd,
examining the tumor microenvircmment, spedifically Focusing on alter-
atiors in stromal and immune cells, might have provided saluable
nsighis. However, the proowrement of the comespondineg ssmples
presents significant challenges. Finally, the transition from a cross-
sertional to a longitudinal study desipn might have allowed o to bet-
ter track the evolution of the tissses over time, their contribution to
R fon and i weedl as the infloence of exbenmal
Factors, such as the patient’s festyle and environmental facbors.

Mevertheess, the signifiant fink between the chstering pattem
and patient death stabus implies a potential progrostic value, suggpest-
g that the spatial distribution of uninvohed mammary e could
hokd crial infonmation about breast cancer outcomes.

Cur sty highlights the polential presence: of a pre-tamorigenic
enwimnment, within the ostensbly nomal mammary ghnd e,
promoting changes that are dosely linked Lo patient mortality. The
abermant gene expression profiles of uninvolved mommary  GEsoe
intripuinghy ediibit tumor-like dharacteristics as shown by the PAMS0
predicior, marked by dysregulation of oudal pathways such as estro-
een and PPAR sipnaling.

It remaing to be determined whether these observed alteratiors
stemn from the mearby tumon's influence or signify the independent
emergence of early pre-tumorous conditions facfitated by a perturbed
enwimnment. The strong association of Cluster 4 chamncteristics with
maoriality, but not dinectly with recoumence, may sugpest these feaburnes
are more indicative of the diseose’s sysbemic agoressveness than of
itx potential to re-emerpge.

This study offers an indication for comprebensive monitoring of
breast canoer patients with reourrence or ssoondary lumor events.
Integrating molecular assessments of non-malipnant. mammany tsoe
nto disease management stategies could enhance pesonalined
patient wre, induding improved sorvival prediction
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