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Abstract

Cancer evolves from normal tissue through acquiring adaptive mutations which rewire the functionality
of inherent cellular pathways. The process of DNA damage and repair (DDR) is at the center of many
cancer hallmarks and at once is a barrier and an aid for cancer development. Unraveling the complexity
of cancer etiologies requires a systematic understanding of how DDR processes lead to the
development of genomic instability under certain conditions. The mathematical and computational
framework of mutational signatures has enabled the systematic discovery of biologically meaningful
signatures attributable to specific mutational processes which reveal the evolution of malignancies. The
analysis of mutational signatures in large cancer cohorts has sparked the discovery of mutational
signatures of various mutational types. While some signatures have an explainable etiology and are
even clinically actionable, the cause of many other signatures remains unknown. Too elucidate the
etiology of unknown signatures, bottom-up in-vivo or in-vitro studies have proven useful. Since DDR
processes exert their effect in a tissue specific manner, it has furthermore become increasingly
important to study DNA repair and mutagenesis in a tissue specific manner, which has been made
possible by the development of organoid based culturing systems. We combined the recent technical
advantages in both, ex-vivo culturing systems and mutational signature analysis, to focus on studying
mutational processes in the development of obesity associated cancer. Epidemiologically obesity is a
well-recognized risk factor increasing the chance of cancer development, especially for gastrointestinal
organs. Although it has been shown that diet induced obesity changes the homeostasis of intestinal
stem cells — the cell of origin for intestinal cancers — it remains unclear how specifically obesity
contributes to the development of gastrointestinal cancers. In this study, we used a mouse model of
diet induced obesity on a wild type C57/BL6 background to observe the mutational landscape of
intestinal stem cells after a 48-week exposure to a high-fat diet. By clonally expanding single stem cells
in organoid culture, and obtaining whole genome sequences, we found that single base substitution
and insertion/deletion signatures present in the mice on the high-fat diet were similar to those on a
standard diet and reflected normal processes of aging, cellular replication, and oxidative stress. Our
study concludes that high fat diet alone, in the absence of other stressors such as chemical exposure

or driver gene mutations, is not enough to induce an increase in genomic instability.
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Zusammenfassung

Krebs entsteht aus normalem Gewebe, durch die Ansammlung von Mutationen, welche die
Funktionalitat der zellularen Signalwege verandern. Die Prozesse der DNA-Schadigung und -Reparatur
(DDR) stehen im Mittelpunkt vieler Krebsmerkmale und stellen gleichzeitig ein Hindernis und eine Hilfe
fur die Krebsentwicklung dar. Um die Komplexitat der Krebsentstehung zu begreifen, ist ein
systematisches dafur Verstandnis erforderlich, wie DDR-Prozesse unter bestimmten Bedingungen zur
Entwicklung von genomischer Instabilitdt beitragen. Die mathematischen und computergestutzten
Konzepte der Mutationssignaturen hat die systematische Entdeckung biologisch aussagekréaftiger
Signaturen ermoglicht, welche spezifischen Mutationsprozessen zuzuschreiben sind und so den
Entwicklungsprozess bdsartiger Erkrankungen beschreiben. Die Analyse von Mutationssignaturen in
DNA-Sequenz Daten von Krebspatienten hat die Entdeckung von Mutationssignaturen fur
verschiedene Mutationstypen vorangetrieben. Wahrend einige Signaturen eine erklarbare Atiologie
haben und sogar im klinischen Kontext einsetzbar sind, bleibt die Ursache vieler anderer Signaturen
unbekannt. Um die Atiologie unbekannter Signaturen aufzukléaren, haben sich Bottom-up In-vivo oder
In-vitro Studien als nitzlich erwiesen. Da DNA Reparatur Prozesse ihre Wirkung gewebespezifisch
entfalten, ist es immer wichtiger geworden, DNA-Reparatur und Mutagenese auch gewebespezifisch
zu untersuchen, was durch die Entwicklung von organoid-basierten Kultursystemen moglich geworden
ist. Wir haben die neusten technischen Vorteile von Ex-vivo-Kultursystemen mit der Analyse von
Mutationssignaturen kombiniert, um uns auf die Untersuchung von Mutationsprozessen bei der
Entstehung von Adipositat bedingtem Krebs zu konzentrieren. Epidemiologisch gesehen ist
Fettleibigkeit ein anerkannter Risikofaktor, der die Wahrscheinlichkeit der Entstehung von Krebs,
insbesondere im Darmtrakt, erhdht. insbesondere fur den Darmtrakt. Obwohl bereits erforscht wurde,
dass Fettleibigkeit die Homoostase und Signalwege von Darmstammzellen - den Ursprungszellen fur
Darmkrebs - verandert, bleibt unklar, wie genau Adipositat zur Entwicklung von Magen-Darm-Krebs
beitragt. In dieser Studie haben wir ein Mausmodell fur ernahrungsbedingte Fettleibigkeit in einem
genetischen Wildtyp-Hintergrund verwendet (C57/BL6). So konnten wir genomweite Mutationen in
Darmstammzellen nach 48-wdchiger Exposition gegenuber einer fettreichen Ernahrung zu beobachten.
Durch die klonale Expansion einzelner Stammzellen in organoider Kultur und der Analyse der
Genomsequenzen ermittelten wir, dass die Mutationssignaturen bei Mausen mit fettreicher Ernahrung
denen einer Standarddiat dhneln und normale Prozesse der Alterung, der Zellreplikation und des
oxidativen Stresses widerspiegeln. Unsere Studie kommt zu dem Schluss, dass eine fettreiche
Ernahrung allein, ohne andere Stressfaktoren wie chemische Exposition oder Treibermutationen, nicht

ausreicht, um einen Anstieg der genomischen Instabilitat zu bewirken.
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CHAPTER 1: INTRODUCTION

Cancer — The enemy from Within
A Reflection of the Normal Self

History

Our earliest ancestors of the hominid species have been befallen by tumors 1.7- 1.9 million years ago
(Randolph-Quinney et al, 2016; Odes et al, 2016). What they believed to be the cause of their ailments
will remain unknown but throughout the centuries many physicians and philosophers have speculated
about the cause of the mysterious disease. While the ancient Greeks believed cancer to be a disease
of natural origin, later writings from the Roman empire and medieval ages all heavily lean on Galen’s
humoral theory, which postulated that thick black bile is the cause of malignant cancers. At the end of
the dark ages, French physicians Henri de Mondeville, Lanfranc, and Guy the Chauliac started a new
era of cancer research by rejecting Galen’s millennial old theories and beginning to map cancer and its

anatomy systematically (Hajdu, 2011a).

The advent of the Renaissance brought many scientific inventions, such as the microscope, which
allowed to study cancer not just superficially, building the foundation of modern pathology and oncology.
The increased acceptance of postmortem examinations and autopsies allowed for the systematic
discovery and description of cancers according to their primary anatomical site. While treatments
ranged from compression to surgical excision to treatment with arsenic pastes, the underlying cause of
the evolution of cancer remained in the dark. Around 1650, two prominent physicians, Nicholas Tulp
and Zacutus Lusitani, independently concluded cancer to be contagious based on the observation that
members of the same household often developed breast cancer (Hajdu, 2011b). While the heritable
genetic cause of this observation about breast cancer would not be uncovered until centuries later,
other observations about the origins of lung cancer began to form an idea of external causes of cancer.
In his book “De Grandibus® from 1567, the swiss physician and chemist Paracelsus described
incidences of lung cancer in miners and smelters of metal ores (Hajdu, 2011b). Two hundred years
later (1761), English physician John Hill authored a warning about the use of snuff tobacco as the

purported cause of nasal polyps, a pre-cancerous condition (Hajdu, 2011b).

Amidst all the case descriptions and observations, the idea of the origin of cancer began to shift away
from mystic or contagious causes. Instead, cancer began to be understood as a disease involving the
continuous and unhindered growth of normal bodily tissue. Cancer is therefore a disease like none
other because it has multiple causes and originates from within. It is, as author and physician Siddhartha
Mukherjee stated in his book “The Emperor of all Maladies — A Biography of Cancer”: “The very cellular
processes and genes which allow normal cells to grow, divide, adapt, and heal, become distorted in

cancer, allowing cancer to be an anamorphic reflection of our normal self’ (Mukherjee, 2010).



The Cancer Burden Today — a Global Perspective

The International Agency for Research on Cancer supports a global cancer surveillance program called
the Global Cancer Observatory, which provides publicly available data on cancer statistics, allowing
accurate estimates of the global cancer burden. According to the 2020 GLOBOCAN cancer statistics,
nearly 20 million people worldwide were diagnosed with cancer, while almost 10 million people died
prematurely due to cancer (Sung et al, 2021). The global cancer incidence is only expected to increase
from 17 million in 2018 to nearly 34 million cases by 2070 (Soerjomataram & Bray, 2021). The expected
increase in incidence is largely driven by demographic changes due to a shift in socio-economic factors,

especially in low to middle income countries (Sung et al, 2021) (Figure 1).

As the average life expectancy increases with rising socio-economic status, the cancer incidence also
increases (Soerjomataram & Bray, 2021). In a sense, cancer can be viewed as an aging related
disease, and will thus influence the healthcare burden of the future. To successfully meet this current
and future challenge, efforts in prevention, detection and diagnosis, and treatment must simultaneously
advance. Consequently, it becomes paramount to understand the development and evolution of cancer
intimately, on the cellular and molecular level. The state-of-the-art science today allows for personalized
and large-scale study of tumor biology and puts us in a unique position to understand the ever more

complex landscape of tumor evolution, from origin through treatment.
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Lifestyle factors affecting cancer risk

Apart from normal aging increasing the cancer burden, there are other, preventable, factors which
increase cancer risk. A recent systematic analysis of cancers attributable to specific risk factors
considered behavioral (e.g. smoking), environmental and occupational (e.g. exposure to hazardous
chemicals or radiation), and metabolic risk factors (high body-mass index (BMI) and dietary factors such
as high fat diet and diets low in fiber). Globally, all risk factors combined accounted for 4.45 million
deaths (95% confidence interval), representing 44.4% of all cancer deaths worldwide (Tran et al, 2022).

Thus, epidemiological evidence suggests that just under half of all cancer cases may be preventable.

In detail, the leading risk factors are smoking, followed by alcohol use (behavioral), and high BMI
(metabolic). While behavioral and environmental risk factors are somewhat equally distributed
worldwide, irrespective of income status of countries, cancers attributable to metabolic risk factors are
markedly more common in high income countries (Tran et al, 2022). However, the cancer incidence
rate of cases attributable to metabolic risks saw the greatest percentage increase between 2010 and
2019, also in low and low-middle income countries (Tran et al, 2022). Thus, metabolic risk factors such

as high BMI are a growing concern globally.

Obesity and Metabolic Risks

Over the past 40 years, the global prevalence of obesity has been rising substantially (Jaacks et al,
2019). Obesity is associated with numerous comorbidities, such as hypertension, non-alcoholic fatty
liver disease, and type Il diabetes (Jaacks et al, 2019; Bluher, 2019). Importantly, body fat accumulation
has been recognized by the International Agency of Research on Cancer (IARC) as an important risk
factor in cancer development (Hopkins et al, 2016; Calle et al, 2009; Friedenreich et al, 2021; Avgerinos
et al, 2019). Especially cancers of organs along the gastrointestinal tract are impacted by obesity,
including the esophagus, stomach, colon and rectum, as well as the liver (Lauby-Secretan et al, 2016).
Of those, the chance of developing colorectal cancer is particularly increased in patients with high BMI
(Tran et al, 2022). Given the obvious link between a high BMI and a higher risk of CRC, learning more
about the underlying disease etiology should help to inform preventive programs. However, even
though the epidemiological association seems clear, the underlying molecular mechanisms still do not
paint the full picture of obesity associated cancer development. However, there are multiple lines of
evidence connecting the increase in body fat to cellular pathways, also commonly found altered in

cancer.

Mechanisms of Obesity Driven Cancer Risk in Colorectal Cancer

The development of colorectal cancer is governed by a well-defined progression of mutations known
as the adenoma-carcinoma sequence (Fearon & Vogelstein, 1990). One of the first mutations
inactivates adenomatous polyposis coli (APC), which leads to constitutive Wnt-/ 3-catenin signaling.

Without APC controlling the levels of B-catenin, the phosphorylated transcriptional activator 3-catenin
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translocates to the nucleus and activates downstream transcriptional targets such as lymphoid
enhancer-binding factor 1 (LEF1) and T cell factor (TCF), which in turn activate the transcription of
downstream genes involved in proliferation, differentiation, and migration. Notably, the transcription
factor c-myc, a common proto-oncogene involved in cell proliferation is also activated by canonical Wnt-
signaling (Matsui, 2016; Duchartre et al, 2016; Rim et al, 2022).

Beside increased proliferation, the development of genomic instability plays a key role in tumor
development. Colorectal cancer arises via three distinct genetic pathways: the chromosomal instability
pathway (CIN), the microsatellite instability pathway (MSI), and the CpG island methylation pathway
(CIMP) (Bogaert & Prenen, 2014). Although the development of a tumor is heterogeneous and
occasionally involves overlapping pathways, all three pathways are defined by an increase in genomic
instability, which allows for the acquisition of additional mutations in a set of tumor suppressor and
oncogenes, including KRAS and BRAF, which are often found to be mutually exclusive (Midthun et al,
2019). Additionally, TP53, PIK3CA, and SMAD4 are common genes mutated in CRC. Drost et al tested
the combinatorial and additive effect of multiple gene mutations of the adenoma-carcinoma sequence
in intestinal stem cells. Their study discovered that the simultaneous loss of APC and P53 is already
sufficient to cause significant levels of chromosomal instability, which is typical for the CIN pathway
(Drost et al, 2015). Therefore, the loss of genomic stability might present an early event in tumor
development, enabling further alterations. How obesity affects the development of genomic instability
is not fully explored, although multiple hypotheses exist on how the obesity condition affects related

cellular pathways, which will be discussed briefly.

The expansion of adipose tissue leads to an increase in the secretion of multiple signaling molecules
including insulin, insulin growth factor (IGF), hormones such as leptin, and cytokines such as interleukin
6 (IL-6), as well as the decrease in adiponectin. These soluble factors are transported through the blood
and activate downstream signaling cascades through docking and activating their specific cell surface
receptor (Hopkins et al, 2016) (Figure 2). Specifically, the JAK/STAT, MAPK, and PI3K pathways are
activated, which collectively stimulate processes that drive cellular survival, growth and proliferation,
and angiogenesis. Because the molecular targets of these pathways are overlapping, there may be
some amplification of the resulting biological effects. Insulin signaling, for instance, acts through both
the MAPK and PI3K signaling pathways, effecting cell growth via PI3K and proliferation via MAPK. This
creates a metabolic environment which allows for increased glucose uptake and processing via
glycolysis, thus providing increased amounts of molecular building blocks that can support enhanced
proliferation (Hopkins et al, 2016). Taken together, these processes are thought to create an

environment that lowers the barrier to oncogenic transformation.
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Figure 2. Signaling of Adipose Tissue and Downstream effects, figure taken from (Hopkins et al,
2016) Reprinted with permission of Wolters Kluwer Health, Inc (see Appendix)

Since the relative risk of developing cancer in response to obesity varies by organ, there is likely a
tissue specific effect of these signaling pathways at play (Speakman & Goran, 2010; Pereira et al,
2021). Thus, for each tissue, the most relevant cell population should be considered when studying the
impact of obesity. In the case of colorectal cancer, the cells of origin are intestinal stem cells (ISC),
located at the bottom of the intestinal crypts (Sato et al, 2009). These actively cycling cells can be
identified by their expression of the LGR5 protein (leucine rich repeat containing G protein coupled
receptor 5), harvested and studied ex-vivo with organoid culturing techniques (Sato et al, 2011). The
advancements of 3D culturing techniques allow the study of unaltered cells within their normal tissue

architecture and signaling environment.

The metabolically highly active ICSs have been demonstrated to be linked to increased risk of cancer
initiation though metabolic or dietary perturbation. Wang et al observed that increased availability of
cholesterol, for instance through dietary supplementation, increases stem cell proliferation and the rate

of tumor formation in an APC deficient background (Wang et al, 2018). Another mechanism of action is
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the activation of PPAR-0 (peroxisome proliferator-activated receptor delta) signaling, which, via
canonical Wnt-signaling, confers features of stemness on non-stem cell progenitors (Beyaz et al, 2016).
This increases the pool of actively proliferations cells and thus raises the risk of one of these cells

acquiring driving mutations and escaping proliferative control.

Since the DNA damage response always must balance proliferative control with genome stability, it is
an interesting and unexplored question to study how dietary components or diet induced obesity impact
genomic stability in intestinal stem cells. Before we can consider the complexity of how obesity affects
the development of cancer, we need an in-depth discussion of the hallmarks of cancer and the role of
genomic stability in the development of cancer, as well as the specific pathways involved in the DNA

damage response. Additionally, we must consider the tissue specificity of DDR signaling pathways.

Hallmarks of cancer

Cancer is more accurately a collection of many different malignancies, originating from different cells
and tissues throughout the body. Still, tumors of different origins all share common features which
marks their aberrant functionalities compared to normal cells. Hanahan and Weinberg have proposed
a logical framework, describing common biological principles in malignant transformation. The
suggested hallmarks of cancer describe both, the individual cellular processes (Hanahan & Weinberg,
2000) and signaling networks between cells, known as the tumor microenvironment (Hanahan &
Weinberg, 2011). In the following, | will discuss the hallmarks in detail, contemplating how each

contributes to the development of malignancies.

Sustaining Proliferative Signaling

Each cell exists within a tightly regulated environment within the tissue and specifically the extracellular
matrix. Within this context, cells integrate external signals via receptors, as well as internal signals to
correctly balance proliferative signaling. Cancer cells have evolved numerous ways to become
independent at each level of regulation. Instead of relying on outside signals, cancers can overexpress
mitogenic signals in an autocrine manner, or upregulate the expression of cell surface growth factor
receptors to amplify existing signals. The best-known example of pro-mitogenic signaling is the RAS-
RAF-MEK signal path, which in about 25% of all human cancers is mutated in some form, resulting in
pro-internal mitogenic signal activation, independent of extracellular ligands (Hanahan & Weinberg,
2000, 2011). Through these alterations, cancer cells escape the normal cellular fate of eventual
quiescence. Once a tumor grows, the complex tumor microenvironment serves to further amplify this
effect, as neighboring tumor and other cell types send and amplify proliferative signals (Bianchi et al,
2020).



Evading Growth Suppressors

The cellular balance between quiescence and proliferation does not solely rely on proliferative signals,
but also the counterbalance of growth-suppressive signals. Mechanistically, growth suppression takes
effect within the cell cycle at the G1 stage, the crossroad to GO, leading to quiescence or a differentiated
post-mitotic state, which permanently suppresses continued proliferation. One prominent mechanism
of control is the phosphorylation of retinoblastoma protein (Rb), which in phosphorylated form releases
transcription factor E2F, responsible for the expression of genes favoring advancement of the cell cycle
from G1 to S phase. The anti-growth molecule transforming growth factor § (TGFB) acts through a
variety of mechanisms to prevent the Rb phosphorylation, thus preventing cell cycle progression
(Hanahan & Weinberg, 2000, 2011). Cancer cells adapt to evade these signals by lowering their TGF3
sensitivity, either through downregulation of TGF[3 receptor expression or mutation. In this way, cancer

cells not only signal continuous proliferation but also escape growth stop signals.

Resisting Cell Death

Any normal organism goes through a cycle of regulated overturn of developing and dying cells.
Apoptosis describes the controlled mechanism of programmed cell death, which commences upon
death signals the cell senses, and starts a mostly irreversible program of effectors within the cell. At the
beginning of the signaling cascade, cell surface receptors receive and integrate survival signals (e.g.
via the IGF-1R receptor or the IL-3 receptor) as well as death signals (e.g. TNFa via the TNF-R1
receptor) (Hanahan & Weinberg, 2000, 2011). Most signals result in the eventual release of cytochrome
¢ from the mitochondria. Beside external signals, endogenous signals like the p53 signaling cascade
can induce apoptosis after sensing DNA damage, through upregulation of the pro-apoptotic gene BAX,

which in turn triggers cytochrome c release (Junttila & Evan, 2009).

Cancer cells evade apoptosis by both modulating pro-survival and pro-apoptotic signaling cascades.
Common mechanisms include an upregulation of ligands and receptors involved in anti-apoptotic
signaling or expressing truncated death-signal receptors to block pro-apoptotic signaling. With
characteristic sustained proliferation, cancerous cells, through oncogene-induced replicative stress,
encounter more DNA damage (Hills & Diffley, 2014), which further necessitates an escape from the
normal apoptotic control. It is not surprising that p53, as the central signal integrating molecule, is the

most frequently mutated gene in all human cancers (Hainaut & Pfeifer, 2016).

Enabling Replicative Immortality

Upon the fulfillment of the first three hallmarks, cancer cells have yet another obstacle to overcome. To
truly replicate without restraint, cells must overcome the limitation of senescence, induced by excessive
telomere shortening during the many cell divisions a malignant cell undergoes (Herbig et al, 2004). The
ends of chromosomes contain long stretches of 6bp repeats, of which 10-100 bp are lost during each
cell cycle because DNA polymerase is unable to completely replicate DNA to its final 3’ end (Hanahan

& Weinberg, 2000). The presence of non-coding telomeric repeats thus protects from loss of vital DNA
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elements. At the same time, telomeric shortening constitutes a kind of cellular clock which limits the
ultimate number of divisions possible. This is because exposed DNA at the end of chromosomes binds
to other unprotected ends and engages in chromosomal fusion, leading to translocations, karyotypic
aberrations, chromosomal breakage, and ultimately mitotic catastrophe and cell death (Counter et al,
1992).

To circumvent this problem, cancer cells have evolved to exploit naturally existing pathways of telomere
maintenance. Many cancers upregulate the expression of the telomerase enzyme, which extends
telomeres by adding hexanucleotide repeats. A different mechanism for achieving the same outcome
is the ALT pathway (alternative lengthening of telomeres), which relies on recombination. Double strand
breaks in telomeric regions lead to break induced replication. Owing to the high level of homology in
telomeric sequences, the invading homologous strand presents a perfect primer for the synthesis and
extension of telomeres (Zhao et al, 2019). Either mechanism provides cancer cells with the solution
needed to overcome replicative senescence and enables continued replication and evolution of the

malignant cell.

Inducing Angiogenesis

All cells require access to nutrients and oxygen, requiring even cancer cells to reside close to blood
vessels. During the development of a tumor, this poses yet another challenge to cancer. In order to
grow to macroscopic sizes, a tumor must produce not just cells but with them a network of blood
vessels. The process of angiogenesis is tightly regulated by a balance of initiating and inhibiting factors
such as VEGF (vascular endothelial growth factor), a promoter, or thrombospoindin-1, an inhibitor.
Before gaining the ability to form a larger tumor, cancer cells must develop the ability to disturb the
balance of regulating factors of angiogenesis. Often this is achieved by altering gene expression,
upregulating and downregulating promoting and inhibiting factors respectively (Hanahan & Folkman,
1996).

Activating Invasion and Metastasis

The final stage in a cancer’s evolution often is the migration and invasion of tissues at sites distant to
the primary tumor. This process, termed metastasis is composed of several steps, including the local
invasion of malignant cells into blood or lymphatic vessels, the travel to distant sites, and expansion
within the distance sites (Suhail et al, 2019). One of the rate-limiting steps to this cellular mobility is the
cell-to-cell adhesion within the tumor microenvironment. Normally, adhesion molecules, expressed on
the surface of epithelial cells mediate the anchoring of cells. One such molecule, E-cadherin, is
frequently lost in cancer through a variety of mechanisms, including loss of function mutations,
proteolytic degradation, or transcriptional downregulation (Christofori & Semb, 1999). Through
eliminating factors involved in cell-to-cell adhesion, cancer cells enable the chain of events involved in

metastasis, also known as the epithelial to mesenchymal transition.



Deregulating Cellular Energetics

All hallmarks described above are critical to a cancer’s ability to outgrow the normal constraints of
cellular and tissue homeostasis. However, one challenge remains unaddressed: How cancerous cells
can fulfil their immense need for energy and biomolecular building blocks while sustaining a high level
of proliferation. This obstacle of cellular energetics is circumvented by cancer cells through rewiring the
cellular metabolism, away from oxidative phosphorylation and toward glycolysis. The curious
observation that cancer cells prefer glycolysis, even in the presence of oxygen, was first made by Otto
Warburg in the 1930’s (Hanahan & Weinberg, 2011). Despite the relative inefficiency of glycolysis over
the citric acid cycle and the mitochondrial electron transport chain, there is a benefit to this metabolic
switch, termed the ‘Warburg effect’. Glycolysis is a central hub in the metabolic network, producing
metabolic intermediates as basic building blocks for many other biosynthetic pathways. In this way,
enhanced glycolysis provides the building blocks for increased production of nucleic- and amino-acids,
required for the gain in proliferation. The deficiency in energy supply caused by this switch is partially
mitigated by increased glucose import, often achieved by upregulated glucose transporters
(DeBerardinis & Chandel, 2020).

Avoiding Immune Destruction and Tumor-promoting Inflammation

As cancer evolved, its dealings with the host immune system are a double-edged sword. On the one
hand, malignant cells must avoid recognition and destruction by the immune system. However, on the
flip side, advancing tumors also can utilize infiltrating immune cells and the resulting inflammation to
drive tumor evolution forward (Hanahan & Weinberg, 2011). Given the antagonistic but complementary

nature of these two hallmarks, they will be discussed together here.

That immune cells of both branches of the immune system, innate and adaptive, contribute the fight
against cancer is made obvious by the observation that patients with primary immunodeficiencies have
up to 1.6-fold higher relative risk to develop cancer (Kebudi et al, 2019). To avoid immune destruction,

malignant cells evolve to trick the immune system in a variety of ways.

A great example of passive immune evasion is the modulation of HLA-I dependent antigen presentation.
The human leukocyte antigen (HLA) is responsible for presenting antigen peptides on cell surfaces to
CD8+ T cells, leading to their activation and subsequent killing of the antigen presenting cell. Tumor
cells, especially those with a high mutational burden, often produce many tumor neo-antigens which
could be recognized by CD8+ T cells (Jhunjhunwala et al, 2021). The successful recognition of tumor
neoantigens depends on two steps. First, immune cells, often dendritic cells, must take up and present
tumor neoantigens to prime naive CD8+ T cells. Second, CD8+ T cells must find the tumor neoantigen
at the surface of the cancer cell to recognize and destroy the target. Cancer cells have developed
diverse strategies to interfere at both steps, via repressing dendritic cell function (Wculek et al, 2020)

or downregulation of HLA-I to avoid immune recognition (Jhunjhunwala et al, 2021).



More actively, malignant cells can block T-cell functionality after immune recognition. After binding of
the T-cell receptor (TCR) to the presented antigen, the induction of apoptosis in the target cell requires
the PD-1 molecule (programmed death-1) on the surface of the T-cells. Cancer cells can evade their
induced cell death by expressing PD-L1 or PD-L2, two ligands which bind PD-1 and inhibit the T-cell
action (Iwai et al, 2002; Latchman et al, 2001).

As a tumor grows, it attracts a great variety of immune cells from both branches of the immune system.
Ironically, immune cell infiltrates are not always a threat to the tumor but can instead even facilitate and
support tumor growth. This is especially true of special subpopulations of macrophages, neutrophils
and myeloid progenitors which are normally involved in inflammation and wound healing. These
specialized cells have functions such as secreting inflammatory cytokines, growth factors (EGF), and
proangiogenic factors like VEGF and FGF2, which tumor cells use to their advantage to grow and

engineer a favorable tumor-microenvironment (Hanahan & Weinberg, 2011).

Other factors like epigenetic dysregulation and changes in the microbiome can also modulate systemic
immune responses to cancer, shaping the tumor microenvironment and thus aiding or hindering
immune detection and destruction of cancerous cells. Indeed, the authors of a more recent review
propose changes in microbiome, altered nerve signaling, and epigenetic dysregulation as well as de-
and trans-differentiation as new fundamental hallmarks (Senga & Grose, 2021). Considering however,
how epigenetic changes and the resulting ability of cancer cells to switch lineages go hand in hand,

epigenetics and lineage switching may also be regarded as complementary enabling hallmark.

Genome Instability and Mutation

When the concept of hallmarks was first introduced, the greatest value lay in examining many lines of
evidence in a unifying framework of principles which conceptually organized the field of cancer biology.
In 2000, Hanahan and Weinberg have described genomic instability as an “acquired characteristic
which enables the evolution of cancer cells” toward the other hallmarks (Hanahan & Weinberg, 2000).
A decade later, in the second hallmark-paper, genomic instability was discussed with a deeper
embedding into its context, recognizing how genome maintenance integrates with epigenetics, telomere
maintenance, and the alteration of many signaling pathways which are found at the core of the other
hallmarks (Hanahan & Weinberg, 2011).

Genomic instability is not merely a side effect of cancer evolution, but can be viewed as precursor,
requirement, and resulting effect at all once. At the center of this particular hallmark is the well-
connected network of DNA damage and repair (DDR) genes, which orchestrate the detection and repair

of damages, as well as signal integration during proliferation and apoptosis.
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DNA Damage and Repair — A double edged sword in cancer development

DNA repair is an orchestrated response to cellular insults and DNA damage. The primary roles envelop
surveillance of DNA sequence fidelity during replication and transcription, repair and maintenance of
telomeres, and detection and adequate repair of lesions in DNA. Beyond repair capabilities, DNA repair
genes are also involved in class switch recombination, creating genetic diversity in variable regions of
antibodies (Shang & Meng, 2021), as well as recombination processes during meiosis (San Filippo et
al, 2008).

The central theme of this discussion focusses on DDR as a barrier to and an aid in cancer development.
As such, DDR is a central component in cancer development. When functioning correctly, it provides a
barrier to mutagenesis, limitless replication, and evasion of apoptosis. Conversely, when DDR is altered
in preneoplastic lesions or cancerous lesions, it can unwittingly aid cancer evolution by accelerating
mutagenesis and thus altering the functionality of the very pathways which are altered across almost
all hallmarks of cancer. At the same time, however, defective DNA repair pathways leave cancers with
exploitable vulnerabilities for cytotoxic chemotherapeutics or targeted agents. To have an in-depth
discussion about the role of DDR in cancer development, we need to consider the details of DNA repair

mechanisms and DNA repair in context.

DNA Damage

DNA, like any other chemical structure faces limits of stability and can be chemically or physically
altered. As the central blueprint of life, alterations at the DNA level can have far reaching consequences
all the way from stalling cellular functions to altering a phenotype at the organismal level. The need to
protect and preserve the correct sequence information in DNA is reflected in the fact that all domains
of life have active forms of DNA repair (Friedberg et al, 2005). Therefore, the ability to detect and repair
damage in DNA must be critical as it has emerged early in the evolutionary timeline (Aravind et al,
1999).

Types and Sources of DNA damage

Broadly, sources of DNA damage can be categorized into exogenous and endogenous sources (Figure
3). Exogenous sources of DNA damage can be physical such as UV-radiation, ionizing radiation, or
chemical. The exposure to environmental toxins can alter the structure of the DNA, forming adducts,
crosslinks within and between DNA strands, and oxidizing parts of the DNA molecule. Endogenous
sources of DNA damage are far more complex than exogenous sources because lesions can arise not
just from chemical reactions with compounds present in the cellular environment, i.e., metabolites, but

especially from ongoing cellular processes such as replication and transcription.
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Figure 3. Classification and examples of exogenous and endogenous sources of DNA damage

Biological Impact of DNA Damage

If the structural integrity of DNA is compromised, this can lead to mutations which consequently alters
the information content for building downstream RNA and protein molecules, potentially leading to
altered functions and phenotypes. Although random mutations are the core engine of evolution, there
is a limit to how many mutations a cell can incur without disrupting cellular homeostasis. The average
cell encounters up to 100,000 lesions per day (Ciccia & Elledge, 2010; Hoeijmakers, 2009). Without an
active DNA damage repair system, cells would very quickly become senescent, apoptotic, highly

mutated, or simply cease to function.

DNA Repair

General

Upon DNA damage, the DDR machinery orchestrates an elaborate response which integrates signals
and eventually leads to signaling cascades initiating repair action or apoptosis. The architecture of the
DNA damage response includes sensors, transducers/ mediators, and effector proteins (Figure 4).
These molecules work together to effectively form a chain of events capable of sensing the damage,
removing damaged DNA (nicking and resection), synthesizing new DNA, and repairing the backbone
incision (ligation) (Zhou & Elledge, 2000). Of the sensors the apical kinases ATM and ATR are best
studied. ATM is recruited by the MRE11-RADS50-NBS (MRN) complex, which senses DNA double
strand breaks. ATM then phosphorylates the MRN complex as well as other downstream proteins such
as p53 and CHK2 to halt the cell cycle and give time to initiate repair (Harper & Elledge, 2007). The
other well-studied sensor, ATR integrates damage sense signals from single stranded DNA coated with
RPA to subsequently phosphorylate CHK1 launch repair through recruitment of the 911-complex
(RAD9, RAD1, HUS1) (Harper & Elledge, 2007). After the initial detection and signaling of the apical
kinases, the transducers and mediator proteins act to transduce and amplify the signal by recruiting
more downstream repair proteins, or by acting as a physical anchoring platform onto which repair
protein complexes can be assembled (Harper & Elledge, 2007). Well known examples of this class are
53BP1 and BRCAA1, active in NHEJ and HR respectively. Finally, various effector proteins carry out the
functions of the signaling cascade. Arguably, one of the most central effector proteins is the transcription

factor p53, which relays signals to a multitude of targets, effecting changes in cell cycle state or inducing
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apoptosis. Other effectors have a more direct role, such as enzymes involved in DNA break resection,
resynthesis of DNA, and ligation of the backbone. Beyond the obvious role in mending DNA lesions,
effectors of the DNA damage response also modulate other ongoing cellular processes, including
transcription and chromatin remodeling, metabolism, autophagy, and cellular energetics, as well as
RNA processing. This allows to halt and accelerate processes which interfere or support DNA repair
respectively (Harper & Elledge, 2007; Jackson & Bartek, 2009; Zhou & Elledge, 2000). In summary, the
interplay between the immense number of DDR involved factors regulates a complete cellular response
to insults to DNA integrity. To gain an appreciation of the diversity of processes involved in DNA repair,
the individual signaling pathways dealing with specific types of DNA lesions will be discussed in more

detail.
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Figure 4. Overview of the general architecture of the DNA damage response

- -\
Gz M
Q_m

Direct Repair

The simplest form of DNA repair involved direct reversal of damage on DNA bases, foregoing incision
into the backbone or replacing the damaged nucleotide in a single catalytic reaction involving one
enzyme. The types of damages which can be repaired via this mechanism involve small non-bulky
alkylations such as methylated guanine (6-O-methylguanine). This base alteration, if left unrepaired,
leads to G:C > A:T mutations because 6-O-methylguanine falsely pairs with thymine and thus gets
changed to an A in subsequent cell divisions. The enzyme methylguanine DNA methyltransferase
(MGMT) can repair such lesions by covalently binding and removing the offending alkyl group in an
irreversible reaction, inactivating the enzyme (Figure 5). Cancer cells can downregulate the expression
of or mutate MGMT to increase the mutation rate. Conveniently, this opens a therapeutic vulnerability
making cancer cells more susceptible to alkylating chemotherapy agents like temolzolomide (Kelley et
al, 2014).
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Figure 5. Schematic overview of MGMT acting in Direct repair

Translesion Synthesis

DNA repair proteins include specialized polymerases which synthesize new DNA during the process of
repair (Figure 6). Some specialized polymerases function primarily within one distinct repair pathway,
as is the case with polymerase beta (POLB), which functions in base excision repair. Another example
is the polymerase theta (POLQ), which operates in double strand break repair. POLQ is error prone
and possesses no proof-reading function and thus can directly bypass lesions that arise especially in
the context of stalled replication forks. Often using the damaged DNA strand as template, this results
in a highly mutagenic form of repair. Nonetheless, translesion synthesis (TLS) serves a valuable
function by providing immediate repair allowing to keep cellular processes such as ongoing replication
going (Maiorano et al, 2021). In cancerous cells this is yet another example of how a DNA repair factor
is a double-edged sword in genomic stability. On the one hand, POLQ activity is mutagenic and helps
the cancer evolve. On the other hand, in the context of enhanced replication, saving stalled replication
forks from collapse or promoting repair after collapse, prevents excessive detrimental genomic stability
in cancer cells (Maiorano et al, 2021). For this reason POLQ is also an attractive target for anti-cancer
therapy, especially in cancers with a deficiency in homologous recombination, which are doubly
dependent on POLQ for its TLS activity and for its role in double strand break repair (Schrempf et al,
2021).
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Figure 6. Schematic overview of proteins involved in Translesion synthesis

Base Excision Repair

DNA lesions which affect bases without disturbing the helical backbone of DNA are preferentially
repaired via base excision repair (BER). The first step of repair involves the removal of the damaged
base via glycosylases, leaving an abasic site behind. Next, specialized endonucleases create a nick in
the DNA backbone to prepare for resynthesis of the missing nucleotides, using the complementary
strand as template. If only one base was removed, this is termed short-patch BER, whereas if small
stretches of nucleotides (2- ~10 bp) were removed, long-patch BER is employed. In the case of short-

patch BER, DNA polymerases fill the gap (abasic site) and ligases seal the nick in the backbone. For
14



long-patch repair, ligases such as POLB synthesize a stretch of DNA, reaching over the abasic site,
displacing the original strand and leaving a 5’-overhang which needs to be hydrolytically cleaved by
endonucleases before relegation of the backbone (Krokan & Bjgras, 2013) (Figure 7). Single base
substitutions are the most abundant type of mutations in cancer, placing BER as a central player in
preventing this type of mutagenesis (Pleasance et al, 2010). Due to the high replication rate in cancer,
and the increased ROS damage, cancer cells become somewhat reliant on BER to limit excessive DNA
damage and mutagenesis (Grundy & Parsons, 2020). At the same time the BER pathways ameliorates
the effects of base-damaging chemotherapeutic agents and radiation therapy (Adhikari et al, 2012).
Therefore, BER enzymes constitute attractive targets to maximize the response to chemotherapeutics
by overwhelming the DNA damage response in malignant cells (Grundy & Parsons, 2020; Dianov,
2011; Kelley et al, 2014).
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Figure 7. Schematic overview of base excision repair
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Nucleotide Excision Repair

Bulky DNA adducts with helix distortion are recognized and cleared by nucleotide excision repair (NER)
(Figure 8). NER can be subdivided into two pathways. Global genome NER (GG-NER) monitors the
entire genome for lesions, whereas transcription coupled NER (TC-NER) specializes in detecting
lesions which are encountered in the context of transcription when the RNA polymerase Il complex
stalls. In this context, lesions need to be removed for the transcription machinery to move forward. The
type of damage recognized by both systems include ROS induced cyclopurenes, UV-mediated
cyclobutene-pyrimidine dimers (CPDs) and pyrimidine-(6-4)-pyrimidone photoproducts (6-4PPs).
Further types of damage include, bulky adducts caused by chemical agents, such as benzo[a]pyrene

(BaP) or the chemotherapeutic drug cis-platin (Marteijn et al, 2014).

The damage sensor in GG-NER is XPC, aided by RAD23B and DDB2. In TC-NER, the same function
is covered by CSA and CSB, which together with USP7, UVSSA, and XAB2 hold back the RNA-Pol2
complex to free the lesion for impending repair. After the initial damage recognition step, the sub
pathways converge and continue with recruiting XPA and the TFIIH complex to the lesion. The TFIIH
complex contains the helicases XPB and XPD which work together to unwind the DNA around the
lesion in the 3’-5’ and 5’-3’ direction respectively. The stabilized unwound structure gives access to
XPG (3'-incision) and the XPF/ERCC1 heterodimer for the 5’ incision. Following the incision step, the
lesion and surrounding nucleotides are removed, leaving the opposite DNA strand to serve as template
for polymerases POLD, POLK, or POLE. Finally, the nick is sealed by LIG1 or LIG3 (Marteijn et al,
2014). Like the other DDR pathways, NER also takes on contradictory roles in cancer evolution. On the
one hand, NER is a barrier to cancer development, because NER deficiency has been observed to
predispose to a variety of conditions, including neurological abnormalities and skin cancer (Friedberg,
2001). Per contra, in the context of cancer, NER has been observed to act as a mechanism of resistance

to cisplatin, helping cancerous cells to adapt and evolve (Duan et al, 2020).
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Figure 8. Schematic overview of Nucleotide excision repair

Mismatch Repair

During replication, recombination, and even repair processes, errors in base pairing may occur due to

low fidelity of replication or translesion polymerases (Li, 2008). Furthermore, slippage of the replication
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machinery may also result in small insertions and deletions (+/- 1 bp), especially at stretches of repeat
sequences. This generates a mismatch between the indel and the opposite strand. If left unrepaired,
mismatches become fixed in the genome as single point mutations and small insertions and deletions.
Not surprisingly, inactivation of mismatch repair is associated with increased mutagenesis, as is
observed in microsatellite instable cancers (Li & Martin, 2016). Under normal conditions, the mismatch
sensor is the MutS complex, a heterodimer of MSH2 and MSH6. This complex is specialized to
recognize single base-pair mismatches. Longer mismatches, i.e. small indels up to 10 bp, are better
recognized by the MutSB complex, formed by MSH2 and MSH3 (Li, 2008). Upon encountering a
mismatch, the detection complexes undergo an ATP-dependent change in conformation, initiating the
recruitment of downstream factors MLH1, MLH3, and PMS2. In human cells, MutH is thought to play a
crucial role in strand discrimination, using a strand specific nick to separate the damaged strand from
the template strand (Li, 2008; Kunkel & Erie, 2005). Together with proliferating cell nuclear antigen
(PCNA) and replication factor C (RPC), the strand containing the mismatch is nicked and thus marked
for degradation and subsequent repair. The exonuclease EXO1 is responsible for removing nucleotides
along the nicked strand, in both the 3’-5" and 5’-3’ direction, depending on where the mismatch was
detected (Li, 2008). The nicked strand is excised up to the mismatch and slightly further, leaving a
stretch of single stranded DNA, which is coated and protected by replication protein A (RPA). Finally,
the gap is filled with newly synthesized DNA by POLD and the nick is ligated by LIG1 (Li, 2008) (Figure
9).
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Figure 9. Schematic overview of mismatch repair

18



Crosslink Repair (FA)

Interstrand crosslinks (ICL) are induced by exogenous chemicals such as platinum compounds with
two alkylating functional groups. Endogenous sources of these lesions include metabolic byproducts
such as formaldehyde and acetylaldehyde (Langevin et al, 2011; Rosado et al, 2011). Interstrand
crosslinks are extremely harmful because they prevent transcription and replication. If left unrepaired,
crosslinks can lead to subsequent double strand breaks, mitotic failure, and apoptosis (Ceccaldi et al,
2016). The Fanconi Anemia pathway (FA) has evolved to take care of such lesions, specifically in the
context of replication during S-phase. Stalling of replication forks at ICLs triggers detection of the lesion
by the FANCM-FAAP24-MHF1-MHF2 complex, which recruits the Fanconi anemia core complex
(FANCA, FANCB, FANCC, FANCF, FANCG, FANCL, FAAP100, FAAP20 and FANCM). After the initial
steps, FANCL and UBE2T serve to ubiquitylate the FANCD2-FANCI heterodimer, together referred to
as the ID-complex. The ID complex is a recruiting platform for other repair factors, including the Fanconi-
associated nuclease (FAN1) and the NER associated endonuclease ERCC4. The interaction between
these proteins allows for nucleolytic incision of the backbone near the lesion and subsequent untangling
of the previously crosslinked DNA-heteroduplex. This process leaves behind two different intermediate
damage products, one stretch of double stranded DNA with a gap in one strand (intermediate product
a), and another stretch of double stranded DNA with a break in both strands (intermediate product b).
Consequently, different strategies for downstream repair are adopted. The intermediate product a is
resolved using translesion polymerases to fill the gap. Intermediate product b, instead, needs to be
resolved using double strand break repair, preferably homologous recombination, using the sister
chromatic as a template, which in this case is the just repaired product a (Ceccaldi et al, 2016) (Figure
10).

19



ICL before replication

[T

Replisome disassembly

\\.
T _FA'r.'bre..

complex

1 nuclealytic cleavage
ERCC4 and unhooking

\
T

I DNA synthesis and ligation

l“‘i
TR AN nnnin

l

repair product A

el .' |' end resection

repair product A

BRCAZ X

___Raps1 TITTN
AENNEENE NENNNNEE

l homology directed repair,
extension and ligation

repair product A

pairprocucts [TTTTTTTIILLTTTLT

Figure 10. Schematic overview of crosslink repair (Fanconi Anemia pathway)

20



Single Strand Break Repair

Single strand breaks (SSBs) are one of the most common lesions in cells. They are formed as a
consequence of oxidative stress from metabolic activity, spontaneous decay of the sugar backbone,
and abandoned DNA repair intermediates, or even faulty activity of DNA topoisomerase 1 (TOP1)
(Caldecott, 2008). Unrepaired SSBs can quickly become toxic if left unrepaired. Single stranded DNA
stalls replication forks, leading to fork collapse and likely induction of double strand breaks (DSBs).
Despite multiple available double strand break repair pathways, a sharp increase in DSBs due to
unrepaired SSBs can lead to an overload of the available repair avenues, eventually leading to genomic
instability or apoptosis (Caldecott, 2008). SSBs are mainly detected by PARP1, which binds to SSBs
and signals for the recruitment of other repair proteins through branched chains of poly(ADP-ribose), a
process also called PARYylation. The break site is then stabilized mainly with the help of XRCC1. SSBs
are characterized by damaged nuclei flanking the 3’ and 5’ of the broken strand. Depending on the type
of damage on the 3'/5’-termini, different processing enzymes resect and restore the 3’-hydroxy and 5'-
phosphate moieties before gap filling and ligation can commence. Most notably, APE1 serves this
function for damaged 3’ends, whereas PNKP can restore both 3’ and 5’ flanking nucleotides. Other
specialized enzymes such as TDP1 can remove stalled TOP1 from 3’ ends, whereas APTX can remove
AMP from &’ ends, left over from aborted ligase activity (Mei et al, 2020). Once the flanking ends are
restored, the gap is filled by POLB, or sometimes POLD or POLE. During this process, the gap filling
can replace only the missing nucleotides or extend further than the initial gap. In the latter case, FEN1
is needed to help remove the displaced nucleotides in the 5-direction. The final ligation step is
performed by either LIG1 or LIG3 (Caldecott, 2008) (Figure 11).
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Double Strand Break Repair

Double strand breaks (DSBs) are among the most toxic lesions a cell can encounter and often lead to
cell death if left unrepaired (Friedberg et al, 2005). Furthermore, DSBs create opportunity for mutations
(indels) and translocations, accelerating genomic instability. Exogenous sources of DSBs include
ionizing radiation or chemical agents such as topoisomerase inhibitors camptothecin and etoposide, or
radiomimetic drugs like bleomycin (Mehta & Haber, 2014). Endogenously, metabolic activity, reactive
nitrogen and oxygen species, and degraded or unrepaired DNA repair intermediates, can lead to the
formation of DSBs. This is especially true in the context of replication stress, where unrepaired lesions
lead to the collapse of the replication fork, often leading to DSB formation (Nickoloff et al, 2021).
Importantly, there are also programmed cellular processes which require the formation and accurate
repair of DNA double strand breaks. These include meiosis and recombination, DNA unwinding with

topoisomerase 2, and V(D)J- and class switch recombination (Shang & Meng, 2021; San Filippo et al,
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2008). Eukaryotic cells have developed a set of partly overlapping but closely integrated repair
pathways to clear these types of lesions. The choice of pathway depends on cell cycle, cell type, and
chemical configuration of the lesion site (Symington & Gautier, 2011; Shrivastav et al, 2008). Mainly,
after the initial step of lesion recognition, the choice of pathway depends on the regulation of end
resection of the broken DNA strands (Figure 12). Non-homologous end joining (NHEJ) is the pathway
of choice for unresected compatible DNA ends. This pathway is functional throughout the cell cycle as
it requires no repair template but rather joins the blunt DNA ends in a non-conservative way, creating
small indels. Different from NHEJ, there are three other pathways which require end resection to
proceed: homologous recombination (HR), single strand annealing (SSA), and polymerase theta-
mediated end joining (TMEJ) (Chang et al, 2017). HR is the most faithful pathway, accurately repairing
lesions during S and G2 phases, where a sister chromatid is available as repair template. SSA and
TMEJ, like NHEJ are mutagenic pathways, leading to variable length deletions and insertions. SSA
uses stretches of repeats along the resected DNA ends to anneal the DNA strands, resulting in long
deletions between the homologous repeat sequences. Similarly, TMEJ uses sequences of
microhomology to join the resected DNA strands but uses translesion synthesis polymerase POLQ to
fill the gaps to the left and right of the newly joined strands, creating small microhomology flanked

deletions.

Since the end resection is a major determining factor in repair pathway choice, this process is heavily
regulated. Generally, end resection happens in two stages. First, the DNA ends are clipped, also called
limited end resection, which is performed by the MRN-complex. This step makes regions of
microhomology accessible, clearing the way for TMEJ, but precluding the progression of NHEJ.
Second, DNA helicases and nucleases like DNA2, BLM, WRN, CtIP, and EXO1 synergize to complete
further end resection, preparing the lesion site for commencement of either SSA or HR, depending on

the cell cycle stage (Shrivastav et al, 2008; Symington & Gautier, 2011).

Double Strand Break Repair — Non-homologous End-Joining

Since NHEJ requires a blunt DSB, the first step in the process is the recruitment of break end protectors
Ku70/Ku80, together with their co-factor DNA-PKcs. Together, these factors tether the broken DNA
ends and provide a platform for other DNA repair factors to act. If required, endonucleases such as
PNKP or ARTEMIS (SNM1C) can perform minimal end resection to restore compatibility of DNA ends
before joining. Finally, ligation is performed by LIG4, XRCC4, and XLF (Lieber, 2010) (Figure 12).
Although NHEJ is a mutagenic repair process, it serves important biological functions, such as the
generation of immunoglobulin variety (Shang & Meng, 2021). Furthermore, NHEJ offers fast repair of

DSBs throughout the cell cycle, limiting excessive genomic instability at the price of only small indels.

Double Strand Break Repair — Homologous Recombination
HR requires extensive end resection up to 1000 bp long, achieved by DNA2, EXO1, and BLM (San

Filippo et al, 2008). The otherwise fragile ssDNA is covered and protected by RPA2, which helps to
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avoid chemical modification or formation of secondary DNA loops. Following this, BRCA1 and BRCAZ2
recruit RAD51, which is critical in forming a search filament that is able to invade the sister chromatid,
finding the correct homologous sequence for templated repair (Wright et al, 2018). Once the correct
sequence is found, the invading 3’-strand serves as a primer for DNA synthesis. The crossover
construct, termed Holliday junction, needs to be resolved nucleolytically, separating the restored
strands (Wright et al, 2018). The final step encompasses the ligation of newly resynthesized strand
(Figure 12). HR is a high-fidelity pathway which is mainly active in the G2 and S phases of the cell
cycle, where the presence of a sister chromatid template allows for accurate restoring of the sequence
at the break site. Unsurprisingly, defects in this integral DNA repair pathway increase the risk of
developing certain cancers, notably breast and endometrial cancers, but also prostate and pancreatic

cancer (Nguyen et al, 2020; Mekonnen et al, 2022). Thus, HR acts as a barrier to cancer development.

Double Strand Break Repair — Single Strand Annealing

After extensive end resection, long stretches of homologous sequences are uncovered, often longer
than 200 bp. In SSA, the broken ends of the DNA are brought together by overlapping the flanking
homology strands, which are annealed by RADS52. The unpaired (non-homologous) single stranded
flaps to either side of the match are removed by the ERCC1-XPF dimer (Figure 12). The factors involved
in the downstream filling of the gaps and ligation of the backbone, remain unknown so far (Chang et al,
2017). SSA is a highly mutagenic repair process, resulting in large deletions. Furthermore, if DSBs
occur at different sites in the genome simultaneously, the process of annealing homologous regions
can lead to translocations, driving gross chromosomal aberrations. SSA with its canonical mutagenic
function has been implied in the etiology of different cancers and may even play a role in modulating

the response to DSB inducing chemotherapy (Blasiak, 2021).

Double Strand Break Repair — Theta Mediated End-Joining

In TMEJ, instead of committing to extensive end resection, the pathway makes use of short
microhomologies unveiled upon the initial short-range end resection (Figure 12). Because of this, TMEJ
has also been referred to as microhomology-mediated end joining (MMEJ) in the literature. Opposed to
SSA, the microhomology regions are much shorter and annealing is not RAD52 dependent.
Consequently, this means resulting deletions are much shorter than in SSA. The final steps in this repair
pathway consist of gap filling, mediated by POLQ, flap removal by XPF/ERCC1 and ligation of the
backbone by LIG1 and LIG3 (Schrempf et al, 2021; Seol et al, 2018). Beside the short deletions
characteristic for TMEJ activity, POLQ is also able to use break overhangs as template, synthesize
stretches of new DNA and anneal this newly synthesized DNA before ligation. This effectively creates
stretches of de-novo DNA, which is identical in sequence to the original overhangs, called templated

insertions (Schimmel et al, 2019).

It seems counterintuitive for evolution to have generated highly mutagenic repair pathways such as

SSA and TMEJ. Still, the evolutionary conservation of this pathway speaks to the necessity of its

24



existence. A standing hypothesis in the field is that TMEJ is preferentially active at sites of persistently
stalled replication forks, or where the sister chromatid cannot be used as a repair template by HR, due
to breaks, crosslinks, or other unrepaired lesions present in the sister strand (Schimmel et al, 2019).
Conventionally, collapsed replication forks and failure of HR would lead to cell death. However, TMEJ
offers another alternative to repair the damage at the cost of incurring indels. Therefore, in the context
of oncogene induced replication stress and increased DNA damage, TMEJ may act as a mitigator of
deadly genomic instability. The pathway at once protects from apoptosis inducing DNA damage and
enables tumor evolution through mutagenic repair activity, again illustrating the double-edged sword

DDR pathways play in cancer development.
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The DNA damage response in context

Although it aids understanding to think of a common architecture and individual DNA repair pathways
that form linear top to bottom signaling cascades, the reality of DNA repair is more akin to a tightly
interwoven network with much crosstalk and overlap. DNA damage and repair pathways which overlap
might even compete for the same lesion substrate. Evolutionarily, the crosstalk between pathways
ensures multiple chances to repair a given lesion. However, for a functional DDR machinery, tight
regulation is required. Both, the cell cycle regulation, as well as signaling feedback loops provide this
level of regulation. Furthermore, cell identity and tissue architecture impose additional constraints on
the interplay between the response to damage and repair. How different cells in their respective tissue
contexts integrate these signals decides whether apoptosis is entered, differentiation induced, or repair
is attempted. The latter option is then further governed by cell cycle stage, metabolic profile, and of

course the type and structure of the genetic lesion.

Double Strand Breaks as a Model to Understand DNA Repair in Context of Cell Cycle Regulation and
Tissue Specificity

To understand the true intricacy of the DDR, a more in-depth perspective is needed. An ideal model
system to study the complexity of DNA repair pathway choice in context is the cellular response to
breaks induced by the Cas9 endonuclease used in the CRISPR based genome editing system. First,
depending on the variant of the nuclease used, the type of lesion and exact location is known, which
allows to sequence and characterize all possible editing outcomes (Hussmann et al, 2021) giving insight
into the complex regulation of the DDR in context. The following two reviews discuss DNA repair in

context with a specific focus on the classical lesion induced by Cas9: DNA double strand breaks.
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The use of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9
has moved from bench to bedside in less than 10years, realising the vision of correcting
disease through genome editing. The accuracy and safety of this approach relies on the
precise control of DNA damage and repair processes to achieve the desired editing
outcomes. Strategies for modulating pathway choice for repairing CRISPR-mediated DNA
double-strand breaks (DSBs) have advanced the genome editing field. However, the
promise of correcting genetic diseases with CRISPR-Cas9 based therapies is restrained
by a lack of insight into controlling desired editing outcomes in cells of different tissue
origin. Here, we review recent developments and urge for a greater understanding of
tissue specific DNA repair processes of CRISPR-induced DNA breaks. We propose that
integrated mapping of tissue specific DNA repair processes will fundamentally empower
the implementation of precise and safe genome editing therapies for a larger variety
of diseases.

Keywords: CRISPR-Cas9, genome editing, DNA double-strand break, homology directed repair, non-homologous
end-joining, microhomology mediated end-joining, tissue specific DNA repair, tissue stem cells

DNA DOUBLE-STRAND BREAK REPAIR: THE FOUNDATION
FOR GENOME EDITING

Genome stability is constantly challenged by endogenous and exogenous factors that threaten
the integrity of DNA. If DNA damage is incorrectly repaired, this leads to mutations or wide-
spread genome aberrations that impair cell function and survival. Intracellular reactive oxygen
species (ROS) and reactive nitrogen species (RNS), reactive metabolites, and replication stress
synergise with exogenous genotoxic sources of damage, such as radiation, chemical exposure,
viral, or bacterial infections to challenge genomic stability. In order to protect genome integrity,
cells have evolved sophisticated mechanisms to detect, signal, and repair diverse DNA lesions,
known as the DNA damage response.

Biological Significance of DNA Double-Strand Breaks

DNA double-strand breaks (DSBs) are amongst the most toxic lesions cells can encounter, as
both DNA ends become topologically separated. For this reason, DSBs are induced in cancer
therapy, either through ionising radiation or by preventing their repair via topoisomerase
inhibition. In contrast, formation of endogenous DSBs is an integral part of fundamental
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cellular processes, such as the generation of immune receptor
diversity, meiosis, and ageing (Jackson and Bartek, 2009).
Therefore, DSB repair is an essential and vital cellular process.
Overall, DSBs are repaired in two ways: re-ligation of the
DNA ends through pathways such as non-homologous
end-joining (NHE]) and microhomology-mediated end-joining
(MME]), or templated repair from a separate donor DNA
molecule, through a process called homology directed repair
(HDR; Yeh et al, 2019). A key aspect in the repair of DSBs
in human cells is the competition between these two types
of repair, with end-joining pathways being favoured over
templated repair, in a cell-cycle dependent manner.

Cas9-Induced DNA Double-Strand Breaks:
The Genome Editing Revolution

During the early 2000s, site-specific DSB generation, induced
by engineered endonucleases, became an increasingly useful
approach to edit the genome. Zinc finger nucleases (ZFNs)
and transcription activator-like effector nucleases (TALENS)
have been successfully used as genome editing tools in
mammalian cells (Miller et al, 2011; Hossain et al., 2015).
However, inherent difficulties with protein design, synthesis,
and validation remained a challenge to the widespread
implementation of these nuclease-based editing technologies.
This limitation was solved upon the discovery of Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR), a
breakthrough that revolutionised the field of genome editing
(Jinek et al., 2012). CRISPR and the associated Cas9 endonuclease
(CRISPR-Cas9) were initially identified as an antiviral defence
mechanism in prokaryotes, but rapidly became a powerful
genome editing tool in eukaryotic cells (Cong et al, 2013;
Jinek et al., 2013; Mali et al., 2013). The CRISPR-Cas9 system,
guided by a single-guide RNA (sgRNA), targets a particular
region of the genome, generating a DNA DSB that subsequently
activates the cellular DNA repair machinery. The considerable
ease of manipulating the sgRNA, compared to ZFNs and
TALEN:S, has served an important role in the CRISPR revolution,
creating the possibility to edit a wide variety of cell types and
organisms, with unprecedent precision and efficiency. Importantly,
besides being a powerful approach for functional genetic studies,
CRISPR-Cas9 approaches hold great promise for the correction
of genetic disorders caused by specific alterations in the genome,
with recent clinical trials reporting promising results (Wang
et al, 2020; Frangoul et al, 2021). However, most current
clinical applications are still based on the disruption of a genetic
sequence, rather than a precise edit. Moreover, the safety and
efficiency of CRISPR-based therapies still need to be closely
addressed and an important step is the fundamental
understanding of the tissue specific DNA repair pathway choice,
following a Cas9-induced DSB. The focus of this review will
be on the DSB-dependent genome editing technologies which
make use of Streptococcus pyogenes Cas9 (SpCas9), generating
a blunt end at a targeted genomic site. We direct readers to
the following additional technical advances that have expanded
the CRISPR-toolbox and fall outside the focus of this
review:  engineered Cas9 nucleases with higher fidelity

(Kleinstiver et al., 2016) and broader specificity (Kleinstiver
et al,, 2015; Walton et al., 2020), DSB-independent applications
that increase the range of possible editing outcomes, such as
DNA base editors (Komor et al., 2016; Gaudelli et al., 2017)
and prime editing (Anzalone et al, 2019), CRISPR-mediated
regulation of gene expression (Gilbert et al., 2013; Qi et al,
2013; Nufiez et al., 2021), and new CRISPR nucleases repurposed
for genome editing (Zetsche et al., 2015).

REPAIR OF Cas9-INDUCED DNA
DOUBLE-STRAND BREAKS

Cell Cycle Regulates DNA Double-Strand
Break Repair Pathway Choice

After a Cas9-induced DSB, repair pathway choice is a crucial
factor in determining the editing outcome. The blunt ends
of the DNA break can be protected by the Ku70/80 heterodimer,
fating the lesion for repair by NHEJ. Conversely, 5'-3'
resection of DNA ends reveals sequence homologies that
direct repair toward HDR or MME]J (Yeh et al, 2019).
Therefore, the processing of DSB ends from blunt ends to
overhangs, via end-resection, is the major factor dictating
repair pathway choice. Although HDR faithfully repairs
lesions, the end-joining pathways are preferentially upregulated
through several mechanisms following DSB formation. This
is because NHE] is active throughout all phases of the cell
cycle, predominating in GO and G1 (Shrivastav et al., 2008),
whereas factors that promote extensive end-resection are
more active during S and G2 phases, favouring HDR when
a sister chromatid is present (Chang et al., 2017). The balance
between HDR and NHE]J is further regulated by reciprocal
inhibition between these two pathways. While 53BP1 and
RIF1 mostly promote NHE] by blocking end-resection, BRCA1
and CtIP direct break processing toward HDR or MME]
(Escribano-Diaz et al., 2013).

End-Joining Repair

In the absence of a repair template, a Cas9-induced DSB is
predominantly repaired in an error-prone manner, resulting
in insertions and deletions (indels) within the targeted genomic
sequence. If these indels give rise to frameshift mutations,
they result in loss-of-function alleles. This type of repair
outcome has been largely attributed to the use of NHE],
which directly ligates the two DNA ends following cleavage,
leading to the generation of small indels (<10bp; Bothmer
etal, 2017). More recently, MME] has been shown to contribute
to a large fraction of the edited alleles observed after genome
editing (Shen et al, 2018). The MMEJ-mediated repair of
Cas9-induced DSBs is characterised by a distinct indel profile
where larger deletions are the predominant outcome (>10bp;
Ferreira da Silva et al,, 2019; Figure 1A). Similar to NHE],
MME] ligates the DNA ends in the absence of an exogenous
repair template but, unlike NHE], MME] requires initial and
short-distance DSB end-resection to reveal regions of
microhomology (Seol et al., 2018). The initial resection (5-25
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FIGURE 1 | Repair outcomes after a Cas9-induced DNA double-strand break (DSB) and strategies for enhancing precise repair. (A) Cas9, targeted by a sgRNA,
induces a DSB in a precise region of the genome. Non-homologous end-joining (NHEJ), promoted by 53BP1, is the default repair pathway. Through the coordinated
action of factors such as DNA-PK and LIG4, NHEJ repairs the DSB by re-joining the DNA-ends in an error-prone manner. This results in small insertions and
deletions (indels) that can generate a loss-of-function allele if a frameshift is generated. If end-resection occurs [mediated by CtIP and MRE11-Rad50-NBS1 (MRN)],
microhomology-mediated end-joining (MMEJ), or homology-directed repair (HDR) function. The repair outcome following MMEJ-mediated repair can vary, although
this can be predicted since it depends on regions of microhomology and leads to larger indels. HDR, mediated by factors such as BRCA1 and RAD51, relies on a
repair template and hence is error-free, leading to precise genomic alterations. (B) The use of ssDNA oligonucleotides (ssODN) as donor templates has also been
developed to harness HDR. This process is called single-stranded templated repair (SSTR). SSTR is generally more efficient due to the asymmetry of the Cas9-DNA
complex, which leads to the release of the PAM-distal non-target strand. Therefore, a rational design of the ssODN donor template complementary to the strand
that is first released improves precise editing. (C) The inhibition of NHEJ has been used to improve precise repair following Cas9-breaks. 53BP1 inhibition through
ubiquitin variants, dominant negative forms, or expression of factors that displace 53BP1, has proven useful. Small molecule inhibitors against DNA-PKcs and LIG4
have also been used. (D) Cell cycle manipulation has also proved useful for enhancing HDR. HDR (depicted in blue) is only active in S/G2/M phases, contrary to
NHEJ (depicted in orange), which is active throughout the cell cycle. Strategies to improve HDR have included the use of compounds (such as XL413, aphidicolin,
and nocodazole) to block cells in HDR-permissive phases. A Cas9-CtIP fusion allows end-resection (and subsequently HDR) to occur throughout the entire cell-

Cas9-CtIP

cycle. PAM, protospacer adjacent-motif.
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base pairs) is performed by the MRE11-Rad50-NBS1 (MRN)
complex, which is activated in a cell-cycle dependent manner
by CtIP (Truong et al., 2013). This exposes microhomologies
on opposite strands that anneal to one another. DNA polymerase
0 (POLQ) stabilises the annealed single-stranded DNA and
fills the gaps, via templated synthesis. The early resection
steps that occur in MME] are shared with HDR. However,
annealing and extension of overhanging ends during MME]
function to prevent HDR. Moreover, HDR requires extended
end-resection, which depends on additional factors, such as
the helicase Bloom syndrome protein (BLM) and Exonuclease 1
(EXO1; Truong et al., 2013).

Albeit being generally considered as an alternative pathway,
studies based on the pharmacological and genetic ablation
of NHE]J have shown that MME]J can fully compensate for
the absence of NHE]J in the repair of Cas9-induced DSBs
(Brinkman et al., 2018; Ferreira da Silva et al., 2019). Despite
the error-prone nature of end-joining pathways, there is
mounting evidence indicating that the pattern of DNA repair
following a Cas9-induced DSB is not stochastic (van Overbeek
et al, 2016; Shou et al., 2018). Based on this observation,
several studies have systematically analysed how sequences
flanking the DSB impact repair outcome, leading to the
important conclusion that template-free Cas9 editing can
be predicted and applied to achieve a specific outcome (Allen
et al., 2018; Shen et al., 2018).

Homology-Directed Repair

In contrast to the end-joining pathways, and within the context
of genome editing, HDR depends on an exogenous repair
template, allowing cells to integrate specific and precise alterations
in their genome (Figure 1A), thus making it more relevant
for therapeutic applications. HDR efficiency, however, remains
a challenge and several approaches have been developed to
overcome this limitation. Biochemical modelling of the
Cas9-DNA interaction has been fundamental to prove that
the efficiency of HDR can be improved through rational design
of the repair template, concluding that the use of single-stranded
DNA (i.e., synthetic oligonucleotides) as a repair template
improves HDR (Richardson et al., 2016; Aird et al, 2018).
This sub-type of HDR is commonly called single-stranded
templated repair (SSTR; Figure 1B).

Importantly, transcriptional and genetic differences impact
the efficiency of CRISPR-Cas9 editing and therefore the
effectiveness of genome editing approaches. Screens performed
in human cancer cell lines have shown that the Fanconi anaemia
(FA) pathway diverts repair toward SSTR, playing an important
role in HDR efficiency (Richardson et al., 2018). The Fanconi
anaemia group D2 protein (FANCD?2) has been shown to have
a direct role on genome editing, by physically localising to
Cas9-induced DSBs. This finding has important therapeutic
implications for future genome editing applications in FA
patients. Moreover, the involvement of FA, a pathway that
repairs interstrand cross-links, on the repair of Cas9-mediated
DSBs highlights how little is known about the interplay between
DNA repair pathways in the context of different CRISPR-
mediated technologies.

Rewiring DNA Double-Strand Break

Repair Towards Homology-Directed
Recombination

The importance of DNA repair for genome editing applications
is further illustrated by the different approaches that modulate
DNA repair pathways to improve HDR efficiency. For example,
since NHE] is the default pathway in human cells, its inhibition
has been exploited to favour HDR. This has been achieved
through the use of small-molecules targeting LIG4 or DNA-PKcs
(Robert et al., 2015; Riesenberg and Maricic, 2018), ubiquitin-
variants targeting 53BP1 (Canny et al., 2017), expression of
factors that displace 53BP1 from DSBs (Nambiar et al., 2019),
or 53BP1 dominant negative forms (Paulsen et al, 2017;
Figure 1C). Another strategy to promote HDR is through
cell cycle modulation, thereby increasing precise editing and
minimising undesirable indels (Figure 1D). One of such
strategies makes use of a Cas9 fused with the protein CtIP
(Charpentier et al., 2018). This construct bypasses the
requirement for cell cycle dependent activation of CtIP (by
CDK1/2), necessary for end-resection and subsequent HDR.
Pharmacological cell cycle arrests in HDR-permissive phases
(S/G2) with aphidicolin, nocodazole, or the small molecule
XL413, can also improve the efficiency of precise editing
(Lin et al., 2014; Wienert et al., 2020). Overall, the modulation
of DNA repair pathway choice, either through direct inhibition
of NHE]J or cell-cycle regulation, comprises a potent strategy
to boost precise editing.

CRISPR-Cas9 Editing Outcomes Are
Shaped by DNA Repair Processes

The DNA damage response is a highly interconnected signalling
network, which is modulated by cell cycle stage, gene expression
changes, chromatin states, differentiation status, and cell type
(Blanpain et al., 2011; Fortini et al., 2013; Klement and Goodarzi,
2014; Polak et al., 2015; Hustedt and Durocher, 2017; Weeden
and Asselin-Labat, 2018; Yimit et al., 2019).

In the pursuit of safe and precise genome editing, next
generation sequencing (NGS) technologies have empowered
researchers to look for off-target effects beyond commonly
predicted sites, enabling high standards for quality control
of ex vivo edited cell populations (Li et al., 2019). Even in
the near absence of off-target editing, the challenge of achieving
precise editing outcomes at the desired target site remains.
Investigating CRISPR-Cas9 outcomes in mouse embryonic
stem cells, mouse hematopoietic progenitors, and differentiated
human cells lines with intact DNA repair, Kosicki et al.
(2018) found frequent large-scale deletions around the cut
site, as well as crossover events with distant sites.
Notwithstanding the advanced technologies to limit off-target
effects, these surprising results revealed that more research
is required to understand possible editing outcomes and how
to avoid unwanted on-target effects.

A recently developed approach termed Repair-Seq was used
to systematically map DNA repair outcomes, and hence editing
outcomes, after Cas9 and Casl2a mediated genomic editing
across several loci (Hussmann et al., 2021). This revealed that
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genetic dependencies driving repair outcomes are determined
by the exact type of DNA lesion present. Predicting editing
outcome is thus dependent on the understanding of lesion
conformation and its interplay with DNA repair factors.

In summary, recent insights into the complex interplay
between DNA break configuration and DNA repair factors,
highlighted how the landscape of genome editing outcomes
remains underexplored. The studies discussed above made their
observations in a few cellular models but found a surprising
variety of lesions and repair outcomes generated. The level of
complexity further increases when one takes cell type and
tissue specific effects of DNA repair into consideration. It
becomes apparent that the full control of CRISPR-mediated
genome editing is only possible with full understanding of
the intricacy of endonuclease generated lesion conformation
in combination with DNA repair regulation in a tissue
dependent context.

SUCCESS OF CRISPR-BASED
THERAPIES DEPENDS ON
UNDERSTANDING TISSUE SPECIFIC
DNA REPAIR

DNA Repair Outcomes Are Tissue Specific
Outside the CRISPR field, it has long been noted that the
balance between the type of DNA lesion and DNA repair
activity determines tissue specific repair outcome. Germline
mutations in DNA repair genes cause disease phenotypes, which
often manifest in a tissue specific manner. A classic example
are BRCAI/2 mutations, which cause a defect in HDR, yet
predispose primarily to breast and endometrial cancers. Similarly,
defects in DNA single strand break repair (SSBR), predominantly
affect neuronal cell types, while, for instance defects in crosslink
repair (Fanconi anaemia pathway) precipitate bone marrow
failure and neurological degeneration (Tiwari and Wilson, 2019).
The differential effect certain DNA repair defects have on
specific cell types cannot be fully explained. Part of the
explanation may be tissue specific differences in terms of which
type of DNA damage is encountered, for instance, due to
differential cellular metabolism or hormone levels (Langevin
et al,, 2011; Garaycoechea et al, 2012; Singh and Yu, 2020).
However, DNA damage is only one side of the coin, while
DNA repair is the other. Indeed, different cell types, even
within tissues, have been found to show divergent propensity
for DNA repair. Differential sensitivity to DSBs, for instance,
has been observed among human hematopoietic stem cells
(HSCs) and progenitor cell populations (Milyavsky et al., 2010).
Compared to progenitor populations, HSCs showed delayed
repair kinetics and higher levels of p53 activation, leading to
increased apoptosis after DSB induction.

How the cell type affects the specificity of DNA repair
outcomes across tissues is thus another level of consideration
for designing CIRSPR applications. Although the intricate tissue
specific response to DNA DSBs complicates design of gene
editing therapies, in-depth characterization of tissue specific

DNA repair mechanisms is key for developing safe and efficient
therapies. We discuss recent insights which advanced the
understanding of underlying mechanisms effectuating tissue
specificity of DNA repair, and how this might influence
CRISPR applicability.

Tissue Specific Cell Cycle Effects

Since cell cycle stage impacts repair pathway choice, only
actively cycling cells have full accessibility to NHEJ, MME],
and HDR. Other cells, quiescent or post-mitotic, must re-enter
the cell cycle to access DSB repair and other repair pathways
(Nouspikel and Hanawalt, 2000; Shin et al.,, 2020). Upon exit
of GO, NHE] is the predominant repair pathway for DSBs,
increasing the possibility of mutagenic repair (Mohrin et al.,
2010; Shin et al,, 2020). The inaccessibility of HDR coupled
with the preference for NHEJ in some cell types poses a
problem for the utility of CRISPR therapeutics. To achieve a
long-lasting therapeutic effect, targeting long-lived stem cell
populations offers the best strategy. However, many somatic
stem cells across tissues are quiescent and therefore HDR-based
therapies aimed at introducing specific edits are challenging
and might limit the applicability of CRISPR technology in the
clinics. A recent study, however, has demonstrated that detailed
knowledge of DNA repair and cell cycle regulation can
significantly increase the HDR-editability of the target cell
population. Shin et al. demonstrated that quiescent HSCs can
be edited with HDR up to an overall efficiency of 30% if they
are stimulated to enter the cell cycle before commencing editing.

Tissue Specific Effects of Differentiation
and Chromatin Status

It has been established that many different cell lineages across
tissues exhibit slower rates of DNA repair and generally have
reduced capacity to maintain their genome. This can be seen
as an adaptive advantage, as highly differentiated cells do not
spend energy on whole genome maintenance and instead focus
on the conservation of actively transcribed genes (Nouspikel
and Hanawalt, 2002). Most terminally differentiated cells are
not of interest for CRISPR therapeutics, apart from long-lived
differentiated cells such as neurons and intermittently mitotic
hepatocytes. For the most part, tissue specific stem cells will
be the target for clinical CRISPR applications by virtue of
their ability to populate the tissue with gene-edited cells. Because
DNA repair, from signalling to pathway choice, is tightly
interconnected with epigenetic regulation, it must be appreciated
that the distinct chromatin profiles of differentiated and
non-differentiated cells might influence how a DNA lesion is
repaired. HDR, in contrast to NHE], requires end-resection,
which happens more effectively in open chromatin regions.
Consequently, HDR is favoured in genomic regions with open
chromatin conformation, marked by H4 acetylation and
HeK36me3. NHE], on the other hand, is preferred in
heterochromatic regions and at sites where H4 is demethylated
at lysine 20 (H4K20me2; Karakaidos et al, 2020). Recently,
the pathway balance between NHE] and MME]J as influenced
by chromatin configuration has also been mapped
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(Schep et al,, 2021). This study showed that MME]J is more
active than NHEJ in specific heterochromatin contexts, namely
late replicating regions, lamina associated regions, and at
H3K9me2 sites. Moreover, MME] was shown to compete with
SSTR (Schep et al.,, 2021). Therefore, systematically mapping
chromatin environments across cell types can inform avenues
for regulation to successfully install CRISPR edits which rely
on the incorporation of repair templates.

The advances in mapping and understanding intrinsic
differences in DNA repair regulation across cell types will
undoubtedly promote design of more efficient CRISPR therapies,
which can be applied ex vivo using induced pluripotent stem
cells (iPSCs) and organoid-based approaches (Schwank et al.,
2013; Xie et al,, 2014; Li et al., 2015), while keeping unwanted
on-target effects to a minimum. Especially when targeting
long lived and actively dividing stem cells, ex vivo editing
offers a safer route over in vivo editing, because edited cells
can be thoroughly investigated and selected for the desired
editing outcome, prior to transplantation into the patient.
However, some diseases may require in vivo editing due to
the plurality of tissues and cell types affected, adding another
layer of complexity, since tissue context must be considered
as well.

Editing Outcomes Are Influenced by
Tissue Architecture

One disease in which in vivo editing would likely be necessary
is cystic fibrosis, which is caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene.
The function of this chloride/bicarbonate channel is to regulate
the exchange of electrolytes and thus the hydration levels of
secretory epithelia. Loss or reduction of function in this protein
leads to cycles of mucus accumulation, inflammation, and
infection in the lung, progressively destroying the airway
epithelium (Ensinck et al., 2021).

With 360 reported pathogenic mutations, editing strategies
for cystic fibrosis need to be tailored to each patient and draw
on an integrated understanding of DNA repair. In order to
achieve a long-term cure, the resident tissue stem cells, ie.,
basal cells, must not only be studied in terms of their response
to CRISPR-induced DNA breaks and subsequent repair, but
also where they are situated within their host tissue. This is
especially relevant because, within the lung, an intra-tissue
variance in response to DNA damage exists. Along the airway
epithelium of the trachea and larger bronchi, basal stem cells
are responsible for renewing the epithelium, giving rise to
ciliated and club cells (Rock et al., 2009; Asselin-Labat and
Filby, 2012; Hogan et al., 2014). It should be noted that basal
cells are the most active stem cell pool along the trachea,
whereas in the bronchi, club cells have also been shown to
self-renew and give rise to ciliated cells (Rawlins et al., 2009).
Within the lung tissue, there is also the highly specialised
alveolar epithelium, which consists of elongated type 1 cells
and secretory type 2 cells (alveolar type 2=AT2), the latter
being the resident stem cell (Barkauskas et al., 2013; Yamamoto
et al,, 2020). Surprisingly, it has been observed that basal stem
cells exhibit a greater capacity for repair of DSBs compared

to AT2 cells. Basal cells utilise NHE] more efficiently than
AT2 cells, allowing them to resist apoptosis and to begin
proliferation. In the disease context, the pathologic changes
and inflammatory environment of the tissue also play a role
in how efficient CRISPR editing might function. Hence, to
avoid a mixture of editing outcomes across different cell types
within one tissue, the utilisation of DNA repair pathways and
their relative efficiency in the target cells must be taken into
consideration for CRISPR-Cas9 editing.

As the CRISPR field advances, it has become ever increasingly
interwoven with the DNA repair field, because it is recognised
that genome editing is dependent on the activity of the cellular
DNA repair machinery. We focused on CRISPR-Cas9
technologies, which depend on DSB repair pathways and
reviewed the emerging research on the complexity of tissue
specificity of DNA repair. The outcome of a genomic edit
builds upon the complex interplay of the DNA repair machinery,
which is specific to the type of lesion generated, and differs
across cell types and within tissue environments, owing to
cell cycle effects, differentiation status, and chromatin
configurations. The power to translate genome editing to the
clinic increases with a progressive understanding of all aspects
of DNA repair.

CRISPR IN THE CLINICS: CHALLENGES
AND LIMITATIONS DUE TO DNA
REPAIR TISSUE SPECIFICITY

With ever improving CRISPR-based technologies, gene-editing
treatment has become a reality in the clinics. The dream to
cure diseases by correcting the causative mutations is far simpler
than its implementation. For a few applications, including
engineering T-cells for cancer therapy, inborn blood disorders,
transthyretin (TTR) amyloidosis, and heritable blindness,
CRISPR-therapies have become available to patients. We review
recent achievements in clinical trials and consider the applicability
of tissue specific DNA repair.

CRISPR in Cancer Therapy

Recently concluded clinical trials have successfully shown
delivery of CRISPR-Cas9-based ex vivo therapies to patients
and demonstrated safety and feasibility of these treatments.
Yet, these trials have also demonstrated that the mere reduction
of off-target editing is not sufficient to achieve the desired
outcome. One trial (NCT02793856) studying the therapeutic
effect of knocking out the programmed cell death protein 1
(PD-1) in patient derived T-cells via NHE] in refractory
non-small-cell lung cancer, found a good ratio of 48.7 of
on-target over off-target editing. Even so, 28.8% of all on-target
edits did not match the predicted outcome (Lu et al, 2020).
Another trial (NCT03399448), also focused on enhancing anti-
tumor immunity of T-cells, set out to simultaneously edit four
loci encoding for the endogenous T-cell receptor (TCR), and
PD-1, while introducing a transgene (NY-ESO-1), which is
more efficient at recognising tumor cells than the TCR. While
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off-target editing events were rare, simultaneous editing of
multiple loci led to translocations and large deletions. Of 12
possible translocation events, the most abundant rearrangement
caused a 9.3kb deletion, which was evident in all edited samples
and remained detectable in patients up to 170days post-
transfusion (Stadtmauer et al, 2020). While all observed
translocations persisted in peripheral blood, the frequency of
detected rearrangements declined with time, indicating no
specific growth advantage introduced by the unintended edits.

In summary, both trials demonstrated the utility of
CRISPR-Cas9 based treatment approaches in patients, in addition
to moderate clinical benefit. The editing strategy in both trials
minimised off-target effects, while still introducing unwanted
on-target effects. For transient cell populations such as engineered
T-cells, this might be acceptable. However, for clinical applications
which require precise editing of resident stem cell populations,
better control over editing outcome is needed.

CRISPR for Hereditary Disease Therapy
Targeting Tissue Stem Cells

An important milestone in the development of therapeutic
genome editing was reached in two CRISPR-based trials for
B-thalassemia and sickle cell anemia (NCT03655678 and
NCT03745287,  respectively).  Targeting ~ CD45-positive
hematopoietic stem and progenitor cells, the ex vivo editing
strategy relied on error prone NHEJ to achieve gene knockout
of BCL1IA, a transcriptional repressor of foetal hemoglobin
(Frangoul et al.,, 2021). Precise correction of the causative point
mutations for these diseases seems like a more obvious choice
compared to disrupting a transcription factor (Figure 2A).
However, considering the relative ineffectiveness of HDR in
the target cells and their propensity to utilize NHE], deliberate
indel generation offers a more effective editing strategy. Both
trials proved that minimising off-target effects, while carefully
predicting and evaluating indels generated at the on-target
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FIGURE 2 | Successful clustered regularly interspaced short palindromic repeats (CRISPR) applications require consideration of tissue-specific DNA repair and
repair pathway accessibility. (A) Hematopoietic stem cells (HSCs) are extracted from the bone marrow and edited ex vivo for the treatment of sickle cell anaemia and
p-thalassemia. Without stimulating cells to enter the cell cycle once before CRISPR-Cas9 editing, quiescent HSCs rely on error prone NHEJ to repair induced DSB.
In a clinical application, the preference for NHEJ is leveraged to disrupt the transcription factor BCL11A, which represses the expression of foetal hemoglobin. The
re-expression of foetal hemoglobin allows for the formation of normally shaped erythrocytes. (B) The toxic accumulation of fumarylacetoacetate in fatal hereditary
tyrosinemia type | (HTI) leads to liver cirrhosis and liver failure due to a mutation in the fumarylacetoacetate hydrolase gene (FAH). Highly differentiated quiescent cells
can be stimulated to re-enter the cell cycle upon DNA, or tissue, damage. Provided with a single-stranded repair template, few cycling hepatocytes have access to
repair DSB via homologous directed repair. Precisely edited hepatocytes have a growth advantage over non-edited cells and reconstitute tissue homeostasis.

(C) Leber congenital amauroris (LCA) is the first disease treated with an in vivo CRISPR approach. The post mitotic light sensitive cells in the retina degenerate with
age, leading to impaired vision early on in life. Appropriating the propensity of post mitotic cells to repair DSBs via NHEJ, the therapy aims to disrupt an aberrant
splicing site in exon 26 of CEP290, maintaining a functional retina.
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site, are valid strategies to utilise NHE]J for safe editing of
stem cells. Edited cells engrafted in patients’ bone marrow,
demonstrating the feasibility of editing long lived stem cells
and replenishing stem cell compartments of interest with
corrected cells (Frangoul et al., 2021). In future applications,
which require precise editing, controlling quiescent and
cycling states of HSCs might prove useful to increase HDR
(Shin et al., 2020).

Targeting Differentiated Cells

Integrated knowledge of tissue architecture and DNA repair
outcomes can help designing better CRISPR therapies. A prime
example of this is the fatal genetic disease hereditary tyrosinemia
type I (HTI). HTT is caused by a G>A point mutation in the
fumarylacetoacetate hydrolase (FAH) gene, which causes skipping
of exon 8, leading to a dysfunctional protein and accumulation
of the toxic metabolite fumarylacetoacetate in hepatocytes,
ultimately leading to cirrhosis, acute liver failure, and increased
risk of hepatocellular carcinoma (Yin et al,, 2014; King et al.,
2017). The liver consists largely of highly differentiated
hepatocytes, while the population of hepatic progenitor cells
(HPCs) is considerably smaller. Although fully differentiated,
in response to disturbances to homeostasis, quiescent hepatocytes
can enter the cell cycle and begin proliferating to repair tissue
injury (Figure 2B; Kiseleva et al, 2021). In their study on
HTI, Yin and colleagues demonstrated that precise correction
of the mutation can be achieved in mice via delivering
CRISPR-Cas9 along with a single-stranded DNA repair template
into hepatocytes, using hydrodynamic tail vein injection. Once
stimulated to proliferate, actively cycling hepatocytes can utilize
HDR to make the edit of interest. Although only one in 250
liver cells were successfully edited, corrected cells have a selective
advantage and begin to outgrow unedited cells and repopulate
the liver, effectively ameliorating the disease. Therefore,
considering tissue architecture along with DNA repair pathway
choice, results in a therapy which is more effective than the
initial editing efficiency.

Gene editing of hepatocytes has recently found application
in a clinical trial using in vivo editing (Gillmore et al., 2021).
TTR amyloidosis (ATTR) is a progressive fatal disease, which
may be inherited in an autosomal dominant manner through
inheritance of one of more than 100 recognised pathogenic
mutations in the TTR protein. Misfolding of mutant TTR
promotes the accumulation of insoluble protein fibers, which
are deposited predominantly in heart and nervous tissue, leading
to cardiomyopathies and polyneuropathies. TTR has normal,
but dispensable, functions in vitamin A transport and is almost
exclusively produced in the liver. Thus, targeted knockout of
the TTR gene in hepatocytes, coupled with vitamin A
supplementation, is a viable treatment strategy to reduce systemic
levels of TTR and curb the deposition of pathogenic TTR
fibers (Gertz et al., 2015).

Gillmore et al. (2021) describe the intermediate results of
an ongoing clinical study seeking to reduce TTR protein level
in patients with hereditary ATTR (Gillmore et al, 2021).
Extensive pre-clinical screening for off-target effects was
conducted to allow for the optimal selection of an efficient

sgRNA and the formulation of the editing drug “NTLA-2001”"
The CRISPR editing machinery, encoded in mRNA, and the
TTR sgRNA was delivered encapsulated in lipid nanoparticles
with liver tropism. Patients showed a dose dependent effect
of TTR serum level reduction after 28days, between 47-56
and 80-96% for the lower and higher dose of NTLA-2001,
respectively. Thus far, patients have not exhibited serious adverse
effects. Long-term monitoring of protein level reduction, side
effects, and outcomes on disease progression and mortality
will show the safety and applicability of this therapy. The liver
is an optimal target organ for the first in vivo therapy targeting
differentiated cells. It consists mostly of intermittently mitotic
hepatocytes, which at once reduces the risk of pathogenic
outgrowth, compared to consistently cycling cells, and simplifies
the complexity of having to consider many cell types in the
design of the editing strategy. Aside from the rarity of hereditary
ATTR, pathogenic accumulation of wild type TTR fibers in
the heart is also observed in patients and has been recognised
as a cause for cardiomyopathy and eventual heart failure (Gertz
etal,, 2015). Hence, a successful CRISPR therapy for transthyretin
amyloidosis may be the first to find broad application beyond
rare diseases.

Targeting Post Mitotic Cells

Since specificity of editing outcomes and safety are still
major technological hurdles, there are currently few ongoing
clinical trials utilising in vivo CRISPR Cas9 editing. One
trial is seeking to treat Leber congenital amaurosis (LCA;
ClinicalTrials.gov, 2019). LCA manifests in degeneration of the
retina and is caused by mutations in more than 25 genes
(Daich Varela et al., 2021). The CRISPR-based drug, EDIT-101,
targets a heterozygous mutation in intron 26 of the LCA gene
CEP290 to remove an aberrant splicing site via generating an
indel through NHE]J (Figure 2C; Maeder et al.,, 2019). While
it is exciting that in vivo CRISPR editing begins to move into
the clinic, it is pertinent to keep in mind that LCA constitutes
an ideal model disease for this approach. The post-mitotic
nature of the targeted cells ensures a greater propensity for
utilising NHE] to repair the induced break and reduces the
risk of selective pathogenic outgrowth of edited cells, when
compared to actively cycling somatic stem cells. Furthermore,
there is reduced risk of inflammation or adverse reactions to
introduction of Cas9, due to the immunoprivileged status of
the eye.

The examples above illustrate the potential and versatility
of CRISPR-based therapies. The success of such approaches,
however, relies on careful consideration about the biology of
targeted cells and a deep understanding about the tissue specific
mechanisms of DNA damage signalling and repair.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

The successful implementation of CRISPR-Cas9 technologies
in a clinical setting relies on a deeper understanding of the
DNA repair mechanisms and pathways responsible for genetic
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replacement outcomes, as well as the activity and accessibility
of these pathways in specific cell types and tissues. Following
the generation of a DSB, cell cycle regulation, and DNA repair
pathway choice play major roles in determining the editing
outcome. Therefore, genome editing approaches have begun
to harness DNA repair control and modulation for more efficient
and predictable outcomes.

Overall, the genome and transcriptome of target cells
impact the effectiveness of genome editing approaches.
Moreover, cell identity and tissue context are important
considerations in designing effective editing strategies. While
ex vivo editing strategies allow for extensive quality control,
in vivo editing strategies could target multiple cell types at
once, but must be safe and accurate, especially when targeting
long-lived somatic stem cells. Recent successes in therapeutic
editing achieved in P-thalassemia and sickle cell anemia
demonstrated the feasibility of utilising CRISPR-Cas9 editing
in stem cells to alleviate disease. While these reports are
encouraging, there is a large margin for improving treatment
strategies for diseases which require editing of multiple loci
or precise editing of one locus across multiple tissues. CRISPR
technologies that do not rely on the generation of DSBs,
such as DNA base editors and prime editing, are promising
avenues for future precision medicine. These technologies
are independent of cell cycle stage and hence have the
potential to correct multiple cell types. However, both base
editors and prime editing introduce unique types of DNA
damage products, such as DNA single-strand breaks and
base mismatches, to facilitate genome editing. Hence these
approaches rely on other DNA repair pathways that must
be understood, in tissue-specific contexts, for further expansion
and improvement of these technologies (Gu et al., 2021).

The expansion of the tools available to understand and
control the CRISPR-Cas9 system has continuously fuelled the
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CRISPR-Cas9-mediated genome
editing holds great promise for the
correction of pathogenic variants
in humans. However, its therapeu-
tic implementation is hampered
due to unwanted editing outcomes.
A better understanding of cell type-
and tissue-specific DNA repair pro-
cesses will ultimately enable pre-
cise control of editing outcomes
for safer and effective therapies.

Introduction

Clustered regularly interspaced short palin-
dromic repeats (CRISPR) and the associ-
ated Cas9 endonuclease (CRISPR-Cas9)
are a powerful genome editing tool [1].
Guided by a single-guide RNA (sgRNA),
CRISPR-Cas9 targets a specific region of
the genome, generating a DNA double-
strand break (DSB) that activates the cellu-
lar DNA repair machinery. The DNA repair
signaling network is dependent on cell
cycle stage as well as other cell intrinsic
factors, such as signaling networks, gene
expression, 3D genome organization, and
cell identity [2,3]. The highly specialized
nature of different cells across the body
results in differential responses to DNA
damage and, ultimately, DNA repair out-
comes, which in turn determine whether
a lesion is precisely repaired or produces
a mutation [4]. While non-homologous
end-joining (NHEJ) (see Glossary) and
microhomology-mediated end-joining
(MMEJ) are predominantly error-prone
pathways, leading to gene disruption,
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homology-directed repair (HDR) relies
on a repair template, allowing precise
alterations to the genome. Since DNA re-
pair is tissue specific, this has far-reaching
implications for CRISPR-Cas9-based ap-
plications and understanding this is para-
mount to the success of CRISPR-based
therapeutics.

Cell type matters

Which DNA repair pathways are utilized
upon CRISPR-Cas9-mediated DSBs
depends heavily on tissue context and
whether a cell is terminally differentiated,
quiescent, or actively cycling. Fully differen-
tiated, long-lived postmitotic cells, such
as those found in neuronal tissues, reside
in GO, making HDR inaccessible to repair
lesions. Instead, postmitotic neurons re-
spond to DNA DSBs by briefly re-entering
the cell cycle, upon which NHEJ is the
pathway of choice for DSB repair [5]
(Figure 1A). Hence, postmitotic cells are dif-
ficult to target for precise genome editing
by HDR. Instead, homology-independent
repair may be exploited for therapeutic
applications [6] (Box 1).

Quiescent cells exist in a state of metabolic
downregulation and do not actively divide,
but can become activated upon DNA
damage and tissue injury to reinstate tis-
sue homeostasis [7] (Figure 1B). Upon
cell cycle re-entry, NHEJ is the predomi-
nant pathway for repairing DSBs, which
limits possible editing applications and
bears the risk of introducing mutations
[8]. With adult tissue resident stem cells,
incurred mutations will then be passed
on to progenitor cells and fixed within the
stem cell pool, thus increasing the risk
for future malignancies. This is of particular
concern for quiescent hematopoietic stem
cells (HSCs), which, upon incurring DSBs,
exhibit shorter p53 activation, utilize NHEJ
exclusively [9], and resist apoptosis, at the
cost of long-term genome stability [2,10].
Likewise, bulge stem cells of hair follicles
escape elimination through upregulation
of the antiapoptotic protein BCL-2 [2].

Trends in
Genetics

Glossary

Homology-directed repair (HDR): a pathway that
accurately repairs DNA double-strand breaks, by
utilizing either double- or single-stranded homologous
DNA as a template.

Interhomolog repair (IHR): a subtype of HDR,
where a homologous chromosome is used as
template.

Loss-of-heterozygosity (LOH): a cross
chromosomal event that results in loss of the entire
gene and the surrounding chromosomal region.
Micr diated end-joining (MMEJ):
a pathway that repairs DNA double-strand breaks
through the use sequences with microhomologies,
during the alignment of broken ends.
Non-homologous end-joining (NHEJ): a DNA
double-strand break repair pathway that, contrary to
HDR, does not utilize a homologous DNA template.
NHEJ directly joins the broken ends after minimal
processing.

On the contrary, other tissue stem cells,
such as melanocyte stem cells, which
give rise to mature pigmented melano-
cytes, are predominantly pushed into ter-
minal differentiation upon DNA damage,
leading to depletion of the stem cell
pool [2] (Figure 1B). Overall, the differen-
tial response to DNA damage requires
careful consideration for applicability of
CRISPR-therapeutics.

Tissue context matters

Designing safe CRISPR therapies is de-
pendent on understanding biology of indi-
vidual stem cell pools and their context
within tissues. Somatic stem cells exist in
specialized niches and their response to
DNA damage and tissue injury frequently
depends on back-up stem cells existent
within the same tissue [7]. For instance, in
the intestine, aside from the main stem
cell pool of actively cycling LGR5-positive
cells (Figure 1C), quiescent BMI1-positive
stem cells also exist. Unlike BMI1-positive
cells, LGR5-positive cells are more sensi-
tive to DNA damage and undergo apopto-
sis after encountering DSBs [11]. Thus,
BMI1-positive cells can become activated
to reconstitute LGR5-positive stem cells
and the intestinal epithelium [11]. Predicting
the repair outcome in response to DNA
damage in vivo is thus further complicated
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Figure 1. Differential responses to DNA double-strand breaks of actively cycling, quiescent, and long-lived postmitotic cells. (A) Long-lived postmitotic
cells, such as neuronal cells, cannot repair DNA double-strand breaks (DSBs) without briefly re-entering the cell cycle before returning to GO and are thus restricted to
utilize non-homologous end-joining (NHEJ). (B) Quiescent cells exist in a state of metabolic downregulation and reside within tissues at cell cycle stage GO. Upon tissue
damage, these cells become activated and begin proliferating to mend tissue injury. The response to DNA damage varies among cell types and tissue of origin. If
quiescent cells re-enter the cell cycle, NHEJ is the predominant repair pathway for DSBs. Hematopoietic stem cells and hair bulge stem cells actively resist apoptosis
at the cost of long-term genomic stability via shortened duration of p53 activation and upregulation of antiapoptotic protein BCL-2, respectively. Terminal differentiation
in response to DNA damage is an alternative to cell cycle re-entry but leads to depletion of the stem cell pool, as with melanocyte stem cells. (C) Actively cycling cells,
such as intestinal LGR5-positive stem cells, may utilize NHEJ (depicted in pink) or homology-directed repair (HDR) (depicted in green), depending on cell cycle stage.
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Box 1. Overcoming editing challenges

The genome editing field has recognized the challenges imposed by DSB-mediated editing and responded by
developing mitigation strategies aimed at overcoming these challenges. Even though these strategies are
currently not as widely adopted as Cas9-mediated CRISPR editing, they hold great promise for clinical
applications of genome editing.

() DSB-independent strategies
The activation of signaling networks following a DSB has raised concerns that potentially limit the applica-
bility of CRISPR technologies in the clinics. To this end, DSB-independent strategies, such as base editors
[22,23] and prime editing [24], have been developed. Moreover, applications that modulate gene expres-
sion at the transcription level have also been successfully developed [25-27]. It is relevant to mention that
even though these strategies do not rely on the generation of a DSB, they often create a DNA single-strand
break at the DNA target site, which activates other signaling pathways.

Temporal delivery of CRISPR components

Cell cycle modulation is a strategy that can be used to promote precise editing, whilst minimizing undesir-
able indels. Timing the delivery of CRISPR components to HDR-permissive phases (S/G2) has been
shown to improve the efficiency of precise editing. This has been achieved, for example, through the
use of aphidicolin, nocodazole, or the small molecule X413 [28,29]. Cas9 fusions have also been used
to overcome the cell cycle limitations of HDR. One such strategy makes use of a Cas9 fused with the
protein CtIP, bypassing the requirement for cell cycle-dependent activation of CtIP, which is necessary
for HDR [30]. A further strategy fused Cas9 with an anti-CRISPR protein, a natural inhibitor of CRISPR-Cas
systems, that is specifically degraded in HDR-permissive cell cycle phases [31].

In the context of quiescent stem cells, the development of a strategy to transiently exit quiescence,
making HDR accessible during CRISPR-Cas9 editing before re-establishing quiescence, has
expanded the applicability of genome editing in HSCs [9].

(iii)y Homology-independent repair
The difficulty inherent to using HDR in postmitotic cells has prompted the development of homology-
independent targeted integration strategies [32]. These strategies often rely on end-joining pathways for
precise editing, making them sensitive to indels. This problem has been overcome by the development of

other methods that generate DSBs in noncoding regions flanking the region of interest [6].

by the activation of quiescent backup stem
cells, which upon cell cycle re-entry will also
favor NHEJ to repair DNA breaks, possibly
leading to unintended editing outcomes
across different stem cell pools, including
mosaicism and unintended events at the
target site. Regarding the latter, while it
has been demonstrated that off-target ef-
fects can be controlled in editing intestinal
stem cells [12], recent studies suggest
that repair pathway choice can lead to un-
intended on-target effects. These effects,
observed in human induced pluripotent cell
lines (iPSCs), include large deletions and
loss-of-heterozygosity (LOH) around
the target site in up to 40% of HDR-edited
and 50% of NHEJ-edited iPSCs [13]. Unde-
sired editing outcomes at the target site
depend on the repair pathway choice and
therefore might differ among different stem
cell compartments, such as found in the
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intestine, possibly leading to mosaicism,
further complicating the prediction of editing
outcomes for in vivo applications.

In summary, even though DNA repair
pathways are often portrayed as linear,
they operate within a dense signaling net-
work, influenced by cell type and state.
Designing CRISPR therapeutics for adult
stem cells is thus challenging for three
reasons. Firstly, genome editing strategies
must overcome the inaccessibility of HDR
in the quiescent state and consider the pro-
pensity of NHEJ in these cells. Secondly,
editing outcomes must be precise and
predictable to ensure long-term genome
stability. Finally, it is important to under-
stand stem cell function and DNA repair
within tissue context to target the most
appropriate stem cell population while
leveraging its unique response to DNA
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damage to achieve the desired editing
outcome.

Germline editing

The precision and efficiency inherent to the
CRISPR system raise the possibility of
human germline editing. However, the in-
formed discussion on the safety of these
approaches relies on understanding the
fundamental cellular processes that occur
during embryogenesis, such as cell cycle
control and DNA damage repair, as
highlighted by several lines of research.

A study aimed at correcting a heterozy-
gous mutation in the causative gene for
hypertrophic cardiomyopathy (MYBPCS3),
in human preimplantation embryos, re-
ported high levels of CRISPR-Cas9 cor-
rection [14]. The mechanism that led to
correctly edited embryos in this study
was suggested not to be attributed to
HDR, through the exogenously provided
repair template, but rather to the utilization
of the wild type maternal allele as a homo-
log for repair. This conclusion has, how-
ever, been largely disputed because
there may be alternative explanations, in-
cluding the generation of large deletions
and rearrangements that were undetected
[15-17]. One of the main arguments
against interhomolog repair (IHR) is
the fact that maternal and paternal ge-
nomes undergo distinct developmental
programs and localize in separate nuclei
before the first mitotic cell division [15].
In contrast to this observation, it is worth
noting that a consistent overlap between
maternal and paternal genomes has
been described following nuclear enve-
lope breakdown [18].

In early mouse embryos, IHR has been
shown to be a common DSB repair mech-
anism, enhanced by RAD51 activity [18].
In line with this observation, a study that
induced DSBs within a mutant allele in
heterozygous preimplantation human em-
bryos showed that IHR and NHEJ are the
two main repair mechanisms involved,
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while HDR using the exogenous DNA
template was highly inefficient [19]. The
authors showed that NHEJ and IHR often
compete within the same cell, frequently
leading to embryos carrying identical
indel mutations on both loci. Additionally,
repair from the maternal chromosome by
IHR led to extensive LOH. While IHR
could be applicable for gene correction,
the high incidence of NHEJ as well as the
extensive LOH are safety concerns.

Other recent studies have reported un-
expected repair outcomes of CRISPR-
Cas9-mediated editing in human embryos.
Zuccaro et al. edited a blindness-causing
frameshift mutation in the EYS locus in the
paternal chromosome [20]. Here, the vast
majority of repair outcomes were small
deletions, consistent with end-joining me-
diated repair of the Cas9-induced DSBs.
Contrary to the studies described earlier
[14,18,19], Zuccaro and colleagues
showed no evidence for IHR [20]. By an-
alyzing genome-wide chromosome con-
tent, the authors report that the LOH
observed following CRISPR-Cas9 medi-
ated editing is due to the loss of the pater-
nal chromosome arm, or even the entire
chromosome [20]. An independent
study, targeting the gene OCT4, reached
similar conclusions [21].

The discrepancies between these studies
could be due to locus-specific differences
as, for example, proximity to telomeres
considerably increases the possibility of
chromosome arm truncations [21]. None-
theless, to resolve the issues around IHR
in human embryos, an evaluation of the
extent of on-target mutagenesis is neces-
sary. This would require the development
of an approach to enrich for the region of
interest, followed by deep, long-read se-
quencing [21].

Discussions around human germline editing
have raised important questions that af-
fect the future direction of the CRISPR-
Cas9 technology, but also ethical and

societal issues that accompany such
applications. The latest studies using
CRISPR-Cas9 to edit embryos have chal-
lenged our understanding of the DNA
repair mechanisms that occur in these
cells and illustrate the importance of
using human embryos to study DNA re-
pair outcomes [18-21]. Unexpected
editing outcomes, including the loss of
the targeted chromosome, highlight how
important it is to fundamentally under-
stand these mechanisms to enable pre-
cise genome modification.

Therapeutic genome editing has the
potential to have a profound impact on
patients. However, the successful imple-
mentation of CRISPR-Cas9 technologies
in clinical settings relies on a deeper un-
derstanding of the DNA repair mecha-
nisms and pathways responsible for
genetic replacement outcomes, as well
as the activity of these pathways in spe-
cific cell types and tissues. Moreover, an
in-depth investigation of outcomes at
the target site in different tissue contexts,
using relevant models, such as human
embryos, is warranted. This combined
knowledge is critical for genome editing
implementation and may limit or deter-
mine the application of specific genome-
editing tools.
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The DNA damage response in cancer development

DDR as Protector and Promoter in Tumorigenesis

To understand the central role of DDR in cancer development, two standing theories in the field must
be discussed. The first is the so called “mutator hypothesis”, which assumes that genomic instability is
a preexisting condition in pre-neoplastic lesion and eventually drives tumor progression (Loeb, 1991;
Nowell, 1976; Kinzler & Vogelstein, 1997). The second theory is known as the “oncogene induced
replication stress model”, which contextualizes genomic stress as a consequence of breakage and
failure of DDR, consequent to oncogene driven replication. According to the replication stress
hypothesis, activation of oncogenes, and subsequent increases in proliferation lead to replication stress
and frequent replication fork collapse. This in turn results in DNA breaks in such abundance that even
normally functioning DDR cannot repair all damages (Halazonetis et al, 2008; Gorgoulis et al, 2005;
Bartkova et al, 2005, 2006; Di Micco et al, 2006). By comparing and contrasting both hypotheses, it
becomes clear that both offer a good explanation for some observations but neither model offers a

universal fit that would explain the double-edged role DDR plays in cancer development.

The mutator hypothesis is often cited in the context of hereditary cancers, such as Lynch Syndrome,
also known as hereditary non-polyposis colon cancer (HNPCC). This condition is defined by mutations
in mismatch repair genes, leading to increased mutation burden and microsatellite instability. Other
well-known examples include hereditary breast cancer, caused by mutations in double strand break
repair genes BRCA1 and BRCAZ2, and skin cancer, caused by germline defects in nucleotide excision
repair genes (Negrini et al, 2010). The observed frequency of cancer incidence in patients with germline
mutations in DDR genes makes it obvious that DDR acts as a barrier to cancer development and that
the normal functioning of these pathways is required to hinder the evolution of cancerous cells. Another
strong argument for the mutator hypothesis is the frequent mutation of TP53 and ATM (ataxia
telangiectasia mutated) in human cancers. As the central hub of integrating and relaying DNA damage,
repair, and apoptosis signals, p53 as well as ATM underlie selective pressure to become inactivated in
order to facilitate multiple cancer hallmarks, including sustained proliferation and evasion of apoptosis
(Negrini et al, 2010) (Figure 13). Taken together, these observations argue that genomic instability is a
pre-cancerous condition, enabling and driving tumorigenesis in hereditary cancer, and to some extent

also in sporadic cancers, via mutating apex DDR signaling molecules like TP53 and ATM.

Paradoxically, despite the clear role DDR plays in the prevention of tumorigenesis, DDR genes are not
significantly more frequently mutated in most sporadic human cancers. A possible explanation lies in
the recessive nature of DDR mutations, meaning mutation of both alleles is less likely than mutation of
the remaining single functional allele in the case of hereditary DDR defects. Thus, the central argument
of the mutator hypothesis does not hold, because in most sporadic cancers, genomic instability does
not seem to arise from mutations in DDR genes. Instead, the replication stress hypothesis offers an

explanation for the observed genomic instability in the absence of DDR mutations. The oncogene
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induced proliferation leads to stress and collapse of replication forks, leading to DNA breakage so
frequent, it overwhelms the DNA damage and repair machinery. Coupled with defects in cell cycle
checkpoints, this quickly leads to an accumulation of unrepaired lesions, mutations, and chromosomal
aberrations classically defining the hallmark of genomic instability (Negrini et al, 2010) (Figure 13).
Thus, the resulting genomic instability could be viewed as a secondary effect rather than a primary
driver of tumorigenesis. However, defining DDR defects solely by the presence of mutations in DDR

genes underestimates the complexity of the DDR signaling network.
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Figure 13. Sequence of cancer hallmark evolution according to mutator hypothesis and replication
stress hypothesis (adapted from Negrini et al)

Cancer is as much a signaling disease as it can be defined via the mutations recorded in the genome
(Yaffe, 2019). Without integrating information from multiple layers of biological organization, the full
phenotypic effect of genetic changes cannot be appreciated. Even synonymous mutations in coding
regions can function as cancer drivers, as is the case with TP53 (Supek et al, 2014), where synonymous
mutations adjacent to splice sites disrupt the function of the downstream gene product. The intricacy of
signaling from DNA sequence, via transcription, splicing, translations, post-translational modification,

and protein structure offers limitless possibilities to alter signaling in favor of carcinogenesis.

Even with the rise of rapid multi-omics techniques, assessing every level of biological regulation
remains a large challenge, both, in terms of cost and bottlenecks in experimentation and data analysis.

However, with the rise of next generation sequencing technologies it has become more feasible to
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obtain whole genome sequencing (WGS) for many samples, including clinical samples, which provide
limited analysis material. Due to the accessible nature of sequencing information, understanding cancer
development through the lens of genomics has made great advances. Nevertheless, single mutations
alone cannot capture all biological complexity and the maxim that the whole is more than the sum of its
parts holds true here. Excitingly, new computational approaches offer new solutions to analyze the
information contained in WGS. Mutational signatures are an analytical framework which allow to
analyze the sequencing data beyond the impact of individual mutations and instead map the genomic
imprints of function or dysfunction of pathways. Therefore, mutational signatures allow access to a
higher level of biological organization while retaining single mutation resolution. Mutational signatures
aid the understanding of cancer etiology, tumor evolution, and offer insights into targeted treatment
options for specific patient populations. The technological and analytical advances which enable these

exciting developments are discussed in detail in the next section.

Cancer Genomes — Understanding Cancer Development with Omics Data
Rise of high Throughput Data Generation

DNA Sequencing

The earliest sequencing methods which were able to infer exact nucleotide position, and thus sequence,
were developed by Frederick Sanger and Alan Coulson, and concurrently by Allan Maxam and Walter
Gilbert in the mid 1970s (Heather & Chain, 2016). Sanger and Coulson’s so called plus-and-minus
technique relied on extension of the DNA template by DNA polymerase and incorporation of
radiolabeled nucleotides. The plus reaction would contain only one type of nucleotide, terminating the
extension of all fragments at that nucleotide. The minus reaction would contain the three other
nucleotide types. By performing these reactions in parallel and separating all resulting fragments on a
polyacrylamide gel, the original sequence could be inferred. While relying on the same principle of
puzzling fragments together, Maxam and Gilbert developed a different approach. Instead of starting
with natural DNA and incorporating labelled nucleotides by synthesis, they chemically broke apart
radiolabeled DNA fragments at specific positions and could thus infer the position of specific nucleotides
on the gel (Heather & Chain, 2016). What both methods have in common is a labor-intensive protocol
and a requirement for radioactive labelling material. Nevertheless, the development of these techniques

would lay the foundation for modern sequencing as we know it.

Only a few years later, in 1977, Frederick Sanger developed the breakthrough dideoxy ‘chain
termination’ method, which would become known as first generation sequencing or simply, Sanger
sequencing (Sanger et al, 1977). Based on the same principle of stopping the DNA polymerase reaction
to ‘sequence’ the identity of the nucleotide, Sanger sequencing build upon the simple chemical principle
of DNA elongation. By using small concentrations of chemically altered nucleotides lacking the 3’-

hydroxyl group required for DNA synthesis, the DNA polymerase would stall at each point where a
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dideoxunucleotide (ddNTP) is incorporated and terminate the DNA chain. This new method simplifies
the workflow of the earlier method by using 4 radiolabeled ddNTPs, performing 4 parallel reactions, and
then running 4 lanes on a gel to infer the sequence of the fragments. The simplified protocol was widely
adapted and is still in use today, albeit with modern modifications. Substituting radiolabeling with 4
unique fluorescence-based labels allows to even perform all 4 parallel reactions in one vial. Automated
sequencers using Sanger sequencing were the technology of choice when the first draft of the human

genome project was produced (Heather & Chain, 2016).

Later developments, so called second-generation, or next-generation sequencing, would push the data
generation forward by massively parallelizing DNA sequencing (Heather & Chain, 2016). Throughput
increased while cost decreased in an exponential fashion, driving not only the completion of the human
genome project but also increased use of sequencing in the clinical context. The idea of understanding
every nuance of life if only we could read the complete genetic code was tantalizing. Now, in the post-
genomic era, we marvel at the complexity of biological life, which cannot be fully understood through
only one level of biological regulation. Nevertheless, the decoding of the entire human genome was a
milestone achievement and marked the start to a new era in research focused on data (Tsui & Scherer,
2008). The wealth of cancer data available now allowed for a fresh perspective on old problems. How
does cancer evolve? What drives the evolution of the cancer? How does cancer-heterogeneity emerge?

How can we predict treatment sensibilities?

Using the available data and developing new mathematical frameworks to systematically understand
cancer genome data facilitated some impactful discoveries. In the following the theoretical background

and application of mutational signature analysis are discussed in detail.

Mutational Signatures — A Framework to Functional Understanding of Cancer Genomes

General Framework

For a long time, cancer genetics research has focused on identifying relevant driver mutations, largely
ignoring passenger mutations, in part because of their uninterpretable nature. Seemingly random
scatterings of mutations across the genome, passenger mutations in fact hold a large amount of
information about the origins and evolution of a tumor(Nik-Zainal & Morganella, 2017). Upon closer
inspection, it is crucial to note that mutation generation across the genome is not a random process,
but rather the consequence of the interplay between cellular processes. A lesion to DNA is followed by
an attempt to repair and the outcome of such attempt relies on the type of lesion, cellular and tissue
context, and the complex inter-pathway signaling between DNA repair mechanisms as described
above. The collection of resulting mutations is thus far from random and can be interpreted as a lifetime

record of normally and aberrantly functioning cellular processes, inscribed in DNA (Koh et al, 2021a).
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The mutational signatures field started with examining single base substitution signatures but has since
evolved. Now mutational signatures of different classes of mutations can be described, including double
base substitutions, insertion and deletions, as well as rearrangements. Each type of mutation gives rise
to unique profiles, thus, developing a signature framework for different mutation categories allows
further insight into the mechanisms generating these signatures. In the following each class of

mutational signature is described in more detail.

Single Base Substitution Signatures

The simplest mutations involve the change of a single base, broadly categorized in two mutation
classes. Transition mutations describe the change within the purine and pyrimidine classes
respectively, meaning mutations A <-> G and C <-> T. Transversions, on the other hand describe point

mutations involving changes from purine to pyrimidine bases or vice versa.

A structured way to list all possible point mutation types is to list them, by convention, pyrimidine bases
first C>A, C>G, C>T, T>A, T>C, and T>G. These 6 types of single base mutations are more informative
when viewed within their sequence context. For this reason, all 16 possible combinations of preceding
and proceeding nucleotides are applied to the 6 mutation classes, which yields a matrix with 96
positions. The total number of mutations recorded for each position in the matrix gives a 96-channel
profile that constitutes the overall mutational profile of a sample (Alexandrov et al, 2013; Nik-Zainal et
al, 2012a) (Figure 14). The single nucleotide substitution framework can be further extended by
considering a pentanucleotide context. Extraction and analysis of the complete mutational profile is

performed using mathematical methods and algorithms further discussed later.
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Figure 14. Single base substitutions are denoted in six distinct classes (written pyrimidine first by
convention). Embedding the six mutation classes in the trinucleotide context gives rise to sixteen
possible combinations for each of the six basic mutation types. Completing the combinatorics for all
6x16 combinations yields a matrix with 96 possible mutations in their respective trinucleotide context.
The 96 channels represent the total frequency of single base mutations in their trinucleotide context in
the entire genome.
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Double Base Substitution Signatures

If two adjacent bases mutate together, a total of 10 source mutation types can be listed. Source doublets
describe the two original bases mutated to any two other bases, e.g. AC>NN. For each source doublet,
all 9 combinations for target doublets are considered, e.g. AC> CA, AC>CG, AC>CT, AC>GA, AC>GG,
AC>GT, AC>TA, AC>TG, and AC>TT. The combinatorial process yields 90 different source to target
doublet mutations. Subtracting the 12 reverse complement combinations then returns a final matrix with
78 possible doublet base substitutions (Alexandrov et al, 2020). The mutation frequency of each of the

78 channels can be visualized similarly to SBS signatures (Figure 15).
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Figure 15. Consensus notation for 78 channels of double nucleotide substitution profile.

Insertion — Deletion Signatures

The removal or insertion of one or multiple bases results in indels. This class of mutations is difficult to
fit into a defined matrix of all possible mutations because the combinations of different base indels of
different lengths and sequence context are near endless. Instead, a framework of 83 curated indel types
was developed, which generalizes common types of indels (Alexandrov et al, 2020). This includes 1
base pair (bp) C and T (G, A respectively) insertions and deletions in sequence contexts of varying
length. Furthermore, 2bp-5bp insertions and deletions are listed in repetitive regions, as well as

deletions between 2-5 bp with microhomology regions (Figure 16).
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Figure 16. Consensus notation for 83 channels of curated indel profile.
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Copy Number Variations and Complex Rearrangements

Lastly, copy number variations and rearrangements are types of mutations often encountered in
cancers with high levels of genomic instability. The standardized way to catalogue these types of
mutations includes binning the observed alterations by type, length and context. For copy number
signatures, there are 48 defined channels, tracking the loss of heterozygosity (LOH) and heterozygosity
status (Het). For each of these categories, the total copy number variation is accounted for 0 to more
than 9 for LOH, and 2 to more than 9 for Het. Additionally, each bin with a given copy number alteration
is further divided by the size of the affected fragments (Steele et al, 2022b, 2022a) (Figure 17).
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Figure 17. Consensus notation for Copy Number Signatures. Signature profile from (COSMIC, 2020),
see Appendix for licensing information

Similarly for complex rearrangement signatures, the types of rearrangements are classified into
deletions, tandem duplications (TD), inversions, and translocations. These 4 categories are further
described by subdividing occurrences into clustered rearrangements and non-clustered
rearrangements, as well as binning observations by fragment size (Nik-Zainal et al, 2016) (Figure 18).
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Figure 18. Mutation type classification of Rearrangement Signatures in 4 main channels and
extended channels, by fragment size. Figure taken from (Koh et al, 2021b) Reproduced with
permission from Springer Nature (see Appendix)

Computational Approaches for Analyzing Mutational Signatures

The original definition of mutational signatures is based on the de-novo extraction of signatures from
cancer samples. De-novo extraction involves decomposing the entire mutational profile of a cohort into
individual signatures with non-negative matrix factorization (NMF). Once a catalog of stable signatures

was defined, other approaches such as signature refitting were developed, which are also suitable for
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cohorts with lower sample numbers. In signature refitting, mutational profiles of samples are modelled
as a linear combination of multiple known spectra, resulting in an estimate of signature activities within
each sample (Omichessan et al, 2019; Baez-Ortega & Gori, 2019). Below the main aspects and

differences of these two approaches are discussed.

NMF is useful in decomposing large and sparse datasets, such as mutations found in entire genome
sequences. The main goal is to decompose the given matrix into two lower-rank matrices, such that the
product of these two matrices approximates the original data matrix. This calculation requires that all
elements of the input matrix are non-negative. Mathematically, this process can be described as follows.
Any sequenced genome contains a set of mutations mg, which in sum represent the combination of all
present mutational processes (p) with a given activity called exposure (e) and distribution of mutation
types (k) (Nik-Zainal et al, 2012a).The mutation type k is variably defined depending on which channels
are chosen for analysis. For Single nucleotide substitution signatures, k=96, for indel signatures k=83,
and for double base substitution signatures k=78. The input matrix with all present mutations can thus

be expressed as the sum of the product between processes and exposures:

N
k k, n
mf = ) pie;
n=1

By representing exposures to mutational processes (e) and mutational catalogs (mg) as matrices, this

term can be applied to all mutation types (k) and genomes (g).
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With this notation it becomes obvious that the mutational catalog matrix M is decomposed into the
product of the mutational process matrix P and the exposure matrix E, or simply:

M = P x E. The closer the product between P and E resembles the original data M, the lower the
reconstruction error, and the more stable the solution when the decomposition is repeated in multiple
iterations (Baez-Ortega & Gori, 2019). While the mathematical approach to this problem is not new and
was originally applied to biological data mora than 20 years ago (Lee & Seung, 1999, 2001), the
application to genomic data only followed in 2012 (Nik-Zainal et al, 2012a).

The NMF framework of course has some limitations. The first and obvious limitation is that the type and
number of unique processes recoverable from a given input depends on the type and number of
channels defined. Consequently, mechanistic insight into signature generation might be limited,
depending on whether biologically meaningful mutational channels were defined (Koh et al, 2020a).

This is especially critical for mutational signature classes which do not cover the entire possible
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combinatorial space of mutations and sequence contexts for a given mutation type, i.e. indel signatures,
copy number signatures, and rearrangement signatures (Koh et al, 2021). If too few channels are
defined, signatures of differing origin might not be separable. If too many channels are redundant, this
can lead to calling of spurious and biologically meaningless signatures. Hence it is paramount to define

a reasonable number of informative channels to derive biological insight.

The second limitation deals with the accuracy of the extracted signatures, which depends on several
properties of the input data, including the number of genomes available (sample size), the number of
mutations present in the genomes, and the number of signatures to be extracted. Generally, the more
signatures are extracted, the more the data is overfit and the more the stability of the solution decreases.
Hence, the extraction of more signatures requires an increase in sample size. Fortunately, more cancer
genome sequences have become available with time, enabling the discovery (Alexandrov et al, 2020;
Nik-Zainal et al, 2016) and documentation of standard signatures in a dedicated database (COSMIC —

Consensus of Somatic Mutations in Cancer) (Tate et al, 2019).

The selection of the optimal number of signatures to extract remains a critical parameter influencing the
analysis. An alternative approach to manually determining the number of active mutational processes
in a mutational catalogue is expectation maximization. This approach incorporates an underlying
probabilistic model which uses the Bayesian Information Criterion (BIC) to assess the number of active
signatures present (Fischer et al, 2013). A major assumption of this model is that all input samples are
independent from each other, which might not hold true in all situations. Newer implementations of NMF
algorithms incorporate automated rank selection, for instance NMFk, to objectively approach the
optimal number of signatures for extraction (Islam et al, 2022). By comparing the distance between the
original and recreated profiles, the NMFk approach aims to maximize the tradeoff between both, the

stability of the solution and the correctness of the reconstructed data (Nebgen et al, 2020).

Especially in smaller cohorts, NMF can lead to high false positive rates, calling unstable signatures.
However, the availability of a curated set of mutational signatures opens another possibility of analysis
that allows to analyze even single samples. Instead of extracting signatures de-novo, the mutational
catalogue of a sample or cohort can be modeled as a linear combination of known signatures. This
approach is commonly called signature refitting (Baez-Ortega & Gori, 2019; Omichessan et al, 2019).
While this approach offers the advantage that the sample size is not a limiting factor, is has several
other limitations. First, matching the samples’ mutational profile to a finite set of known signatures
prohibits the discovery of new signatures. Second, many mutational signatures share features across
the defined mutational types k. In the case of SBS signatures there are 60 known signatures and 19
signatures of possible sequence artifacts, which commonly share mutational features such as C>A,
C>G, and C>T mutations. Modelling a mutational catalogue as a linear combination of all possible
mutational signatures thus poses the risk of misattributing mutations of shared features between

signatures. This occurs because standard refitting algorithms will include signatures to improve the fit

51



to the data, even when the signatures contribute very little to the overall mutational profile or make no
biological sense. To avoid this problem, it makes sense to include prior knowledge and restrict the set
of known signatures used for refitting to signatures which are expected to be active. Using prior
knowledge reduces the risk of overfitting, however, it also introduces bias and is difficult to apply when

little or no prior knowledge is available (Baez-Ortega & Gori, 2019).

To overcome bias introduced with prior knowledge, the backwards removal approach can be applied,
where the signature which contributes least to the fit is iteratively removed until a minimal set of
signatures that fits the data well is found. This works by calculating the cosine similarity between the
original and the modelled profile prior to and after removing the least contributing signature. If the
difference in cosine similarity distance between the two iterations is higher than a given cutoff, the
removed signature should be retained and the best minimal set of fitted signatures is found. Since the
stopping threshold is arbitrarily set, this process should be repeated with multiple thresholds to
empirically find the best subset of known mutational signatures explaining a given samples’ profile.
Furthermore, some bias may be introduced with the order of removal of signatures. An improved
implementation of this approach works by choosing a reasonable set of mutational signatures and
refitting every possible combination subset of signatures to the samples. This process is repeated n-1
times, where n is the total number of known signatures, for each subset n-2, n-3, n-4 etc., to retain the
combination of signatures which best models the data. This best subset approach allows to incorporate
prior knowledge and is more accurate than the backwards removal approach but becomes

computationally infeasible when too many known signatures are included (Blokzijl et al, 2018).

Finally, bootstrapped refitting circumvents bias introduced with the use of prior knowledge while still
working on cohorts with lower sample numbers. This approach is especially useful in verifying the
stability of a refit in cohorts with low sample numbers. First, the mutational matrix is resampled with
replacement, using the original distribution of mutations as weights. A standard signature refit is
performed for each sampling iteration, allowing to estimate statistics on the accuracy of the refit by
recording the contribution of each signature to each iteration of the resampled mutation matrix.
Signatures which are found active in most bootstrapped iterations can thus be interpreted as a stable

refit and are likely truly active in the given sample (Blokzijl et al, 2018).

Mutational Signatures of DNA Repair Deficiencies

Mutational signatures reflect the action or dysfunction of an entire pathway and thus capture a level of
biological activity which is not accessible through studying individual mutations only. One of the best
examples is signature SBS3, which describes the so called BRCAness phenotype, i.e., a defect in
homologous recombination. Several coding mutations within the BRCA1 and BRCA2 genes are known
to cause a defect in the pathway due to impacting the function of the BRCA proteins. These variants

are included in clinical tests for cancer predisposition screening and risk assessment. Furthermore,
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patients with mutations in BRCA genes benefit from PARP1 inhibitor treatment, as a synthetic lethality
exists between the processes these genes facilitate (Helleday, 2011; Lord & Ashworth, 2017).
Importantly, the interaction which leads to PARP1 dependence and thus gives the therapeutic effect,
happens on the pathway level. Proteins enact their function not just through their sequence and
structure but also through their specific post-translational modifications, subcellular localization, and
time dependent interaction with other proteins and complexes. Hence, individual mutations do not
reflect all possible disturbances to pathway functionality. Mutational signatures, on the other hand,
capture overactivity or dysfunction of pathways and records these in distinct mutational patterns in the
genome. Mutational signatures thus contain more information than individual mutations. Ultimately,
signatures contain information about the history and progression of pathway interaction throughout the
development of a tumor and help to guide patient stratification for treatment decisions. The HR-
deficiency signature SBS3 is a prominent example illustrating all the points raised above. The signature
can arise from known or unknown mutations in causative genes, i.e., BRCA1, BRCA2, or PALB2
(Nguyen et al, 2020). However, taken together, these cases comprise only about half of all cases which
show a defect in HR and subsequent SBS3 activity (Figure 19) (Turner, 2017). The other half may be
caused by epigenetic or other regulatory mechanisms. A recent study, for instance, identified that
accumulation of succinate, fumarate, and 2-hydroxyglutarate precipitate HR defects though interfering
with the function of lysine demethylases KDM4A/B (Sulkowski et al, 2018, 2020). The demethylases
are needed clear methylation marks at DNA breaks sites to facilitate recruitment of repair factors,
including ATM and TIP60 (Sulkowski et al, 2020). Hence, there are driver processes which are
independent of mutations in causative genes, but phenocopy the BRCAness, and with it the therapeutic
vulnerability to PARP1 inhibitors. Patient stratification for optimal treatment decisions is thus far more

informative when based on mutational signatures.
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Figure 19. Schematic overview of the decomposition of the overall mutational profile into individual
mutational signatures (left) and their biological and clinical interpretation using SBS3 as an example
(right). Figure adapted from (Helleday et al, 2014; Turner, 2017).

There are many other signatures which arise due a defect in DNA repair (Alexandrov et al, 2020).
Notably, HR signatures are not restricted to SBS signatures. Beside SBS3, ID6, and CN17 could also
be attributed to defects in homologous recombination. Similarly, mismatch repair deficiency is also a
prominent cause of multiple signatures across classes. Namely, SBS6, SBS15, SBS21, SBS26,
SBS44, DBS7, DBS19, and ID7, were attributed to faulty activity of the mismatch repair pathway
(Forbes et al, 2017; Tate et al, 2019). The variety of different signatures and sequence contexts
associated with mismatch repair deficiency might reflect the broad spectrum of lesions generated and

repair attempts conducted upon encountering a mismatch in various contexts.

The base excision repair deficiency related signatures SBS30 and SBS36 are characterized by two
specific mutations in BER factors, NTHL1 and MUTHY, respectively. Mutations which disrupt the
function of these glycosylases cause the accumulation of the distinctive C>T mutations for SBS30 and
C>A for SBS36 (Tate et al, 2019; Drost et al, 2017b). Since MUTYH was previously implicated in the
removal of 8-0x0-G lesions, it is not surprising that both experimental and computational studies on the
MUTYH associated signature found great similarity to SBS18, which is proposed to be caused by
oxidative damage (Viel et al, 2017; Pilati et al, 2017; Tate et al, 2019). Both, MUTYH and NTHL1 are
implicated in rare hereditary tumor syndromes, predisposing to the development of colorectal cancer,
and to a lesser extend to endometrial, cervical, and bladder cancer (Magrin et al, 2022; Das et al, 2020;
Robinson et al, 2022). The distinctive signatures caused by the respective gene defect is testament to
the non-redundant functions these genes fulfill in BER. Furthermore, it illustrates that mutational
signature analysis can distinguish different mechanisms of cancer development within the same tumor

types, in this case even with single gene resolution in the same pathway.

Beside deficiency in a DDR pathway, there are also signatures which are caused by the overactivity of
certain pathways or enzymes. One example is ID8, where the overactivity of NHEJ, possibly exclusively
or in conjunction with mutations in topoisomerase2 (TOP2A) causes the accumulation of >5 bp
deletions at small repeat units, as well as >5 bp deletions at sites of microhomologies of varying length
(1-5 bp MH sequences) (Alexandrov et al, 2020; Tate et al, 2019). Another example of increased activity
causing mutagenesis are the APOBEC-family and AID enzymes. APOBEC enzymes are cytidine
deaminases, which depending on their activity and accessibility to DNA cause C>T transitions defining
SBS2 and C>G transversions characterizing SBS13 (Chan et al, 2015). Aid enzymes are activation
induced cytidine deaminases, which cause a less defined mutational spectrum in SBS84 and SBS85
than APOBEC enzymes (Kasar et al, 2015).

Beyond classical DNA repair factors, there are also multiple polymerases which play an important role

across pathways. Hence, mutations altering the function of these polymerases can account for various
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signatures. SBS9 is thought to be caused by faulty activity of POLH, which is involved in TLS, NER,
and BER, as well as class switch recombination. Mutations in the exonuclease domain of POLE are the
attributed etiology for SBS10a and SBS10b, which are characterized by distinct clusters of C>A and
C>T mutations respectively (Alexandrov et al, 2020; Li et al, 2018). The distinct patterns arising from
mutations in the same subdomain of the same gene might be explained by the diverse roles POLE
plays in SSBR, NER, BER, as well as in replication (Ma et al, 2018). Therefore, the mutational imprint
the activity of mutated POLE leaves behind, may be context dependent. Finally, mutations in subunit 1
of POLD impairs the proofreading function, which introduces C>A type mutations during processes
such as NER, TLS, and replication. POLD1 mutations are the attributed cause for SBS10c and SBS10d
(Robinson et al, 2021).

DDR Signatures with Emergent Etiologies

Interestingly, not all signature etiologies can be traced to a single gene or pathway. These signatures
have emergent properties as they arise due to the interaction of two or more genes or processes.
SBS14 and SBS20 are examples of this principle. SBS14 is the result of concurrent mutations in
polymerase epsilon (POLE) and MMR-deficiency and SBS20 arises in a context where defective MMR
co-occurs with POLD1 mutations. Both signatures are mainly characterized by C>A mutations but show

very distinctive patterns within this mutation class (Hodel et al, 2020; Meier et al, 2018).

Apart from SBS signatures, emergent properties of signatures also become apparent in other signature
classes, such as in rearrangement signatures (Nik-Zainal et al, 2016). Two DNA repair related emergent
signatures are the POLQ and FANC related rearrangement signatures which both occur in a BRCA1
deficient genetic context. Specifically, in these rearrangement signatures, characterized by tandem
duplications (TD), the genetic background of HR-deficiency interacts with the repair pathway choice in
a time-dependent manner during replication. The POLQ specific mutational outcome of microhomology
flanked indels at breakpoints, as well as templated insertion, occurred within early replicating domains
of the genome (Kamp et al, 2020; Mateos-Gomez et al, 2015; Ceccaldi et al, 2015). Oppositely, a
rearrangement signature with a different pattern of TDs, was proposed to be linked to FANC gene
mutations, found to be enriched in late replicating domains (Li et al, 2020). Specifically, the POLQ
dependent repair in HR-deficient backgrounds, points to an exploitable therapeutic vulnerability,

highlighting the clinical impact of the biological insight that can be derived from mutational signatures.

Other examples of emergent signatures include signatures of chromosomal instability (Drews et al,
2022). The signatures of chromosomal instability are defined based on features of copy number
alterations that were previously observed to occur on a chromosomal level, including breakpoint count
per 10 megabases, breakpoint count per chromosome arm, length of copy nhumber segments, and the
copy number change between two neighboring segments (Macintyre et al, 2018). Based on these
features, Drews et al extract CX signatures they could relate back to specific observed patterns of

changes. CX3, for instance, is characterized by the occurrence of long segments with single copy
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changes and is proposed to be caused by defective HR in the presence of replication stress and
dysfunctional damage sensing. The biological interpretation of CX3 is supported by the differentially
higher activity of CX3 in tumors with somatic BRCA1 mutations and RAD51C methylation, as well as
correlation with known HR-deficiency signatures of other classes (SBS3 and ID6) (Drews et al, 2022).
Thus, CX3 seems to capture a biologically complex process of mutational generation that is active in a

specific biological context where multiple factors interact simultaneously to create the outcome.

Although the examples discussed above clearly showcase the utility of analyzing complex and
emergent signatures, neither rearrangement signatures (RS) nor signatures of chromosomal instability
(CX), have been included in the harmonized catalogue of mutational signatures (COSMIC database)
(Table 1). A major difficulty of analyzing these types of signatures lies in the definition of mutational
channels before matrix decomposition. Which features and sequence contexts are considered
important varies between studies and thus hinders cross-study comparisons (Koh et al, 2021b).
Defining which mutational signature channels to include into the definition of a signature type must
balance including biologically relevant channels with excluding channels carrying redundant or noisy

information. This problem is not trivial and will define the future of the field.

The diversity in classes of signatures caused by DNA repair defects (SBS, DBS, ID, CN, RS, CX), is
testament to the complexity of the DDR, where various lesions and intermediate repair products can be
substrate for DNA repair processes. The variety in substrates and possible repair reactions, successful
and unsuccessful, is mirrored in the diversity of mutational outcomes recorded across all classes of
signatures. In summary, signatures with emergent properties are dependent on the genetic background
and other cellular processes, such as the replication timing. Considering emergent characteristics of
signatures illustrates the complex context dependent choice of DNA repair and the subsequent
mutational outcome and holds great promise for furthering our understanding of these processes.
Likely, a full understanding of cancer etiology will require more than mapping the space of all existing
signatures. Further studies will be required to elucidate interactions between signatures and between
genetic backgrounds and signature generation, which also highlights the need to develop new and

innovative approaches to analyze this data.

Table 1: Consensus Mutational Signatures Listed in the COSMIC Database (Tate et al, 2019)

Single Base
Substitutions

SBS1 Spontaneous deamination of 5-methylcytosine
(clock-like signature)

SBS2 Overactivity of APOBEC enzymes (cytidine deaminases)

SBS3 HR-deficiency

SBS4 Tobacco smoking

SBS5 Unknown (clock-like signature)

SBS6 MMR-deficiency

SBS7a Ultraviolet light exposure
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SBS7b
SBS7c
SBS7d
SBS8
SBS9
SBS10a
SBS10b
SBS10c
SBS10d
SBS11
SBS12
SBS13
SBS14

SBS15
SBS16
SBS17a
SBS17b
SBS18
SBS19
SBS20
SBS21
SBS22
SBS23
SBS24
SBS25
SBS26
SBS28
SBS29
SBS30
SBS31
SBS32
SBS33
SBS34
SBS35
SBS36
SBS37
SBS38
SBS39
SBS40
SBS41
SBS42
SBS44
SBS84
SBS85

SBS86
SBS87
SBS88
SBS89
SBS90
SBS91
SBS92
SBS93
SBS94

Ultraviolet light exposure

Ultraviolet light exposure

Ultraviolet light exposure

Unknown

POLH (Polymerase eta) somatic hypermutation
POLE (Polymerase epsilon) exonuclease domain mutations
POLE (Polymerase epsilon) exonuclease domain mutations
Defective POLD1 proofreading

Defective POLD1 proofreading

Temozolomide treatment

Unknown

Overactivity of APOBEC enzymes (cytidine deaminases)
Concurrent  MMR-deficiency and POLE  mutation
(Polymerase epsilon)

MMR-deficiency

Unknown

Unknown

Unknown

Damage by ROS

Unknown

Concurrent MMR-deficiency and POLD1 mutation
MMR-deficiency

Aristolochic acid exposure

Unknown

Aflatoxin exposure

Chemotherapy

MMR-deficiency

Unknown

Tobacco chewing

BER-deficiency (NTHL1 mutations)

Chemotherapy with platinum agents

Treatment with Azathioprine

Unknown

Unknown

Treatment with platinum agents

BER-deficiency (MUTYH mutations)

Unknown

Indirect effect of UV-light exposure

Unknown

Unknown

Unknown

Haloalkane exposure

MMR-deficiency

AlID-activity (activation induced cytidine deaminases)
Indirect effect of AlD-activity (activation induced cytidine
deaminases)

Unknown chemotherapy treatment

Chemotherapy with Thiopurine

Colibactin exposure

Unknown

Duocarmycin exposure

Unknown

Tobacco Smoking

Unknown

Unknown
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SBS possible | SBS27, Unclear origin, possible sequence artefacts, unstable

sequencing SBS43, signatures
artefacts SBS45-
SBS60, SBS95
Double Base
Substitution
Signatures
DBS1 Ultraviolet light exposure
DBS2 Tobacco smoking, exposure to acetal aldehyde
DBS3 POLE exonuclease domain mutations (Polymerase epsilon)
DBS4 Unknown
DBS5 Platinum chemotherapy agents
DBS6 Unknown
DBS7 MMR-deficiency
DBS8 Unknown
DBS9 Unknown
DBS10 MMR-deficiency
DBS11 Unknown
Insertion and
Deletion
Signatures
ID1 Slippage of the replicated strand during DNA replication
ID2 Slippage of the replicated strand during DNA replication
ID3 Tobacco smoking
ID4 Unknown
ID5 Unknown
ID6 HR-deficiency
ID7 MMR-deficiency
ID8 NHEJ overactivity or mutations in TOP2A
ID9 Unknown
ID10 Unknown
ID11 Unknown
ID12 Unknown
ID13 Ultraviolet light exposure
ID14 Unknown
ID15 Unknown
ID16 Unknown
ID17 Mutations in topoisomerase TOP2A
ID18 Colibactin exposure
Copy Number
Variation
Signatures
CN1 Diploidy
CN2 Tetraploidy
CN3 Octoploidy
CN4 Chromothripsis
CN5 Chromothripsis
CN6 Chromothripsis before whole genome duplication
CN7 Chromothripsis associated amplification
CN8 Chromothripsis associated amplification
CN9 Focal loss of heterozygosity (LOH), diploid and chromosomal
instability
CN10 Focal loss of heterozygosity (LOH), 1x whole genome
duplication
CN11 Focal loss of heterozygosity (LOH), 2x whole genome
duplication
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CN12 Focal loss of heterozygosity (LOH), 1x whole genome
duplication, chromosomal instability

CN13 Chromosomal loss of heterozygosity (LOH)
CN14 Chromosomal loss of heterozygosity (LOH), 1x whole
genome duplication
CN15 Chromosomal loss of heterozygosity (LOH), 2x whole
genome duplication
CN16 Chromosomal loss of heterozygosity (LOH), 1x whole
genome duplication, chromosomal instability
CN17 HR-deficiency and tandem duplication
CN18 Unknown
CN19 Unknown
CN20 Unknown
CN21 Unknown
Possible CN22-24 Unclear origin, possible sequence artefacts, unstable
Sequencing signatures

artefacts (CN)

Experimental Elucidation of Signature Etiologies

Generally, there are computationally driven top-down approaches and experimentally driven bottom-up
approaches to infer signature etiology. For computational approaches a large sample size is required
to even detect rare signatures. These top-down approaches have resulted in the discovery of new
substitution and indel signatures (SBS, DBS, ID) recently (Degasperi et al, 2022; Alexandrov et al,
2020). Importantly, the increasing availability of sequencing data allows not just to discover new
signatures, but aids interpretability since the data can be used to explore correlations between signature

activity and clinical parameters or genetic background.

While computational extraction of signatures has yielded a great variety of different signatures (Table
1), the advances of in-silico signature detection have outpaced the experimental validation. Assigning
an etiology is difficult due to the challenge of creating a clean experimental system which allows to
study the generation of mutational signatures in the absence of confounding factors. Bottom-up
approaches are useful for elucidating a mechanistic connection between a pathway and a signature.
To experimentally validate mutational signatures a clean experimental system with a carefully matched
control is needed to estimate both, background mutagenesis and de-novo mutagenesis due to the

intervention of interest.

The first studies which showed that bottom-up signature validation is possible, focused on isogenic cell
models and organoid systems (intestinal organoids), respectively. Both studies chose to focus on
CRISPR-Cas9 mediated knockouts of DDR genes to observe mutagenesis over time, compared
between parental and sub-clonal knock-outs (Drost et al, 2017a; Zou et al, 2018a). A follow up study
could elucidate more specific mutational processes associated with individual DDR genes (Zou et al,
2021). And finally, a broad effort focused on chemical mutagenesis explored mutational signature

generation in pluripotent stem cells in response to chemical exposure (Kucab et al, 2019).
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However, despite rapid advances in decoding signature etiologies in bottom-up and top-down
approaches, many signature etiologies remain unknown (Table 1). Most bottom-up experimental
approaches have focused on defining mutational signature generation of clearly defined single
exposures. However, studies of multiple perturbations and studies in relevant cell type specific or in-
vivo models are needed to define which signatures are primary or secondary in a specific perturbation
and tissue context. Understanding the complex map of DNA damage and repair process interactions
during mutagenesis and cancer development would allow to leverage the available sequencing data for
patient benefit. Expanding the space of mutation classes to analyze or finding new signatures in large
datasets is not enough. Accurate biological interpretation of signature etiologies and mechanisms is
needed to find therapeutically actionable vulnerabilities and define clinically relevant sub-groups within
patient populations. Only then, we can hope to best utilize the treatments already available and move

toward more personalized and more effective cancer treatment and prevention.
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CHAPTER 2: RESULTS

Aims of the Thesis

The mathematical framework of mutational signatures, coupled with the availability of many cancer
genomes, has enabled rapid elucidation of mutational signatures of distinct mutational processes. The
exploration of the mutational landscape has yielded a catalogue of well-established signatures
(COSMIC database) and uncovered cancer vulnerabilities which are clinically actionable. Still, more
than half of the known signatures have an unknown etiology. Owing to the wide availability of tumor
genome sequences, the development of genomic stability within tumors is more well studied than the
emergence of genomic instability prior to cancer development. Especially chemical, environmental, or
metabolic exposures are critical factors in determining risk of cancer development and remain

understudied in how they impact genomic stability and the mutational landscape.

Understanding the molecular cause of mutational processes remains the focus of bottom-up in-vitro or
in-vivo studies, yet few studies use tissue specific models to study genomic stability in response to
controlled perturbations. This project aimed to utilize organoid technology to study the evolution of
genomic stability in intestinal stem cells in-vivo in response to long term exposure to a high fat diet.
Using a model of diet induced obesity, we aimed to understand how the systematic dietary and

metabolic changes in obesity impact genomic stability in a tissue specific manner.

The specific aims included:
1. Establishing experimental protocols and organoid culturing techniques to clonally enrich
intestinal stem cells for whole genome sequencing
Process and analyze the whole genome sequencing data
Explore the mutational landscape with mutational signature analysis
Training in bioinformatics methods comprising genome analysis and mutational signature

analysis
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Prologue

In the following | present the results of my PhD project, which is under review with Scientific Reports,
titted “Mutational Landscape of Intestinal Stem Cells After Long-term In Vivo Exposure to High Fat Diet”.
In this manuscript we comparatively explore the mutational landscape of intestinal stem cells derived
from mice fed either a standard diet (SD) or a high fat diet (HFD). We recover single base substitution
signatures SBS1, SBS5, and SBS18 and indel signatures ID1 and ID2 in equal proportions in both diet
groups. All recovered signatures are attributable to normal mutational processes associated with aging,
cellular replication, and oxidative or metabolic stress experienced in-vivo or during tissue culturing.
Thus, we demonstrate that diet induced obesity alone, in the absence of other perturbations or driver
gene mutations, is not sufficient to induce differential or enhanced mutational profiles that would indicate

an increase in genomic instability.
This research article is under review with Scientific Reports.

Meyenberg and Hakobyan et al, Mutational Landscape of Intestinal Stem Cells After Long-term In
Vivo Exposure to High Fat Diet, Scientific Reports (2022)
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ABSTRACT

Obesity is a modifiable risk factor in cancer development, especially for gastrointestinal cancer. While the etiology of
colorectal cancer is well characterized by the adenoma-carcinoma sequence, it remains unclear how obesity influences
colorectal cancer development. Dietary components of a high fat diet along with obesity have been shown to modulate the
cancer risk by perturbing the homeostasis of intestinal stem cells, yet how adiposity impacts the development of genomic
instability has not been studied. Mutational signatures are a powerful way to understand how a complex biological response
impacts genomic stability. We utilized a mouse model of diet-induced obesity to study the mutational landscape of intestinal
stem cells after a 48-week exposure to an experimental high fat diet in vivo. By clonally enriching single stem cells in organoid
culture and obtaining whole genome sequences, we analyzed and compared the mutational landscape of intestinal stem
cells from normal diet and high fat diet mice. Single nucleotide substitution signatures and indel signatures present in our
cohort are found equally active in both diet groups and reflect biological processes of normal aging, cellular replication, and
oxidative stress induced during organoid culturing. Thus, we demonstrate that in the absence of activating mutations or
chemical exposure, high fat diet alone is not sufficient to increase genomic instability.

Keywords: mutational signatures, obesity, intestinal stem cells, intestinal organoids, high fat diet

Introduction

Global obesity rates have been steadily increasing for the past forty years'. Obesity is accompanied by many comorbidities
such as increased likelihood of type Il diabetes, hypertension, and nonalcoholic fatty liver disease’2. Among the biggest
health impacts is the increase in cancer risk which accompanies body fat accumulation®*. The International Agency of
Research on Cancer (IARC) has recognized the overwhelming epidemiological evidence which links the chronic obese
condition with increased cancer risk, in particular for organs along the gastro-intestinal axis”. Especially the risk of developing
colorectal cancer (CRC) is highly influenced by dietary risk factors and high body mass index (BMI)®. With the clear
association between high BMI and CRC risk, gaining understanding of the underpinning disease etiology could inform
preventative as well as therapeutic programs.

Colorectal cancer development is defined by a well described progression of mutations, known as the adenoma-carcinoma
sequence®. Deactivating mutations in adenomatous polyposis coli (APC) are initiating mutations, leading to constitutive
Whnt/B-catenin signaling. Colorectal cancer develops through three different molecular pathways, the chromosomal instability
pathway (CIN), the microsatellite instability pathway (MSI), and the CpG island methylation pathway (CIMP)'°. Although the
development of CRC is heterogeneous and sometimes involves overlapping pathways, all three pathways are defined by
genomic instability which enables the acquisition of further mutations in a set of tumor suppressor and oncogenes, including
KRAS and BRAF (often mutually exclusive), TP53, PIK3CA, and SMAD4'%'", Interestingly, it was shown that concomitant
loss of APC and p53 is sufficient to induce high levels of chromosomal instability, characteristic for the CIN pathway'2.
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Despite well-defined molecular genetics in CRC development, it remains unclear how a high fat diet (HFD) impacts this
series of events.

With the advent of advanced tissue culturing techniques, it has become possible to study the most relevant cell populations
in vitro'3. In the case of CRC, the cell population of origin are the rapidly cycling LGR5 positive (leucine rich repeat containing
G protein coupled receptor 5) intestinal stem cells (ISCs), residing at the bottom of the crypt'4. These cells have been
demonstrated to be sensitive to dietary and metabolic perturbation, modulating the risk of cancer initiation'>-8. A prolonged
exposure to HFD constituents has been shown to confer stemness features on non-stem cell progenitors, thus increasing
the pool of actively replicating cells'®'%. The HFD component palmitic acid was found to initiate this effect via the activation
of PPAR-0 (peroxisome proliferator-activated receptor delta) signaling, which induces canonical Wnt-signaling'®'°. Another
prominent metabolite commonly associated with diet induced obesity is cholesterol. Extended exposure to high cholesterol
levels were found to also drive proliferation of ISCs and increase the rate of tumorigenesis in an APC deficient background”.

Although it has been demonstrated that a HFD directly modulates signaling in the stem cell niche, the effect on genomic
stability has not been studied yet. Beyond describing mutations in individual genes, mutational signatures offer a framework
to systematically study how genomic instability arises in cancer development. Mutational signatures are a mathematical
framework that allows to define patterns of mutations within their sequence context. The specific mutational imprint of a
signature on the genome is the reflection of the dysregulation or dysfunction of DNA damage and repair pathways and other
biological processes?°. Since the conception of mutational signatures in 2013%'22, it has become possible to investigate
cancer genomes at a global level and capture patterns which describe complex underlying biological mechanisms. Bottom-
up in vitro studies, measuring the mutagenic effect of an exposure or gene knockout, have proven to be especially useful in
defining signature etiologies?3-26,

Here, we investigated whether exposure to prolonged high fat diet generates distinct mutational processes in intestinal stem
cells. Because mutational signatures effectively capture biologically complex processes, they serve as a good readout for
studying effects on genomic stability. We sequenced and analyzed clonal intestinal organoids derived from mice which were
fed an experimental HFD for 48 weeks. After data processing and variant calling, we obtained sufficient numbers of single
base substitution (SBS) and indel (ID) mutations to investigate SBS and ID signatures, as well as coding mutations. For both
diet groups, we recover expected signatures related to aging, tissue culture processing, and cellular replication. We
demonstrate that differential mutagenesis is not initiated by HFD alone in the absence of other disturbance events, such as
chemical exposure or mutations in CRC driver genes.

Results

Mouse Model of Dietary Induced Obesity

To study the long-term effect of obesity on genomic stability in intestinal stem cells, we set up a cohort of age matched male
C57/BL6J mice (Fig 1A). After random assignment to cages with either standard chow (SD) or HFD, the mice were started
on the respective diet course at the age of 5 weeks for 48 continuous weeks. At set time intervals of 6, 12, 28, and 48 weeks,
a random subsample of HFD and SD mice was drawn and sacrificed to harvest ISCs for culturing. Organoids were picked
and cultured to clonality before obtaining whole genome sequences (30x) for 5 obese and 5 lean mice from the last timepoint
(48 weeks). For each mouse, 4 independent organoid clones and the matched tail were sequenced to distinguish acquired
variants from germline variants.

Our model of diet induced obesity relies on the choice of supplied diet. In the high fat diet condition, mice derive 60% of all
calories from fat, while the majority of calories in the normal diet (SD) derive from carbohydrates (55.5%) (Fig. 1B). The exact
diet composition is described in supplementary table 1 and 2. Despite lower overall food consumption in the HFD group (Fig.
1C), mean weekly caloric intake was higher in the HFD group (92.7 kcal/week) compared to the SD group (80.2 kcal/week).
C57BL/6J mice have been well characterized as model organisms for diet induced obesity, capturing essential aspects of
metabolic dysregulation and weight gain?”%. Our cohort also exhibited the marked increase in total cholesterol upon
exposure to HFD (Fig. 1D) and a significant increase in body weight after 3 weeks on the HFD (Fig 1E), recapitulating the
metabolic dysregulations and resulting phenotype associated with obesity.
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Figure 1. (A) Schematic display of experimental workflow. (B) Macronutrients of
experimental diets shown by percent contribution to total calories. HFD is shown
in light blue and SD is shown in light brown. (C) Food consumption per diet group,
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measured per cage and divided by the number of mice per cage. The group
average and statistical significance is indicated above (unpaired t-test, two-tailed)
(D) Plasma cholesterol content in mg/dl shown per diet group at each point of the
time course. N=3 for each group at timepoints week 6, 12, 28 and N=5 at week
48 (pairwise t-test, two-tailed). (E) Weekly weight measurements for diet groups.
Dots indicate measurements for individual mice. Statistically significant weight
gain was observed after 3 weeks on the HFD (indicated by red line) Statistical
significance was tested using multiple unpaired t-tests with alpha = 0.001 (Holm-
Sidak correction method for multiple testing, not assuming consistent standard
deviation between groups).

Qualitative Analysis of Mutational Profiles in SD and HFD fed Mice

Since the genome records past and ongoing mutational processes, we reasoned that longer exposure to HFD would result
in a stronger signal. Hence, we focused our sequencing efforts on the last time point (48 weeks). The obtained raw reads
were processed according to GATK (The Genome Analysis Toolkit) best practices (Fig 2A). To obtain a high confidence set
of mutations, we utilized two mutation callers, Mutect2?%3° and Strelka23'!. Mutations which were found by both Mutect2 and
Strelka2 and passed the respective quality filter settings were included for further analysis. This yielded a total of 48,742
single nucleotide variants (SNV), 165 double nucleotide substitutions (DSB), and 6662 indels (insertions and deletions). Due
to low numbers of mutations, DSBs were excluded from further analysis. As an additional quality control step, we checked
the variant allele frequency (VAF) distribution of all organoid clones and included only clonal samples, where the VAF
distribution is centered around 0.5 (Supplementary Figure 1).

We first explored the overall mutational landscape for SNVs per diet group. Surprisingly, we found a slightly higher number
of total mutations in the SD group than in the HFD group. We observed a significantly higher number of mutations in the SD
group for C>G, C>T outside of CpG regions, T>C, and T>G (Fig 2B). The profile of relative contributions, across the 7
mutation channels, however, is similar between two diet groups. Next, we examined the mutational profiles in 96 channels.
The mean mutational profile per diet group exhibits few characteristic peaks, with the exception in the C>A and C>T
components. The aggregated profile of the HFD group has a cosine similarity of 0.9929 to the SD group (Fig 2C). We
furthermore observe highly similar profiles between mice of either diet group (Supplementary Figure 2A, B). To quantify how
similar the mutational profiles of samples across diet groups are, we computed the pairwise cosine similarity between all
samples, which ranges from 0.9020 to 0.9776 (mean = 0.9558) (Supplementary Figure 2C).

The high cosine similarity between all samples implies the absence of strong differential mutational processes. To test this,
we used a bootstrap resampling method of the 96-channel mutation matrix, adapted from Zou et al., for SD and HFD
samples?*. This allows us to detect potential qualitative differences in mutational profiles which remain uncovered due to low
sample size and high signal to noise ratio. The global bootstrapped mutational profile of the SD mice has a cosine similarity
of 0.9933 when compared to the profile of the HFD mice (Supplementary Figure 2D).

In summary, this suggests that no strong qualitative differences exist for mutagenic processes in either diet group.
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Figure 2. (A) Raw reads from paired end 150 bp lllumina sequencing were
processed according to GATK best practices, including marking and removal of
duplicates and recalibration of base quality scores. Analysis ready reads were
processed by two mutation callers, Mutect2 and Strelka2. Variants called by both
tools were included in the analysis. In total, 48,742 single nucleotide variants, 165
double base substitution variants, and 6,662 insertions and deletions could be
detected. (B) Relative contribution of SNVs in six mutation classes for HFD
samples (left panel) and SD samples (right panel). C>T mutations within CpG sites
are shown as a separate category. Individual dots indicate organoid samples,
error bars show *1 sd from the mean, asterisks indicate results from pairwise t-
test (two-sided) comparing mutation numbers for each mutation category, alpha =
0.05 (C) Average mutational profile of SNVs in 96 channels shown for HFD (upper
panel) and SD (lower panel). Error bars indicate +1 sd.

Mutational Signature Analysis of Single Nucleotide Variant Profiles

De-Novo Signature Extraction of SNV Signatures

Despite the lack of qualitative differences in the mutational profiles of the two diet groups, we next sought to explore which
mutational signatures are active in the diet groups to determine whether quantitative differences exist. We first employed
non-negative matrix factorization (NMF) with automated rank selection based on the NMFk method to determine the optimal
number of de-novo signatures to extract 3223, Classically, NMF algorithms use heuristics to determine the optimal rank based
on either stability of the solution, or on automatic relevance determination (ARD), which is a measure of precision of the
chosen model to explain the data®:. In contrast, the NMFk method for automatic rank determination seeks to optimize the
tradeoff between both, the stability of the solution and the accuracy of the reconstructed data, measured as the distance
between original and reconstructed profiles (mean sample cosine distance). This method allows to robustly extract a
meaningful number of signatures from noisy data while minimizing the number of false positive signatures®2.

Applied to our data, both stability and mean sample cosine distance decline the more signatures are extracted. Thus, the
most optimal solution consists of extracting a single signature (Fig 3A). The presence of a single consensus profile in the
cohort would indicate that there are no distinguishing signatures between diet groups. The de-novo extracted signature can
furthermore be decomposed into known signatures from the catalog of somatic mutations in cancer (COSMIC) database®.
According to this decomposition, the de-novo signature consists of 48.1% SBS5, 42.56% SBS18, and 9.34% SBS1 (Fig 3A).
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Comparing the per sample contribution of the decomposed signatures reveals an equal distribution of signature activities
across samples, regardless of diet used (Fig 3B).

Signature Refitting of SNV Signatures

In cohorts with lower sample numbers such as ours, an alternative approach to de-novo extraction is signature refitting,
where the mutational catalog of the samples is fitted to the catalog of known signatures (COSMIC) to find a subset which
best explains the observed mutational catalog. This approach takes a defined set of known signatures and performs a refit
in an iterative manner. After each iteration the reconstructed and original profile are compared and the lowest-contributing
signature is eliminated from the set. Signatures will stop being removed when the cosine similarity between the reconstructed
and original profile between two iterations has changed more than a given threshold. Thus, only signatures which are
necessary to model the observed data are retained in the set. By repeating this process n-1 times for all sets of n-1, n-2, n-
3 etc., where n is the total number of known signatures, we find that SBS1, SBS5, SBS18, and SBS40 explain 99.6% of
observed mutations in both diet groups (Fig 3C). Only four samples showed minimal activity of SBS15 (defective mismatch
repair), a signature directly attributable to an increase in genomic instability. The equally minimal number of mutations
attributed to SBS15 in both diet groups, however, suggest no differential potential in mismatch repair among SD and HFD.
In summary, the distribution of the fitted signatures is highly similar across samples and is not diet specific.

To quantify the activity of the most active signatures, we applied the signature presence test from the mSigAct package3-®
to SBS1, SBS5, SBS18, and SBS40. This statistical test builds two refit models, one including and one excluding the
signature of interest, while minimizing the reconstruction error. Following this, the likelihood ratio test between the two models
is computed. For ratios greater than 1, the likelihood of the signature being active is significantly higher than the alternative
hypothesis. The signature presence test confirmed the results obtained from signature refitting. Of the 4 tested signatures,
SBS5 is the least active, as already observed before (Fig 3D). Although some variation in signature activity can be observed
between individual samples, no signature shows a systematic difference between diets.

All signatures we found are equally active in both diet groups and are likely attributable to normal aging processes and the
culturing process prior to sequencing. SBS1 is a clock-like signature which is attributed to aging due to spontaneous
deamination of 5-methylcytosines, which leads to a C>T transition?'. The activity of SBS1 observed in both groups thus likely
reflects the normal aging process. Additionally, both groups showed high numbers of C>A mutations, which were largely
attributed to SBS18. This signature has been proposed to be caused by damage due to reactive oxygen species®>?7 and
might thus have arisen during the routine experimental handling of the samples or due to exposure to metabolic byproducts
in the intestine. The remaining signatures SBS5 and SBS40 share similarly flat profiles. Although only SBS5 has been clearly
identified as a clock-like signature, SBS40 was also found to correlate with age®?38. Thus, the activity of both signatures may
be explained by normal aging processes. Taken together, the results from de-novo extraction and signature refitting, confirm
that the experimental HFD did not induce or impact different mutational processes for single nucleotide substitutions
compared to the standard diet.
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Figure 3. (A) NMF for signature extraction ranging from 1-4 signatures. Red line
indicates mean sample cosine distance (MSCD), blue line indicates average
stability (AS), gray bar indicates preferred solution, maximizing the tradeoff
between MSCD and AS. The decomposition of the extracted signature into known
COSMIC signatures and their calculated percent contribution is shown to the right.
(B) NMF results from A shown as per sample absolute signature contributions
(number of mutations), diet status of the samples is indicated at the bottom. (C)
Best subset signature refitting using signatures commonly active in colorectal
cancer. Per sample absolute signature contributions (number of mutations) are
shown for HFD samples (upper panel) and SD samples (lower panel). (D)
Signature Presence test for 4 most active signatures. The y-axis indicates the
likelihood ratio between the signature fitting with and without the tested signature.
The translucence of the bars, shown for individual organoid clones, is indicative
of the level of significance (-log p).
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Mutational Signature Analysis of Indel Profiles

Comparison of Indel Profiles between Diet Groups

Aside from SNVs, numerous mutational processes also generate insertions and deletions. This class of mutations generates
signatures different to SNV signatures. We therefore analyzed the 6662 indel mutations in our cohort to compare whether
differences in indel generating mutational processes exist between the diet groups. We only considered clonal samples with
a VAF distribution centered around 0.5 (Supplementary Figure 3). Indel mutations can be analyzed in 16 or in 83 curated
channels, representing the main and extended sequence context respectively®®. The curated indel types range from a single
base pair deletion or insertion, up to indels longer than 5bp. Additionally, 1-5 bp deletions flanked by microhomologies are
considered, since such mutations are indicative of defective double strand break repair processes*. Indel profiles in both
sequence contexts were highly similar between diet groups, with a cosine similarity of 0.9925 for main indel contexts (Fig
4A), and 0.9941 for extended indel contexts (Fig 4B). Only 5+bp deletions flanked by microhomologies were significantly
increased in the SD compared to the HFD cohort (Fig 4A). However, since the total number of mutations in that category is
less than 10, this likely represents a random variation and carries no specific biological meaning. Indeed, all mice, regardless
of diet group, exhibited highly similar indel profiles, both for the main and the extended sequence context (Supplementary
figure 4A-D). Furthermore, all samples showed a pairwise cosine similarity greater than 0.84 (Supplementary Figure 4E).
Conclusively, the high cosine similarity between indel profiles of the diet groups as well as among individual samples suggest
that no indel generating processes are unique to either diet.

De-Novo Signature Extraction of Indel Signatures

We next applied the same analysis workflow we established for SNV signatures to all insertions and deletions. NMF with
automated rank selection, found one indel signature as the optimal solution because extraction of more than one signature
led to sharp decrease in average stability (Fig 4C left panel). The decomposition of the single de-novo signature estimated
three known COSMIC signatures to be active, ID1 (22.46%), ID2 (40.88%), and 1D12 (36.66%) (Fig 4C right panel). The
distribution of the signature contribution to the individual samples does not differ between diet groups (Fig 4D).

Signature Refitting for Indel Signatures

Exploring indel signatures further with refitting analysis allowed us to confirm the results obtained from de-novo extraction.
Using best subset refitting with all 18 known indel signatures, we find ID1, ID2, and ID12 most active and similarly distributed
across samples (Fig 4E). Minor activity observed for ID7 (MMR deficiency®) and ID9 (etiology unknown®), may be due to
signature misattribution for the common C and T deletions found in our cohort. Since the low number of mutations may be
limiting in this analysis, we also pooled the mutational matrix of each diet group and performed a best subset refit to all
COSMIC indel signatures. The results show an equal distribution of ID1, ID2, and ID12 activity across diet groups
(Supplementary figure 4F). To confirm the stability of the refitting we performed bootstrapped refitting. The mutational matrix
is resampled 1000 times with replacement, using the original mutational profile as weight. For each bootstrap iteration a refit
is calculated, recording estimated signature activity. The higher the consensus of refits across bootstrap iterations, the more
stable the refit. The results confirm that ID1, ID2, and ID12 are the most active signatures in our cohort, regardless of diet
consumed. ID7 was found active only in the SD group and was attributed less than 10% of all mutations in that group (Fig
4F). Finally, we quantified the signature activity of ID1, ID2, ID7, and ID12 for all samples, using the signature presence test
(Fig 4G). The results confirm that ID2, and ID12 (etiology unknown®®) are the most active signatures in both diet groups,
since the majority of mutations is attributed to these signatures across all samples. ID1 is the third most active indel signature,
followed by ID7, which is active only in some samples and completely absent in 23% of all samples.

None of the identified indel signatures are differentially active between tested diets. Signatures ID1 and ID2 are both
proposed to arise due to slippage of the replicated (ID1), and template strand (ID2) during replication, producing the
characteristic 5+bp T-insertions and 6+bp T-deletions. These signatures have been observed to be active in all samples and
are only increased in backgrounds with mismatch repair deficiency (MMR)32. In our cohort, we have not observed a strong
activity of either SNV or indel signatures associated with defective mismatch repair. The low activity of MMR deficiency
signature ID7 in some samples may partially explain the high activity observed for ID1 and ID2. However, this process is
equally active in both diet groups (Fig 4E, G). Notably, ID1 and ID2 activity were found increased in conditions of chronic
inflammation of the intestinal tract in patients*'. Even though obesity is associated with changes in metabolic and hormonal
signaling associated with forming an inflammatory environment®, we do not observe an increase in ID1 and D2 activity that
would indicate strong changes in inflammatory signaling. Thus, the activity of ID1 and ID2 we find in both diet groups suggest
mutational processes ongoing during normal cellular replication. In summary, the results indicate that the experimental HFD
did not invoke or influence mutational processes of indel generation.
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Figure 4. (A) Main indel contexts (16-channels) profiles aggregated by diet group
(mean), error bars indicate +1 sd. Statistical significance was assessed using
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multiple pairwise t-tests, not assuming consistent standard deviation (Holm-Sidak
correction method for multiple testing, alpha = 0.01) (B) Mean extended indel
profile by diet group (83 channels), error bars indicate +1 sd from the mean. (C)
NMF diagnostic plot for signature extraction ranging from 1-4 signatures. Red line
indicates mean sample cosine distance (MSCD), blue line indicates average
stability (AS), gray bar indicates preferred solution, maximizing the tradeoff
between MSCD and AS. The decomposition of the extracted signature into known
COSMIC indel signatures and their calculated percent contribution is shown to the
right. (D) NMF results from A shown as per sample absolute signature
contributions (number of mutations), the diet status of the samples is indicated on
the x-axis. (E) Best subset signature refitting using all 18 known indel signatures.
Per sample absolute signature contributions (number of mutations) are shown.
Diet status is indicated on the x-axis. (F) Bootstrapped refitting of indel signatures
(best subset approach using all known indel signatures, 100 iterations). Size of
dots indicates the mean contribution of the signature for all bootstrap iterations
where this signature was found. The color scale represents the percentage of
bootstrap iterations where the signature was found active. (G) Signature Presence
test for 4 most active signatures found in refitting and bootstrapped refitting. The
x-axis indicates the sample, the y-axis indicates the likelihood ratio between the
signature fitting with and without the tested signature. The translucence of the
bars, shown for individual organoid clones, is indicative of the level of significance

(log p)-

Coding Mutations

Finally, we wondered whether the absence of specific mutational processes also precluded the accumulation of specific
deleterious mutations which might initiate the adenoma-carcinoma sequence and thus predispose to tumor development. To
test this, we explored the coding mutations which accumulated in either diet group. Due to low numbers of coding mutations
in our cohort, we included all mutations which passed the filtering criteria from the Mutect2 variant caller. Filtering for the most
mutated genes revealed a remarkable overlap, 9 out of the top 10 most mutated genes are shared between the SD and HFD
group (Fig 5 A-B). The largest fraction of alterations are missense mutations. None of the mutated genes have a known role
in intestinal cancer development. Taken together, we found no specific mutations which might explain how obesity increases

risk of cancer development in the intestinal tract.
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Discussion

Obesity is a chronic disease which epidemiologically has been shown to increase the risk of developing cancer in the
intestinal tract®>7”. High BMI and dietary factors such as consumption of a western style diet high in fats have been
demonstrated to have a positive association with CRC risk through modulation of signaling in the intestinal stem cell niche's-
8. However, the effect of obesity on the genomic stability of intestinal stem cells has not been investigated yet. We
hypothesized that chronic exposure to a HFD impacts on DNA damage and repair signaling or associated processes and
thus shapes the landscape of genomic stability in intestinal stem cells. To investigate the mutational landscape in response
to diet induced obesity we used whole genome sequencing on clonal organoid populations derived from intestinal stem cells
of mice exposed to experimental high fat or control diets, respectively.

Our results show that HFD alone, on an isogenic background, and in the absence of other predisposing mutations, does not
induce differential mutational signatures compared to a standard control diet. All mutational signatures we recovered are
equally active in both diet groups and represent normal ongoing mutational processes associated with aging (SBS1, SBS5),
cellular replication (ID1, ID2), or oxidative stress experienced either in-vivo or during the culturing process during sample
preparation (SBS18). Overall, signatures we recover are in agreement with previous findings, reporting the activity of SBS1,
5, and 18, as well as ID1 and ID2 as normal aging and metabolism associated processes in colonic crypts*'. Other signatures
recovered were SBS40 and ID12, which are both signatures with unknown etiology and were active in both diet groups. We
furthermore found no coding mutations in common CRC driver genes or other genes associated with developing genomic
instability. Thus, in the absence of any other predisposing mutations, diet-induced obesity associated alterations to any
molecular pathways in the stem cell niche are not enough to generate an excess of mutations, specific mutational patterns
or coding mutations that would predispose to cancer. The lack of mutagenesis in the HFD condition, both in terms of numbers
of mutations and mutational signatures, would suggest that the DNA repair machinery is working efficiently in the diet-induced
obesity condition, ensuring genomic stability. How a HFD impacts on the mutagenesis in a cancer predisposed background
(e.g. ApcMin) or in the presence of DNA damaging agents remains to be investigated.

In the face of convincing epidemiological evidence, it remains important to understand how a western style diet modulates
cancer risk in the gastrointestinal tract. By investigating mutagenesis in intestinal stem cells upon long-term exposure to a
high fat diet in vivo, we show that HFD alone, in the absence of other perturbation events, such as mutations or chemical
exposure, is not sufficient to initiate specific mutational patterns. Our results might lead to future studies to investigate
combinatorial effects of HFD with other perturbations, to continue elucidating the etiology of obesity induced cancers.

Methods

Mouse work

All experimental protocols were approved by the institutional animal experimentation committee of the Medical University of
Vienna and the Austrian Ministry of Science under ethical permit number 66.009/0179-V/3b/2019. All methods were
performed in accordance with relevant guidelines and regulations. The study was reported in accordance with the ARRIVE
guidelines. Experimental mice were age-matched males on a C57BL/6J background. The total number of mice included the
study was 28. Control and treatment groups (diet groups) were randomly assigned cage numbers before the addition of the
experimental research diets. Researchers were not blinded to the assigned treatment.

Shortly, from 5 weeks of age, after a 1-week acclimatization period on SD, mice were fed SD or HFD for 6, 12, 28, and 48
weeks (Research diets, D12492i, rodent diet with 60 kcal% fat, for diet composition see supplementary table 1,2). Mice were
housed at the Department of Biomedical Research or the Department of Laboratory Animal Science and Genetics of the
Medical University of Vienna, Austria with a 12-hour dark-/light-cycle with ad libitum access to water and food. Weight gain
and food consumption of experimental animals were monitored on a weekly basis. At experimental exitus mice were
sacrificed after 3 hours of fasting. Blood, plasma, intestinal tissues, and intestinal crypts from the jejunum for organoid culture
were isolated. Blood was collected from the vena cava with a syringe, stored in collection tubes containing EDTA, and spun
down to 15 minutes at 2000g. The supernatant plasma was retrieved and snap frozen in liquid nitrogen.

Organoid Culture

Isolated tissue from jejunum was gently rinsed with ice cold PBS (20 mL, without Mg++ and Ca++) using a syringe. The
intestinal tube was cut lengthwise and covered with fresh PBS (1-2 mL, without Mg++ and Ca++)). The villi were gently
scraped off using a microscope coverslip. Following this, the tissue was cut into ca. 0.5 cm long pieces and added to a tube
containing ice cold PBS (50 mL, without Mg++ and Ca++). The tissue pieces were washed by gently inverting the tube before
collecting the tissue pieces and repeating this washing process 2 more times with fresh PBS. After washing, tissue pieces
were collected and incubated in enzyme-free dissociation buffer (StemCell Catalog #100-0485) for 10 min at room
temperature on a tube roller. After incubation, the tube was vigorously shaken to loosen the crypts from the remaining tissue.
The resulting solution was filtered through a 70 um cell strainer and centrifuged for 3 minutes at 1200 rpm. Supernatant was
discarded and the pellet was resuspended in fresh PBS (1 mL). Multiple aliquots of 50 pL, 100 uL, and 200 uL were
transferred to 1.5 mL tubes and centrifuged for 5 minutes at 500 rcf. The supernatant was removed carefully and Matrigel
(20 pL) was added and mixed with the pellet. The mixture was plated into 48-well tissue culture plates (20 uL per well), the
plate inverted and incubated for 5 min at 37°C to allow the Matrigel to polymerize. Finally, the droplets were covered with
250 pL- 300 pL of WENR culturing medium (Advanced DMEM/F12, 1%Glutamax(200mM), 1% HEPES (1M), 1%
Penicillin/Streptomycin, 2% B27(50x, Thermo Fischer Catalog #17504044), 0.25% n-acetyl-L-cysteine (500mM), 0.05%
Recombinant Murine EGF (500 pg/mL), 0.1% Recombinant Murine Noggin (100 ug/mL, Peprotech Catalog #250-38 ), 0.2%
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Primocin (50 mg/mL, InVivoGen Catalog #ant-pm-05), 0.01% Y-27632 (100 mM, Adooq Bioscience Catalog #A11001-50),
1% Nicotinamide (1M), 50% Wnt3A conditioned medium as described previously, 10% R-spondin conditioned medium
prepared as described previously).

After 5-7 days in culture, organoids were recovered from Matrigel and dissociated into single cells using 0.05% Trypsin-
EDTA (incubation at 37°C for 5-12 minutes) and mechanical disruption via vigorous pipetting. Single cells were plated in
increasingly diluted aliquots and checked under the microscope for complete dispersion. Resulting clonal organoids were
picked with a pipette after 7-10 days in culture (medium change every 2-3 days), disrupted with 0.05% Trypsin-EDTA, and
cultured until enough material was available for DNA extraction.

Whole Genome Sequencing and Variant Calling

Organoids were extracted from the Matrigel by adding protease K (800 U, ~20ug), centrifuging the solution at 500 rcf for 5
minutes, and discarding the supernatant. Total DNA (~ 1 pg/sample) was extracted using a QlAamp DNA Micro Kit (Qiagen
Catalog #56304). Library preparation (350 bp inserts) and sequencing (150 bp PE) on a NovaSeq6000 platform (lllumina)
was carried out with Novogene, Cambridge, UK. Raw reads were processed according to GATK4 best practices
recommendation for data pre-processing for variant discovery. Reads were mapped to the mm10/GRCm38 mouse reference
genome. All bam files were downsampled to match the file with the lowest coverage using the DownsampleSam command
from Picard tools with accuracy=0.001. Variants in organoid clones were called with Mutect2 and Strelka2, using the tail DNA
as a reference. Variants with filter status PASS which were called by both tools were included in the analysis. For each
sample, the variant allele frequency (VAF) distribution was plotted. All samples which did not have a distribution centered
around 0.5 were excluded from further analysis.

Mutational Signature Analysis

De-novo mutational signature extraction using NMF was performed using SigprofilerExtractor®?. Signature refitting and
plotting was performed using the MutationalPatterns package in R*2. The bootstrapping analysis of the SNV signatures was
conducted as described previously?*. Briefly, bootstrapped resampling was applied to generate 10,000 replicates of the
mutational matrix for SD samples and HFD samples respectively, using the underlying distribution of signatures across the
96 channels as weight. The results were aggregated by diet group to generate an average bootstrapped mutational profile,
which was then compared between groups using cosine similarity.
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Supplementary Table 1. Composition of the experimental control diet

(SD).

High Fat Diet- Total energy density: 5.21 kcal/g

a/kg Fatty g/kg = Protein
Acids
161.53 Soybe 32.3 Casein
ann Oil | 1 (Lactic),
(USP) 30 Mesh
94.0 Lard 316.  L-
6 Cysteine

g/kg

258.45

3.88

Vitamins

Choline
Bitartrate

Vitamin E
Acetate
(50%)

Niacin (B3)

Biotin (1%)

Pantothenic
Acid (B5)

Vitamin D3
(100,00
1U/gm)

Vitamin B12
(0.1%
Mannitol)

Vitamin A
Acetate
(500,000
1U/gm)
Pyridoxine
HCI (B6)

Riboflavin
(B2)

Thiamine HCI
(81)

Folic Acid

Menadione
Sodium
Bisulfite

g/kg

2.58

6.46

1.94

1.3

1.03

0.65

0.65

0.52

0.45

0.39

0.39

0.13

0.05

Supplier: https://researchdiets.com/formulas/d12492

Data sheet: https://researchdiets.com/formulas/d12492

Minerals

Potassium  Citrate
(Monohydrate)

Calcium Phosphate
(Dibasic)

Calcium Carbonate
(light, USP)

Sodium Chloride

Magnesium Sulfate
(Heptahydrate)

Magnesium Oxide
(Heavy, DC USP)

Ferric Citrate

Manganese
Carbonate Hydrate

Zinc Carbonate

Chromium
Potassium Sulfate

Copper Carbonate

Ammonium
Molybdate
Tetrahydrate

Sodium Fluoride

Sodium Selenite

Potassium lodate

Mathilde Meyenberg

g/kg

213.22

167.99

71.07

33.47

33.29

5.41

2.71

0.72

0.25

0.16

0.039

0.029

0.0065

0.0065

Other

Solka Floc,
FCC200(Fiber)

Blue FD&C #1,
Aluminium Lake
35-42%
(Dye)
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g/kg
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Supplementary Table 2. Composition of the experimental high fat diet

(HFD).

Control Diet (Normal Diet) - Total energy density: 3.73 kcal/g

Carbo- g/kg @ Fatty
hydrates Acids

N-free 550 C16:0
extract
C18:0

C20:0
C18:1
Cc18:2

C18:3

g/kg

5.0
2.0

0.1
9
19

7.5

Protein

Arginine
Cysteine
Histidine
Isoleucine
Leucine
Lysine
Methionine

Phenylalanine

Threonine
Tryptophan
Tyrosine

g/kg

8.0
3.5

4.0
6.5
17.0

8.0
4.0
8.5

6.0
2.0
6.0

Vitamins

Vitamin A
Vitamin D3

Vitamin E
Vitamin K
Thiamine
(B1)
Riboflavin
(B2)
Pyridoxine
(B6)
Cobalamine
(B12)

Biotin
Choline
Folate
Niacin
Pantothenic
Acid (B5)

Unit
per kg

15,000

0.05

0.2
1.0
0.002
0.04
0.02

Minerals

Calcium
Phosphorus

Sodium
Magnesium
Iron

lodine
Copper
Cobalt

Manganese
Selenium
Zinc

Mathilde Meyenberg

g/kg

0.01
0.0065

0.003
0.0025
0.2

0.004
0.015
0.0015

0.12
0.0002
0.075

Supplier: http://www.lasvendi.com/en/lasqcdiets-eng/mice-rats/rod16-r-eng.html

Other

Ash

Fiber

Data sheet: https://www.lasvendi.com/files/PDF-EN/lasqgcdiet rod16 rad data eng.pdf

g/kg

70

43
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Supplementary Figure 1. (A) Variant allele frequency distribution
(VAF) of single nucleotide variants (SNVs) for each organoid clone
modeled with a Gaussian distribution, after deduction of germline
variants found in the mouse tail sequences. Gaussian mixture model
was fit with fixed means at 0.25 and 0.5 to identify the proportions of
clonal and sub-clonal cell populations. The resulting distributions are

shown in blue.
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Supplementary Figure 2. (A) Average 96-channel SNV mutational
profile per mouse in the HFD group. Error bars indicate +1 standard
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profile per mouse in the SD group. Error bars indicate +1 standard
deviation from the mean. (C) Pairwise cosine similarity matrix between
mutational profiles of all clones from SD and HFD mice respectively.
The color scale has been adjusted to reflect the range of represented
values from 0.9 to 1.0. (D) Aggregated mutational profiles by mean for
each diet group after 10,000 bootstrap iterations of the mutational
matrix of SD and HFD clones respectively. Error bars indicate +1
standard deviation from the mean. The reported cosine similarity
between the two averaged bootstrapped profiles is 0.9933.

enntext

79



Mutational Signatures in Obesity associated Gl-cancers Mathilde Meyenberg

A

02_Lean_2 02_Lean_3 02_Lean_4 02_Lean_5 03_Lean_2 03_Lean_3
4 4 ° + o
3
2% 2° 2t z =]
2 2 2 22 2
82 a2 8 8 8%
/\ /\ 2 1
o AN >~ B e . )
000 025 050 075 0 000 025 050 075 0 000 % o 075 10 00 oz ok o7 0 00 oz ok o7 0 o0 o025 o o075 10
Allele fraction Allele fraction Allele fraction Allele fraction Allele fraction Allele fraction
03_Lean_4 03_Lean_ 5 15_Lean_1 15_Lean 2 15_Lean 3 15_Lean_4
5] s 4 3
3
4+ 4 5
2
231 EN EX z Z2] z
2 2° 2 22 2 2
H 5 5 5 5 &
¥ a a2 a /\ a /\ a8
1
/\ N
1
000 0zs 050 075 0 00 025 0k o075 0 000 025 050 075 0 000 oz ok o7 0 00 oz ok o7 0 00 oz ok o7 100
Allele fraction Allele fraction Allele fraction Allele fraction Allele fraction Allele fraction
17_Obese_1 17_Obese_2 17_Obese_3 17_Obese_4 19_Obese_1 19_Obese_2
5]
4 s
3 o
4 4
3
2z z z S EXE 22
3 32 3 3 3 3
& & &2 & & &
a8, [} /\ 8 [=F azq /\ =} /—\
1
1 14
000 0zs 050 o5 0 000 5 0% o075 0 000 0z 050 075 0 000 s 0% o 0 00 oz ok o7 w0 000 oz ok ors 100
Allele fraction Allle fraction Allele fraction Allele fraction Allele fraction Allele fraction
19_Obese_3 19_Obese_4 23 Obese_1 23 Obese_2 23 Obese_3 23_Obese_4
4 3 °
a
4
3]
> >? >° >3 > >
1, [ 2 2 2 2
527 5o 5 5. 5 52
3 /—\ 8 -3 - [P a
! /_\ ‘
0 05 050 075 0 000 05 050 075 0 000 ) B3 o o o035 ok o 10 000 5 0% o o o o ok o7 100
Allele fraction Allele fraction Allele fraction Allele fraction Allele fraction Allele fraction
24 Obese_1 24 _Obese_3 24 Obese_4 24 _Obese_5 26_Lean_2 26_Lean_3
4 N 4+ s
3
3 4 31
= = = = 22
221 [ 2 . 2 2
5 52 5 2 521 5
3 3 -] -] 8
/\ 2 {\ /\ 1
1 14
of o /; o A ° o] o
000 055 050 o5 0 000 ) B3 0 000 025 ok B3 0 00 oz ok 07 10 000 oz 0% o075 o 00 0z 080 0
Allele fraction Allele fraction Allele fraction Allele fraction Allele fraction Allele fraction
26_Lean_4 26_Lean_5 28 _Lean_1 28 Lean 2 28 Lean 3 28 Lean 4
° 6
s 4
. 3
4 3 4 .
£ g° g g2 g g
g g ge 5 5 §
3 3 a a a,l a
| P& @ L e
' & /_\
oq o o of of Fammssmum WIS
000 050 o075 100 s 5 000 025 050 075 0 00 oz ok o7 w0 oo oz ok o7 % 000 oz ok o7 100
Allele fraction Allgle fraction Allele fraction Allele fraction Allele fraction Allele fraction
36_Obese_2 36_Obese_3 36_Obese_4 36_Obese_5
¢
4
4+ 3
3
g i
5 5
a8 a
& o j ; 3
oz 0 000 7 0 000 025 050 075 100
Allele fraction

25 050 075 25 050 o
Allele fraction Allele fraction

Supplementary Figure 3. (A) Variant allele frequency distribution
(VAF) of insertions and deletions (indels) for each organoid clone
modeled with a Gaussian distribution, after deduction of germline
variants found in the mouse tail sequences. Gaussian mixture model
was fit with fixed means at 0.25 and 0.5 to identify the proportions of
clonal and sub-clonal cell populations. The resulting distributions are
shown in blue.
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Supplementary Figure 4. (A) Average 16-channel indel mutational
profile (main indel contexts) per mouse in the HFD group. Error bars
indicate +1 standard deviation from the mean. (B) Average 83-channel
indel mutational profile (extended indel contexts) per mouse in the HFD
group. Error bars indicate +1 standard deviation from the mean. (C)
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mouse in the SD group. Error bars indicate +1 standard deviation from
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indel contexts) per mouse in the SD group. Error bars indicate +1
standard deviation from the mean. (E) Pairwise cosine similarity matrix
between indel mutational profiles of all organoid clones from SD and
HFD mice. The color scale has been adjusted to reflect the range of
represented values from 0.84 to 1.0. (F) Best subset refitting of diet
groups to known indel signatures. The relative contribution per diet
group is shown.
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CHAPTER 3: DISCUSSION

Extended Interpretation of the Results
Strengths and Limitations of the Experimental System

Out study had multiple requirements of an experimental model. First, our in-vivo model needed
to reflect diet induced obesity with common hallmarks of obesity. Since the C57/BL6J mice
have been well-established as a model of diet induced obesity (Speakman et al, 2007; Collins
et al, 2004), this requirement for our study was fulfilled. Furthermore, we were able to observe
a significant increase in plasma cholesterol, and accumulation of white adipose tissue
accompanied with weight gain in our HFD group. Directly harvesting intestinal stem cells and
culturing these to clonality, allowed us to conduct a cell type specific investigation into
mutagenesis in ISCs in response to high fat diet and the accompanying diet induced obesity.
We deliberately chose to study inbred, age-matched mice with a wild-type genetic background

to minimize confounding factors.

To justify our choice, we need to examine the most common model of tumorigenesis of the
intestinal tract, the APCmin mouse. In this mouse model, a dominant truncating mutation in
exon 1 of the APC gene leads to accumulation of polyps in the entire intestinal tract (Fodde et
al, 1994). This mimics the phenotype of the human inherited cancer predisposition familial
adenomatous polyposis (FAP). Loss of the APC gene has been found to be a strong driver for
intestinal polyp formation. The polyps represent an early disease stage in the adenoma
carcinoma sequence and have been found to have a polyclonal structure, even within small
single adenomas (Merritt et al, 1997). However, to detect mutations and thus the activity of
mutational signatures with confidence in a cohort with low sample sizes, a clonal structure is
needed. Furthermore, loss of APC leads to different regionality of tumor formation along the
length of the intestinal tract, reflecting differing mechanisms of tumor initiation, depending on
the induction of the APC mutation, which would further confound the identification of
mutational signatures (Haigis et al, 2004). Finally, APC-induced polyp formation is subject to
many genetic modifiers, which is a further confounding factor introducing variability into the
study (Rakoff-Nahoum & Medzhitov, 2007; Novelli et al, 1999). Indeed, the genetic modifier
PLA2G2A (Phospholipase A2 Group [IA) was observed to not act in systemic manner but
instead found to exert its effect heterogeneously and restricted to single ISCs or crypts (Novelli
et al, 1999). Taken together, the use of the APCmin model would introduce too many

confounding factors which would impede signature identification and interpretation.
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Another factor to consider is the anatomical site to harvest ISCs from. Tumor formation in the
APCmin mouse model is predominant in the small intestine, reflecting a major difference in
the anatomical site between mouse model and humans. Although mouse cancer models of
the large intestine exist, they often rely on additional chemical treatment (Burtin et al, 2020),
which would induce polyclonal lesions and likely produce a strong mutational imprint that
would make identification of other, endogenous mutational processes, difficult. Thus, we
excluded their use on the same basis we excluded the APCmin model. Nevertheless, the
difference in anatomical site of cancer formation is important to consider in our chosen model
as well. We chose to harvest intestinal stem cells from the middle part of the small intestine,
the jejunum, for two reasons. First, even though murine tumor formation is not completely
analogous to human tumor formation, sporadic lesions would most likely be expected to
develop in the small intestine and therefore present the anatomic region of relevance for our
model. Secondly, gene expression changes in response to a high fat diet were found most
pronounced in the jejunum. Specifically, genes associated with cell cycle, inflammation and
lipid metabolism were found altered in the high fat diet condition (de Wit et al, 2008). We
therefore reasoned that intestinal stem cells in our model of diet induced obesity would be

most affected in the jejunum.

For any study, the choice of model is critical for biological interpretation. We chose the
anatomical site and sub-region based on previous findings that demonstrate the small
intestine to be the most relevant site for the study of sporadic tumor formation in mice. It is
known that the tumor formation in the murine small intestine, even with strong genetic drivers
such as APC, does not capture all aspects of human carcinogenesis (Boivin et al, 2003;
Washington & Zemper, 2019). Thus, studying the models’ most relevant affected cell
population for changes in the mutational landscape in response to a HFD is a logical choice
for our question. We acknowledge that the difference in anatomical site is a limitation of our
study, since this has implications for interpreting the etiology of tumor formation because
regional differences in immune signaling and microbiome composition are likely to play a role

in human CRC development as well (Tilg et al, 2018; Peng et al, 2020).

Functional Interpretation of Single Base Substitution Signatures

Mutational signatures are by nature compositional and not linearly separable. As discussed
previously, compositional data describes parts of a whole, where the sum of all parts equals
one. Applied to mutational signatures, this means that the mutation counts attributed to each
channel of each signature found active, scaled to a relative contribution, add up to one. A

natural consequence of these attributes is that mutations attributed to one channel of one
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signature, cannot be also attributed to the same channel of another signature, even when it is

equally likely that a given mutation may have contributed to either signature.

The properties of the data thus pose a natural problem in the interpretation of signature
etiologies. Since multiple signatures share mutational features across multiple channels, no
definitive quantitative statement about absolute activity of mutational signatures can be made.
This may or may not be critical depending on how many features overlap between signatures
and how similar the proposed etiologies are. For example, SBS6 and SBS15 share highly
similar but specific features in the C>T component and are thus likely to be confused both in
NMF and by signature refitting algorithms. For a functional interpretation, however, the relative
activity of multiple similar signatures with similar proposed etiologies only increases the
confidence that the shared underlying process — defective mismatch repair in the case of
SBS5 and SBS15 — is truly active. In contrast to this, if signatures share many features but
not their proposed etiologies, functional interpretation quickly becomes difficult. Signatures
with flat profiles such as SBS3 (homologous recombination deficiency), SBS5 (unknown), and
SBS40 (unknown) are good examples of this. All three signatures have mutations attributed
to all of the 96 available channels are thus have a high similarity among themselves. However,
attributing mutations to SBS3 results in a different functional interpretation than attributing
mutations to SBS5 or SBS40 respectively. As discussed in the introduction, SBS3 activity has
direct and usable clinical implications, whereas detection of the activity of other signatures
(SBS5/SBS40) with unknown etiologies does not.

Consequently, when we aim for an accurate functional interpretation, we need to consider
signature activity in conjunction with the activity of other signatures detected, because if their
signals overlap, their activity might not be accurately defined. Mutational signatures are a tool
with specific strengths and weaknesses. The major strengths lie in the ability to capture the
outcome of complex and overlapping biological processes while retaining single nucleotide
resolution. The main weakness of this approach lies in the challenge to balance the analysis
between mathematical possibility and biological sensibility. As already discussed in the
introduction, the ability to understand the unique mechanisms that generate a specific type of
mutation depends on the channels defined prior to NMF. Mathematically, it is possible to
define endless possibilities of channels. However, if many uninformative channels are defined
and included in the analysis, extracted signatures are likely biologically meaningless.
Reversely, defining too few channels prohibits a clear distinction between signatures (Koh et
al, 2020, 2021). Optimal interpretation thus demands an intermediate humber of channels
across multiple types of mutation classes. This allows to distinguish between unique

processes on the one hand, while still capturing somewhat redundant activity of multiple
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similar signatures on the other hand, increasing confidence in the activity of a given process.
In the following, | discuss the activity of signatures we identified in our cohort while considering

these concepts.

Single Base Substitution Signature 1

We found SBS1 active in equal proportions in all samples from both diet groups. SBS1 is a
clock-like signature which is found active in all samples. The signature is characterized by
C>T transitions, specifically enriched in ACG, CCG, GCG, and TCG sequence contexts. SBS1
is proposed to be caused by spontaneous or enzymatic deamination of 5-methylcytosines
(Nik-Zainal et al, 2012b; Alexandrov et al, 2013). This chemically converts cytosine to thymine,
leaving behind G:T mismatches. If these lesions are not removed prior to the next round of
DNA replication, the mutation becomes fixed as a T, resulting in a switch froma G:C to an A:T
base pair. This mutational outcome was observed to correlate with age in most cancers and
normal cell types. While the acquisition rate of SBS1 mutations varies substantially between
cell types, these changes correlate with theoretical rates of stem cell division in various
tissues, suggesting that SBS1 may function as a mitotic clock, timing the rate of cell division
(Alexandrov et al, 2015; Moore et al, 2021; Lee-Six et al, 2019).

For SBS1, the absolute number of mutations attributed to this signature is very similar between
NMF and the best subset refitting approach we used. Since SBS1 is defined by a few clear
features in four C>T channels, spuriously assigned activity of this signature due to
misattribution of mutations is highly unlikely. Coupled with the expectation that SBS1 is active
in all samples, the assigned activity of SBS1 in our cohort makes biological sense. Because
we observe equal proportions of SBS1 activity in all samples, we conclude that there is no
difference in the rate of spontaneous deamination of 5-methylcytosines between the diet
groups. In conjunction with the proposed etiology of SBS1, this could also indicate that HFD
did not induce an increase in cell cycle progression, as faster cell division would also increase

the rate of 5-methylcytosines deamination and thus would increase SBS1 activity.

Single Base Substitution Signature 5

SBS5 was one of two ubiquitous signatures found in our cohort in de-novo extraction,
accounting for almost half of all mutations in a given sample. In contrast, with best subset
refitting, activity of SBS5 was found only in 11 out of 39 samples, accounting for less than 20-
25% of all mutations present in a sample.

SBS5 is a ubiquitous signature which is found in almost all samples and exhibits a clock like
activity. While SBS5 is strongly correlated with age, it was also found associated to smoking

and oxidative damage (Alexandrov et al, 2016; Kim et al, 2020). The rate of generation is
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different among tissues, indicating that the rate of generation of this signature is independently
regulated (Alexandrov et al, 2015). The flat profile of the signature could indicate a mutational
process which is common and unspecific to the sequence context. However, a deeper
analysis of the main components, C>T and T>C revealed further insights. False incorporation
of uracil and hypoxanthine, which are read as thymine and guanine respectively would lead
to an A>G/T>C transitions, explaining the observed C>T component (Alexandrov et al, 2015).
Additionally, T>C mutations in SBS5 show transcriptional strand bias, which could indicate
that some mutations resulted from DNA adducts which are substrates for TC-NER
(Alexandrov et al, 2015). Indeed, SBS5 was found increased in bladder cancers with
concurrent ERCC2 mutations, which offers a potential hypothesis for the etiology of part of
this signature (Kim et al, 2016). In summary, SBS5 does not have one clearly defined etiology
but rather seems to arise from the simultaneous action of misincorporation of nucleotide

analogs and oxidative/ alkylating damage and subsequent transcription coupled NER.

For the results of our study, the equal activity of SBS in both diets groups can be interpreted
in the following ways. The amount of oxidative damage, lesions with adducts, and false
incorporation of nucleotide analogs may be unchanged between diet groups or is adequately
compensated for by functioning transcription coupled NER. Furthermore, it is unlikely that HFD
induced an increase in proliferation and cell cycle progression, as this would increase the
dependence on NER and over time lead to an increase of SBS5 associated mutations. This

interpretation is in accordance with our interpretation of the activity of SBS1.

Single Base Substitution Signature 40

SBS40 has a similarly flat profile to SBS5 with an unknown etiology. Like SBS5, SBS40 is
ubiquitous across many sample types and positively correlated with aging (Alexandrov et al,
2020). High cosine similarity between signature pairs not only means impaired algorithmic
decoupling, but also that the number of mutations attributed to each signature will depend on
mutation counts attributed to all the other signatures with high cosine similarity. This reasoning
suggests that SBS5 and SBS40 might be somewhat mutually exclusive. The high similarity
between these two signatures might suggest similar etiologies. Like SBS5, SBS40 might thus
be the by-product of a combination of simultaneously acting mutagenic processes.
Furthermore, the wide array of tissues in which either SBS5 or SBS40 are active (Moore et al,
2021; Lee-Six et al, 2019) would suggest that their etiology is linked to fundamental cellular

processes that are common throughout tissues and cell types.

Ultimately, SBS5 and SBS40 have uncertain etiologies and a similar profile with a high cosine

similarity (0.83), resulting in low deconstruction fidelity, both in NMF and in refitting

87



Mutational Signatures in Obesity associated Gl-cancers Mathilde Meyenberg

approaches. This might explain the discrepancy of mutational activity attributed to SBS5
versus SBS40 in our results obtained from NMF compared to the results from best subset
refitting. In NMF, only SBS5 was identified, while in refitting, most of the mutations were
attributed to SBS40 instead of SBSS.

Single Base Substitution Signature 18

Next to SBSS5, SBS18 was the most active signature we identified in our cohort. SBS18 is
defined by peaks in the C>A and C>T channels, although C>A peaks are more pronounced,
especially at ACA, CCA, GCA, and TCT sequence contexts. SBS18 is highly similar in profile
to SBS36, which has been proposed to be caused by defects in base excision repair due to
mutations in the DNA glycosylase MUTYH (Viel et al, 2017). SBS18 activity is commonly
observed in cancer samples and normal tissues, as well as in samples from experimental
bottom-up studies of mutational signatures (Lee-Six et al, 2019; Moore et al, 2021; Rouhani
et al, 2016). Whether the oxidative damage stems from metabolic activity in-vivo or oxidative
damage incurred during culturing ex-vivo, the equivalent activity of SBS18 in both diet groups,
suggests no increased damage generation or adequate compensation through functional

base excision repair.

Single Base Substitution Signature 15

In the signature refitting approach, we identified minute activity of SBS15 in 2 SD samples and
2 HFD samples. SBS15 is characterized by major C>T peaks in GCN sequence contexts.
Minor contributing peaks are C>T mutations in other sequence contexts, C>A mutations, and
T>C mutations, which each contribute less than 10% of all mutations for this signature. SBS15
is one of six single base substitution signatures associated with a defect in mismatch repair.
Zou and Owusu et al have demonstrated that specifically MSH6 mutations can recapitulate
the profile of SBS15, drawing a causal link between MMR pathway mutations and this specific
signature profile (Zou et al, 2018).

To exclude the possibility of an artefact during refitting, we supplemented the analysis with
bootstrapped refitting, pooled by diet group. The results show that no residual activity of
SBS15 can be detected in 1000 bootstrap iterations (Figure 20). Thus, we conclude that
neither diet group exhibited specific mutational activity that would indicate a dysfunction in

mismatch repair.
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Figure 20. Bootstrapped refitting of SBS signatures (1000 iterations) The size of the dots
indicates the mean contribution of the signature on the x-axis for all bootstrap iterations where
this signature was found active. The color scale indicates the percentage of bootstrap
iterations where the signature was detected. Bootstrapping was performed by pooling the
mutational matrix per diet group and including signatures SBS1, SBS5, SBS15, SBS18, and
SBS40.

Functional Interpretation of Indel Signatures

Indel signatures are a generalized set of sequence contexts based on size, type of repeat unit
(homopolymer or polynucleotide repeat tract), and whether microhomologies exist at indel
junctions. This definition of indel channels was chosen because indels cannot be exhaustively
described like SBS signatures and thus, these broad categories were chosen as a first attempt
to reveal biological underpinnings of processes generating indels. However, several of the
proposed 83 channels were not informative when applied to a large cancer cohort (Alexandrov
et al, 2020; Koh et al, 2021a). As already mentioned, the classification of mutations into
biologically meaningful channels before non-negative matrix decomposition is key to
uncovering new biological insight. Therefore, the currently defined channels might not be
sufficient descriptors for capturing meaningful indel generating processes. Other
classifications have not been tried yet but might provide additional insights into the biology of

this mutation class.
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Indel Signatures 1 and 2

Of all indel signatures we detected, ID1 and ID2 were the most active in all samples. ID1 is a
characteristic signature defined by a large peak marking 1-base pair T-insertions at
homopolymers of length five or more. This one insertion type makes up over 85% of all indel
types which are part of the ID1 signature. ID2, similarly to ID1, is described by a single
prominent peak. Differently from ID1, the defining peak is a 1 base pair T deletion at
homopolymers with length 6 or more. ID1 and ID2 are common signatures which are found in
almost all samples and positively correlate with age (Alexandrov et al, 2020). This clock-like
behavior, where the total mutation burden attributed to ID1 and ID2 increases with age,
indicates that the underlying mutational mechanisms may be associated with normal cellular
processes. Indeed, the proposed etiology of ID1 is the slippage of the replicated strand during
DNA replication and the proposed etiology of ID2 involves slippage of the template DNA strand
during replication. Furthermore, ID1 and ID2 activity have been observed to increase in
genetic backgrounds with DNA mismatch repair deficiency (Alexandrov et al, 2020). It might
be plausible that even without dIMMR, increased proliferation speeds might cause replication
fork slippage. Whether fast cell cycle progression specifically increases mutation counts
associated to ID1 and ID2 remains a hypothesis to be tested.

We have not observed differential activity of ID1 or ID2 between diet groups or accelerated
accumulation of mutations for other clock-like signatures (SBS1, SBS5, SBS50). Thus, the
conclusion is, that the ID1 and ID2 activity observed in our cohort likely reflect normal rates of

replication associated indel generation.

Indel Signature 7

Although we found limited evidence of ID7 activity in our cohort, | briefly discuss the
implications of the proposed dMMR etiology of this signature. ID7 is mainly characterized by
1 base pair C and T deletions in homopolymer sequence contexts with a length of 5+ and 6+
base pairs. Additionally, 2 base pair deletions at repeat units of length 4,5 or 6 bp are also
represented. ID7 was observed to occur in cancer samples which harbored many mutations
attributed to ID1 and ID2, while simultaneously showing activity for SBS signatures commonly
associated with mismatch repair deficiency (SBS6, SBS15, SBS21, SBS16, SBS44)
(Alexandrov et al, 2020). Thus, the proposed etiology of ID7 is thought to be due to defective
mismatch repair. If the underlying process generating ID7 is truly a defect in mismatch repair,
it could make sense that ID7 exacerbates ID1 and ID2. Mechanistically, in a genetic
background with mismatch repair deficiency, more mismatches are expected to occur in
homopolymer stretches, such as the sequence contexts in which ID1 and ID2 characteristic

T- insertions and deletions accumulate.
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However, the association of ID7 with dMMR rests upon the correlation with SBS signature
activities which are known to be due to defective mismatch repair. Since signature etiologies
are complex, association must not be confused with causation. While it is reasonable to
assume that mismatch repair deficiency increases ID1 and ID2 mutations, this association is
not conclusive evidence that ID7 is a standalone signature which represents an independent
readout for detecting mismatch repair deficiency. Since MMR is a repair process needed in
many cellular contexts — during enhanced replication, during normal replication, for repairing
mistakes during other repair processes — it is reasonable to assume, that multiple different
mutations within different sequence contexts are overlapping, even if the underlying causative
process is identical. Thus, the defined readouts of 1 base pair C and T deletions characteristic
for ID7 might simply be an unobserved byproduct of already defined SBS signatures due to
dMMR.

Ultimately it remains unknown whether ID7 represents a unique and independent indel
generation process that is biologically distinct from other processes which cause the already
known SBS signatures of defective mismatch repair. Thus, in the context of our results, | would
interpret the presence of ID7 only in conjunction with the activity of SBS15. Since we only
observed minor activity of SBS15 and ID7, defective mismatch repair is likely not a strong
driver of mutagenesis in our cohort. Consequently, this means, that the activity of ID1 and ID2
is likely not influenced by a dysfunction in MMR, but rather explainable by normal cellular

replication.

Indel Signatures 9 and 12

We detected two other indel signatures in our cohort, ID9 and ID12 (etiology unknown). ID9
was only detected in the refitting approach for two SD samples and could not be validated with
bootstrapped refitting. ID12, on the other hand, was a ubiquitous signature, which was
recovered in NMF, best subset refitting, as well as bootstrapped refitting. In all three
approaches, ID12 was found equally active in both diet groups.

ID12 is defined by one prominent peak of 2bp deletions in 6+ bp repeat regions. Aside from
this major characteristic, ID12 shows mutation counts in 3-4 bp deletions at larger repeat
regions and 1 bp C and T deletions in homopolymers of varying lengths. ID9 consists of 1bp
C and T deletions in homopolymers of different lengths. Since stable ID9 activity could not be
verified with bootstrapping, it is plausible that the presence of ID9 in signature refitting was
caused by misattribution of the 1bp C and T deletion channels, which are shared between ID9
and ID12. The other 3-4 bp deletions which define ID12 are not shared with other known indel
signatures, possibly indicating that these channels carry a specific meaning. However,

functional interpretation of this signature bears two caveats. First, ID12 has only been
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identified in small proportions in only 2 cancers (liposarcoma, prostate adenocarcinoma) in a
single study, which introduced the current framework for defining indel signatures (Alexandrov
et al, 2020). Second, whether the proposed channels are optimal for capturing relevant indel
mutations is debated, because many channels stayed uninformative so far and no other
frameworks have been tried (Koh et al, 2021). Thus, it remains unknown if ID12 presents a

unique and meaningful mutational process or is the byproduct of other processes.

It is curious to see that ID12 is ubiquitously active in both diet groups, identified by all
computational approaches used. In our context, under the assumption that the defined
mutational channels carry specific meaning, this could potentially indicate a housekeeping

process, akin to the replication, aging, and oxidative stress signatures we identified.

Interpretation of Mutagenesis in a Tissue Specific Context

In summary, we recover the activity of mutational processes related to aging (SBS1) due to
mechanisms involved in spontaneous degradation of the DNA molecule, cellular replication
(SBS1, SBS5/SBS40, ID1, ID2), related to mechanisms of DNA slippage and other clock-like
mutagenesis, and oxidative stress (SBS18) explainable by metabolic stress and ROS
encountered in-vivo or ex-vivo during culturing. The equal activity of mutational signatures
across both diet groups and their associated etiologies of normal processes indicates
functional DNA repair in both groups, which suggests that HFD and associated systemic
changes are not strongly affecting DNA damage and repair processes to drive mutagenesis
beyond baseline processes. In the introduction, DNA repair was discussed as a tissue specific

process, and thus the results should be interpreted in a tissue specific context as well.

The crypt-villus architecture, coupled with the rapid renewal of the intestinal epithelial lining
poses tissue specific constraints on mutagenesis. First, the renewal of the entire intestinal
epithelium within 3-5 days rapidly eliminates mutated cells which are not long-lived intestinal
stem cells. Within the crypt, however, long lived ISCs underlie mechanisms governed by Wnt
and Notch signaling, regulating the balance between stem cell division and differentiation
(Funk et al, 2020). As discussed in the review articles presented in chapter 1, multiple cell
populations which can compensate for the impairment of loss of ISCs exist. Thus, mutated
cells, which have not yet gained strong driver mutations might undergo negative selection.
Additionally, the crypt architecture poses another barrier, even for replicating 1ISCs which
already acquired mutations, as these cells would stay confined within the crypts, unless such
a cell can overcome the crypt compartment and expand clonally through crypt fission.

Estimates of the driver mutation rate across different tissues provide evidence for this
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argument. In normal human colorectal epithelium, only 1% of cells contained driver mutations
(Lee-Six et al, 2019), whereas esophageal epithelium contained 50% (Martincorena et al,
2018) and skin 30% cells with driver mutations (Martincorena et al, 2015). Hence, the barrier
for oncogenic transformation is especially high in the intestinal epithelium because the high
rate of overturn, presence of compensatory cell populations, and physical confinement to the
crypt play together to negatively select mutated cells which haven not gained a significant
fithess advantage yet. Considering these mechanisms of control, the results of Beyaz et al
can be interpreted from a tissue specific perspective. Their study found enhanced
tumorigenesis in HFD fed APCmin mice via a mechanism increasing the pool of available stem
cells, thus increasing the chance to produce a cell which gains enough fitness advantage to

overcome these barriers, at least in a cancer pre-disposed background.

Our results indicate that HFD alone is not sufficient to induce increased or differential
mutagenesis in the absence of other perturbances such as driver mutations or chemical
agents. The signatures we recover indicate that, a wild-type background, DNA repair seems
to be functioning regardless of diet and if genomic stability is not increased, the chances for
producing a cell which can overcome the tissue specific barriers for oncogenic transformation

are comparatively low.

Future Outlook

Throughout this thesis, the utility for understanding cancer etiology and clinical applicability of
mutational signatures was explored in depth and contrasted with the caveats present in
experimental design and computational analysis. The current state of the art for assigning
signature etiologies relies on statistical association between signature activity and other omics
data and on signature activity mapping resulting from genetic or chemical perturbation
experiments. However, neither approach is sufficient to uncover all etiologies due to several
inherent problems. The computational approach of associating signature etiologies to certain
genetic backgrounds based on other omics measurements reflects association, not causation,
which is especially critical in trying to discern primary causes from secondary effects. The
experimental bottom-up approaches, while suitable for detecting the effects of a single
perturbation, still do not result in a one-to-one mapping of perturbations to signature etiologies
because a single perturbation may spark an adaptive response that leads to the generation of
multiple signatures (Koh et al, 2020). Finally, the overlap between different signatures and the
emergent nature of some signatures, as discussed in chapter 1, make it difficult to resolve

similar or functionally connected signatures.
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Just like experimental and computational approaches synergized to detect, expand, and
annotate the known mutational signatures, further elucidation of signature etiologies will likely
benefit from equally complementary approaches. On the one hand, a more fine-grained
mechanistic understanding of DNA damage and repair processes are needed to define
informative channels for biologically relevant mutation types. On the other hand, a more
connected birds-eye perspective of the overlap and connection between different signatures
would allow to ask deeper questions about their co-occurrence or mutual exclusivity in

different biological contexts.

The first objective is enabled by new DNA damage and repair centric sequencing techniques
(Lensing et al, 2016; Zatopek et al, 2019; Hussmann et al, 2021; Mingard et al, 2020), and the
development of high-fidelity sequencing methods which increase the signal to noise ratio
(Abascal et al, 2021). The ability to detect mutations, even in a polyclonal sample, additionally
circumvents the need for single cell selection and culturing, thus further reducing artefacts
otherwise introduced in the experimental workflow. The second objective may be reached by
developing new computational frameworks which allow to probe the interaction between
signatures. In such a framework, signature co-occurrence may indicate a shared underlying
etiology or a mechanistic connection where the activity of one signature precedes another.
Alternatively, one can image negative interactions between signatures where exclusivity might

indicate synthetic lethality of the underlying pathways.

Applied to uncovering the etiologies of obesity associated cancer, this might mean studying
HFD exposure in combination with different perturbation events, including modelling the
evolution of mutational signatures throughout the adenoma carcinoma sequence. By
analyzing the exact lesions generated and how they are repaired, coupled with a systematic
overview of signature interactions in a time dependent manner, it may become possible to
connect distinct DNA damage and repair processes to specific activity increases in mutational
signatures. Ultimately, this would allow to move beyond association and instead draw a causal

link between processes and signatures.
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