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Abstract

Abstract

Cutaneous squamous cell carcinoma (cSCC) is a keratinocyte cancer with a rapidly increasing
incidence and one of the most common cancer types in the fair-skinned population. Chronic
exposure to ultraviolet radiation (UVR) is its main risk factor and can lead to the development
of a premalignant skin lesion, actinic keratosis (AK), which might further progress into cSCC.
In addition, invasive cSCC can also develop from the in situ carcinoma Bowen'’s disease (BD).
During this progression, resident dermal fibroblasts are transformed into cancer-associated
fibroblasts (CAFs) that are known to promote tumorigenesis. However, a detailed
characterization of cSCC-related CAFs with respect to their fibroblast subpopulation-specific
origin, heterogeneity, and tumor-promoting functions was still missing. Therefore, in this thesis,
more than 115,000 single-cell transcriptomes from healthy human skin, BD and cSCC samples
were analyzed. The results revealed two main CAF subpopulations with distinct functions and
origins. Inflammatory CAFs (iCAFs) seemed to develop mainly from pro-inflammatory
fibroblasts and presented immunoregulatory functions, including cellular interactions with
immune cells in the tumor microenvironment (TME). On the other hand, myofibroblastic CAFs
(myCAFs) were observed to originate mainly from healthy mesenchymal fibroblasts and were
involved in extracellular matrix (ECM) remodeling processes. Furthermore, multiplexed RNA
fluorescence in situ hybridization (FISH) assays not only confirmed both CAF subpopulations
in human BD and cSCC, but also provided valuable information about the time window of CAF
activation, as no CAFs could be observed in AK tissue sections. Interestingly, these findings
could not be transferred to basal cell carcinoma (BCC), the second major keratinocyte cancer.
Taken together, this thesis provides novel insights into CAF development, stratification, and

functions during cSCC initiation and progression.







Zusammenfassung

Zusammenfassung

Das kutane Plattenepithelkarzinom (PEK) gehoért zu den haufigsten Krebsformen der
hellhautigen Bevodlkerung mit stark steigenden Inzidenzen weltweit. Der grofite Risikofaktor
stellt dabei die chronische Exposition mit Ultraviolettstrahlung dar, was zunachst zur
Entstehung einer aktinischen Keratose (AK) flhren kann, die als prakanzerése Hautlasion
definiert wird. Unbehandelt kann sich daraus jedoch ein PEK entwickeln. Aufierdem kann auch
aus einem in situ Karzinom, dem sogenannten Morbus Bowen (MB), ein invasives PEK
entstehen. Wahrend der Entwicklung eines PEKs, werden dermale Fibroblasten zu Krebs-
assoziierten Fibroblasten (cancer-associated fibroblasts, CAFs) transformiert, die
bekanntermalien die Tumorentwicklung unterstitzen. Allerdings gab es bis jetzt noch keine
detaillierte Charakterisierung dieser CAFs in PEKs, mit Bezug auf deren Ursprung,
Heterogenitdt und ihre Tumor-unterstitzenden Funktionen. Daher wurden in dieser
Dissertation mehr als 115.000 Transkriptome einzelner Zellen aus gesunder menschlicher
Haut, sowie aus MB und PEK Proben analysiert. Die Ergebnisse zeigten zwei CAF Gruppen
mit unterschiedlichen Funktionen und zellularen Urspringen. Inflammatorische CAFs (iCAFs)
scheinen sich aus gesunden pro-inflammatorischen Fibroblasten zu entwickeln und zeigen
immunregulatorische Funktionen, einschliel3lich zellularer Interaktionen mit Immunzellen im
Tumorgewebe. Andererseits wurde beobachtet, dass myofibroblastische CAFs (myCAFs) von
gesunden mesenchymalen Fibroblasten abstammen und an der Organisation von
extrazellularer Matrix beteiligt sind. Dartber hinaus bestatigten Multiplex RNA Fluoreszenz in
situ Hybridisierungsexperimente nicht nur das Vorhandensein beider CAF Gruppen in
menschlichen MB und PEK Schnittpraparaten, sondern lieferten auch wertvolle Informationen
uber das Zeitfenster der CAF-Aktivierung, da in AK Proben keine klaren iCAFs und myCAFs
detektiert wurden. Interessanterweise konnten diese Ergebnisse nicht auf das
Basalzellkarzinom ubertragen werden. Insgesamt bietet diese Dissertation neue Einblicke in
die Entwicklung und die Eigenschaften von CAFs wahrend der PEK Entstehung und seines

Fortschreitens.
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1. Introduction

1. Introduction

1.1 Human skin — General structure

The skin is one of the major sensory organs of the human body and it is constantly exposed
to environmental conditions. Therefore, it acts as a physical barrier and fulfills essential
functions, such as protection against external pathogens, the synthesis of vitamin D, as well
as the regulation of temperature and water content of the organism (Dabrowska et al., 2018;
Giacomoni et al., 2009). In general, the skin is composed of the outermost epidermis containing
mostly keratinocytes and the subjacent dermis with fibroblasts as the main cell type. Both
layers are separated via the basement membrane. In the dermis also vasculature and nerves
are located, as well as extracellular matrix (ECM) comprising structural proteins and a hydrated
gel of molecules, such as glycosaminoglycans and proteoglycans (Kendall and Feghali-
Bostwick, 2014; Ravikanth et al., 2011). The hypodermis or dermal white adipose tissue
(DWAT) at the lower end of the skin consists of adipocytes filled with lipids (Figure 1).
Furthermore, skin harbors different specialized structures, for example hair follicles,

sebaceous glands, and sweat glands (Rognoni and Watt, 2018).

Hair
Epidermis —
Sebaceous gland
Dermis =
Sweat gland duct
Hair
= fiollicle
Arery | cutaneous
Hypodermis — Vein plexus
L — Fat
Arrector N
pili muscle s

Sweat fiber

gland Lamellated

corpuscle

Figure 1. Structure of human skin. Schematic model showing the overall structure of human skin with the main
layers epidermis and dermis, as well as the subjacent hypodermis. Specialized structures, such as hair follicles,
glands, and sensory nerves, are also depicted (Kolimi et al., 2022).




1. Introduction

1.1.1 Differences between male and female skin

Several studies already investigated sex-associated differences for many organs in health and
disease (Giacomoni et al., 2009; Regitz-Zagrosek and Kararigas, 2017; Sorge and Totsch,
2017). Understanding this variance is not only important for medical research (e.g. design of
clinical trials), but in the case of skin differences also for the cosmetic industry (Rahrovan et
al., 2018).

As a steroidogenic tissue, the human skin metabolizes sex hormones, such as testosterone,
estrogen, as well as progesterone and also responds to them (Chen et al., 2002; Thiboutot et
al., 2003). These processes differ between males and females and, for example aberrant levels
of testosterone can lead to androgenic-dependent alopecia in females, as well as hair loss
(Chen et al., 2002) and slower healing rates (Gilliver et al., 2007) in males. Also non-sexual
hormones can influence human skin, such as urinary cortisol. Its elevated level in males was
associated with enriched cutaneous stress, delayed wound healing (Gilliver et al., 2007), and
increased ultraviolet radiation (UVR) sensitivity, resulting in immune-suppression and a higher
probability of skin cancer development (Damian et al., 2008; Lasithiotakis et al., 2008).

Male and female skin also show differences in sebaceous and sweat gland activities that
can be increased by androgenic hormonal stimulation. For males, higher sebum production
and increased sweating during exercise was observed, influencing skin surface pH (Green et
al., 2000; Jacobi et al., 2005). This can result in a diverse cutaneous microbiome for males
and females (Marples, 1982). Furthermore, differences in the ECM and collagen synthesis of
male and female dermis lead to thicker skin in males (Shuster et al., 1975).

All these sex-dependent differences in the structure and functions of human skin cause an
increased risk of developing autoimmune and inflammatory diseases for females and higher
susceptibility to bacterial and viral infections, as well as an elevated skin cancer incidence for
males (Damian et al., 2008; Dao and Kazin, 2007; Lasithiotakis et al., 2008).

1.1.2 Skin aging

Human aging is a rapid developing research area with around 300,000 published articles
during the last decade, since it is the major cause of many pathologies, especially degenerative
diseases (Lopez-Otin et al., 2023a). Furthermore, aging is the most important risk factor for
several tumor entities, resulting in raising cancer incidence with age (L6pez-Otin et al., 2023b).

Skin aging is a particularly complex and interesting field because it is not only affected by
endogenous factors but also by exogenous factors due to the high environmental exposure of
skin (Tobin, 2017). Therefore, it is an appropriate model system to study intrinsic (also known

as chronological or physiological) aging and extrinsic aging (Gu et al., 2020). Every part of
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human skin undergoes chronological aging over time, influenced by changes in gene
expression and the neuroendocrine system or by the development of skin diseases (Bocheva
et al.,, 2019). In addition, external factors, such as UVR, air pollution, and cigarette smoke
accelerate skin aging depending on exposure duration and body part (Figure 2). All these
components result in a decreased structural integrity and physiological dysfunctions in skin,
and can finally lead to the development of skin cancer (Durai et al., 2012; Kammeyer and
Luiten, 2015).
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Figure 2. External and internal factors affecting skin aging. Schematic model visualizing different factors
accounting for chronological and environment-induced skin aging. Internal factors, such as genetic, the
neuroendocrine system, and diseases lead to physiological changes, resulting in skin aging. Depending on body
area and exposure time, this chronological aging can be accelerated by the external factors ultraviolet radiation
(UVR), air pollution, smoking, and nutrition (Bocheva et al., 2019).

Phenotypic changes of chronological aging are thinner skin, dryness, less elasticity, benign
tumors, and fine wrinkles. Moreover, senescent cells accumulate, keratinocytes and fibroblasts
show less activity and proliferation, and the ECM structure gets more loose with thinner elastic
fibers and less collagen type l/lll (Gu et al., 2020; Rittié and Fisher, 2015).

Extrinsic aging, also known as photoaging, is responsible for more than 80% of facial aging
with chronic UVR exposure as the main factor (Cavinato and Jansen-Durr, 2017; Friedman,
2005). It accelerates intrinsic skin aging and promotes hyperpigmentation, deep and thick
wrinkles, as well as benign and malignant tumors. Furthermore, degradation of collagen fibers
and abnormal deposition of elastic fibers were observed, and slower keratinocyte renewal
processes result in a worse skin barrier (Gu et al., 2020).

Another important factor influencing skin aging is the production of reactive oxygen species
(ROS) during the mitochondrial metabolism of oxygen (Gu et al., 2020). By intrinsic processes,
around 1.5-5% of the cutaneous oxygen consumption is converted to ROS (PoljSak et al.,

2012) and antioxidant systems, including vitamin C and E, maintain a dynamic balance
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between ROS production and clearance (Obrador et al., 2019). However, UVR exposure can
alter these mechanisms, leading to oxidative stress (Figure 3). High levels of ROS can cause
direct cellular damage and also activate distinct pathways, such as MAPK and NF-kB signaling
(Gu et al., 2020). They then lead to increased expression of matrix metallopeptidases (MMPs),
which act as proteolytic enzymes, as well as inflammation mediating cytokines (Kammeyer
and Luiten, 2015; Lephart, 2016; Wang et al., 2019b). These molecular changes result in
reduced collagen production, increased ECM degradation, and different inflammatory
responses, ultimately promoting premature skin aging, as well as skin tumorigenesis
(Calcinotto et al., 2019; Kammeyer and Luiten, 2015).
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Figure 3. Oxidative stress can promote premature skin aging. Under physiological conditions, reactive oxygen
species (ROS) are produced mainly as a byproduct of the mitochondrial electron transport chain. Ultraviolet
radiation (UVR) can lead to extensive ROS levels, inducing cellular oxidative stress. This might damage the cells
directly and also activates MAPK and NF-kB signaling, resulting in transcriptional and translational changes.
Downstream effects of these pathways include inflammatory responses, enriched degradation of extracellular
matrix (ECM) by matrix metallopeptidases (MMPs), and reduced synthesis of collagen type | and Ill. TIMP: Tissue
inhibitor of metallopeptidases (Gu et al., 2020).
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1.1.3 Epidermal structure and differentiation

The human epidermis is a stratified squamous epithelium with the outermost cornified layer
known as stratum corneum, and the subjacent granular, spinous, and basal layers (Moreci and
Lechler, 2020; Rognoni and Watt, 2018). During embryogenic development it arises from the
non-neural ectoderm, which is highly regulated by different signaling pathways, such as WNT,
BMP, and NOTCH (Fuchs, 2007; Moreci and Lechler, 2020).

In total, the epidermis has a high cell density of 9.3 million cells per cm?, including 7.5 million
nucleated keratinocytes, 1.8 million corneocytes (terminally differentiated keratinocytes),
200,000 melanocytes and 140,000 Langerhans cells. Melanocytes are located in the basal
layer and are responsible for the skin color and photoprotection, whereas Langerhans cells
recognize and present antigens (Arda et al., 2014; Gu et al., 2020). In addition, the epidermis
also harbors the endings of sensory dermal nerves, that are coated with Schwann cells and
are located close to Merkel cells, transmitting temperature, touch, pain, and itch (Eckhart and
Zeeuwen, 2018; Hoath and Leahy, 2003). Cellular adhesion between basal keratinocytes is
ensured by adherens junctions and desmosomes, whereas hemidesmosomes and focal
adhesions are responsible for adhesion between basal cells and the underlying ECM.
Alterations or mutations in these protein complexes can cause severe skin blistering disorders
(Moreci and Lechler, 2020).

To maintain the epidermal homeostasis, the whole layer is constantly renewed by a stable
balance between basal cell proliferation and suprabasal cell differentiation (Rognoni and Watt,
2018). Therefore, epidermal stem cells in the basal layer start to differentiate, detach from the
basement membrane, a process known as delamination, and migrate upward (Figure 4).
During this process, distinct differentiated keratinocyte populations develop into the different
epidermal layers and the cells constantly adapt to the needs of their respective localization
(Kypriotou et al., 2012; Moreci and Lechler, 2020).
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Figure 4. Keratinocyte differentiation during epidermal homeostasis. Schematic model showing human skin
structure, including the dermis and four epidermal layers, and displaying keratinocyte differentiation. When basal
cells start to differentiate, they detach from the basement membrane and start migrating upward (1), transforming




1. Introduction

into spinous, granular and, finally, cornified keratinocytes. Simultaneously, proliferation of neighboring basal cells
is induced to compensate for the decreased cell number in the basal layer (2). These mechanisms ensure a constant
self-renewal of the whole epidermis (Rice and Rompolas, 2020).

The epidermis is regularly used as a model for stem cell behavior, and the development of live
imaging techniques together with inducible fluorescent reporters allowed unbiased tracing of
basal keratinocytes in vivo (Rompolas et al., 2016; Watt, 2014). Thus, Rompolas et al. gained
essential insights into epidermal differentiation, such as the observation that neighboring
keratinocytes migrate upward independently and not as a whole layer.

Furthermore, recent advances in single-cell RNA sequencing (scRNA-seq) techniques
enabled the identification of different subpopulations of epidermal stem cells in the basal layer
(Cheng et al., 2018; Haensel et al., 2020; Reynolds et al., 2021; Wang et al., 2020b). In mice,
Haensel et al. detected four differentiation-related transcriptional profiles in basal
keratinocytes, which could be classified into one proliferative and three non-proliferative states
(Figure 4). In human basal keratinocytes, these four distinct states have also been identified,
and they correlate with distinct locations in the basal layer at the upper and lower parts of the
rete ridges, epithelial extensions that project into the dermis. These clusters of different basal
cells maintain epidermal communication and suggest a hierarchical differentiation lineage of
multiple stem cell subpopulations with distinct proliferation capacities (Wang et al., 2020b).

Basal keratinocytes show high expression of keratin 5/14 (KRT5/KRT14) and proliferation-
related genes, but differentiation-related genes are actively repressed. Differentiation of basal
to spinous cells is facilitated by extensive and mostly irreversible changes in the organization
of the cytoplasm and cytoskeleton, as well as changes in gene expression, such as switching
from the expression of KRT5/14 to KRT1/10. Furthermore, basal keratinocytes become
postmitotic, exit the cell cycle, and migrate upward (Kypriotou et al., 2012; Moreci and Lechler,
2020). To compensate for the loss of keratinocytes in the basal layer, self-renewal responses
are induced in neighboring cells (Mesa et al., 2018). These processes are regulated by G1
sizer mechanisms, coupling the growth of basal keratinocytes with cell cycle progression, to
induce cell divisions, as soon as a certain cell volume is reached (Xie and Skotheim, 2020).

The further differentiation to granular keratinocytes leads to a decreased expression of
KRT1/10 and the activation of PKC (Koster and Roop, 2007). Moreover, granular cells start
expressing the epidermal differentiation complex, a cluster of around 50 genes that are
essential for terminal keratinocyte differentiation (Moreci and Lechler, 2020).

With the transition of granular keratinocytes into the stratum corneum, cells lose their
cytoplasmic organelles and nuclei, a process known as enucleation. In addition, highly cross-
linked proteins replace the plasma membrane, resulting in terminally differentiated
keratinocytes with a cornified envelope. This modified cell death program leads to the
accumulation of functional cell corpses with a water-resistant lipid bilayer surrounding the
corneocytes (Lippens et al., 2005; Moreci and Lechler, 2020; Zijl et al., 2022).
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1.1.4 Dermal structure and fibroblast heterogeneity

The human dermis can be divided into two sublayers, which differ in cell density and ECM
composition (Rognoni and Watt, 2018). The papillary dermis (300-400um) is located below the
basement membrane and shows a high fibroblast density surrounded by thin and poorly
oriented collagen fibers. In contrast, the 1,700um to 5,600um thick reticular dermis contains
less fibroblasts, but thick and well organized collagen fibers (Sorrell and Caplan, 2004).
Moreover, fibroblasts themselves differ in morphology and functions, depending on their
dermal localization. Papillary fibroblasts were observed to be small, spindle-shaped, and they
showed a high proliferation rate. On the other hand, reticular fibroblasts are large, stellate-
shaped, and proliferate less (Janson et al, 2012). In addition, specialized fibroblast
subpopulations were identified in the reticular dermis, such as dermal papilla (DP) cells at the
hair follicle base and dermal sheath (DS) cells surrounding hair follicles (Rognoni and Watt,
2018) (Figure 5).
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Figure 5. Dermal structure in human skin. Schematic model showing localization-specific fibroblast
subpopulations in human papillary and reticular dermis, as well as in the dermal white adipose tissue (DWAT). The
dermis also harbors specialized structures, such as eccrine sweat glands (ESGs), sebaceous glands (SGs), arrector
pili muscles (APMs), as well as dermal sheath and dermal papilla cells surrounding hair follicles (Modified from
Talbott et al., 2022).
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These differences between the two dermal sublayers are maintained by intrinsic and extrinsic
factors. Cell intrinsic features were reinforced by xenograft experiments with fibroblasts from
different origins, retaining their transcriptomic profiles and migration behavior at different
locations (Rinkevich et al., 2015). Furthermore, fibroblasts show distinct response patterns to
paracrine signals from the epidermis. For instance, proliferation and ECM production are
influenced by SHH signaling in papillary fibroblasts, and by TGF-B2 signaling in reticular
fibroblasts (Lichtenberger et al., 2016). These pathways lead then to differential expression of
ECM-related genes, such as upregulation of DCN in papillary fibroblasts and VCAN in reticular
fibroblasts (Sorrell and Caplan, 2004).

Papillary and reticular fibroblasts differ also in their origin. In mice, it was shown that both
subpopulations arise from two functionally different cell lineages and develop independently
(Driskell et al., 2013). Neonatal mouse papillary fibroblasts show increased WNT signaling and
high proliferation, but during the postnatal dermal growth phase these cells stop dividing and
start ECM production (Collins et al., 2011). During human embryogenic development,
craniofacial dermis develops from neural crest cells, whereas most body skin arise from the
mesoderm with migratory and highly proliferative fibroblasts (Thulabandu et al., 2018). During
adult homeostasis, cells become quiescent but maintain an active metabolism with constant
production and organization of ECM. Therefore, fibroblasts secrete not only ECM proteins but
also enzymes to cross-link them (LOX) and to promote (MMPs) or inhibit (tissue inhibitors of
metallopeptidases [TIMPs]) their degradation (Kendall and Feghali-Bostwick, 2014; Rognoni
et al., 2016; Shaw and Rognoni, 2020).

Dermal fibroblasts are involved in many different processes, such as immune responses
and wound healing in skin (Shaw and Rognoni, 2020). In the latter, reticular fibroblasts are
recruited early after injury by growth factors and cytokines, such as TGF-B (Stunova and
Vistejnova, 2018) (Figure 6). Papillary fibroblasts enter the wound bed later but are important
for hair follicle regeneration (Rinkevich et al., 2015). Upon wounding, fibroblasts exit their
quiescent condition, can be activated into myofibroblasts, and are able to start proliferation, as
well as migration again (Shaw and Rognoni, 2020). In mice, 12 activated fibroblast
subpopulations were detected during wound healing, differing in signaling pathway activation,
cell cycle state, spatial distribution, and the expression of transcription factors (Guerrero-
Juarez et al., 2019). To coordinate these complex interactions between different cell types and
activation states, extensive regulative mechanisms are required with selective cell populations
responding to certain paracrine signals (Shaw and Rognoni, 2020; Shook et al., 2018). After
completed wound healing, activated myofibroblasts typically undergo apoptosis or become
senescent, although the exact regulation for these processes still remains unclear (Hiebert et
al., 2018). However, specific signals, such as BMP or epidermal SHH signaling could induce

the transformation of myofibroblasts into adipocytes or DP cells, respectively (Lim et al., 2018;
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Plikus et al., 2017). Interestingly, former injuries are important for future wound healing
processes. In epidermal stem cells, an increased chromatin accessibility for specific stress
response genes was observed up to 180 days after the first injury (Naik et al., 2017). During a
similar study, Gonzales et al. showed epigenetic adaptations in epidermal stem cells for wound
repair-related genes upon injury. These modifications facilitated an accelerated response to
following skin lesions with faster transcription of genes involved in inflammation, cytoskeletal
reorganization, and cell migration (Gonzales et al., 2021). Recently, the histone modification
ubiquitination of histone H2A at lysine 119 (H2AK119ub) was identified as a key modulator of
epigenetic wound memory (Levra Levron et al., 2023). Loss of H2AK119ub in a Lrig1* stem
cell subpopulation from murine hair follicles upon injuries, was associated with accelerated
healing of future wounds. This “primed” stem cell subpopulation was not only detected closely
surrounding the injury but also in undamaged and distal tissue regions, causing the epigenetic
wound memory for up to ten months after the initial injury. Interestingly, UVB-induced skin
cancer in mice led to similar priming fields with less H2AK119ub and also in human skin tumors

lower levels of this histone modification were observed (Levra Levron et al., 2023).
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Figure 6. Cutaneous wound healing. Schematic model showing different phases of wound healing in human skin.
Upon injury, different signaling cascades are induced, such as TGF- and PDGF signaling. Reticular fibroblasts




10

1. Introduction

(Fr), dermo-hypodermal junction fibroblasts (F-DHJ), and different immune cell types are recruited to the wound
bed. In addition, myofibroblasts (MFb) become activated and contribute to tissue formation and remodeling
(Modified from Zou et al., 2021).

Furthermore, dermal fibroblasts are non-terminally differentiated cells with a high degree of
plasticity that can be reprogrammed into inducible pluripotent stem cells (Takahashi and
Yamanaka, 2006). Their state is influenced by regional and local tissue heterogeneity, as well
as tissue condition (Shaw and Rognoni, 2020). Fibroblasts are also able to differentiate into
several other cell types, such as adipocytes, DP cells or cartilage-like cells (Barallobre-Barreiro
et al., 2019). However, cells from diseased tissues (e.g. chronic wounds, fibrosis, cancer) lose
this differentiation capacity and show persistent pathological phenotypes (Shaw and Rognoni,
2020). On the other hand, also epithelial cells can transform into fibroblasts, for instance via
epithelial-mesenchymal transition (EMT), which lead to a loss of cell-cell adhesion and apical-
basal polarity in epithelial cells (Talbott et al., 2022). During embryogenic development, it was
shown that PDGF and TGF-f signaling induce the transformation of epicardial epithelial cells
into cardiac fibroblasts (von Gise and Pu, 2012). But also during cutaneous wound healing
EMT occurs frequently (Stone et al., 2016).

Detection of dermal fibroblasts and their heterogeneity was challenging for a long time,
since no universal marker genes could be identified. Usually, common markers such as VIM
and PDGFRA were used, but they are also expressed in other cell types and not all fibroblasts
show an enriched expression for these genes (Guerrero-Juarez et al., 2019; Lynch and Watt,
2018; Talbott et al., 2022). Crucial advances in scRNA-seq techniques during the last years
finally allowed the characterization of dermal fibroblast heterogeneity in much more detail, due
to greater marker gene panels. For murine skin, different subpopulations were identified with
specific cells involved in fibrosis (Rinkevich et al., 2015). In addition, the impact of aging on
fibroblast heterogeneity was studied in mice, revealing two subpopulations that become less
defined with age, show reduced ECM production, and gain adipogenic traits (Salzer et al.,
2018). In human skin, spatial and functional differences between fibroblasts led to the
identification of four (Philippeos et al., 2018) or even seven (Tabib et al., 2018) distinct
subpopulations. One drawback of these studies is that they were performed with chronically
UVR-exposed skin from a heterogeneous group of donors and these factors can confound the
data (see Introduction, sections 1.1.1 and 1.1.2).

Therefore, | and other colleagues in our laboratory conducted a scRNA-seq study with more
than 15,000 cells from UVR-protected healthy skin of two young (25 and 27 years) and three
old (53-70 years) male Caucasian donors (Solé-Boldo et al., 2020). After the identification of
all major skin-related cell types, the transcriptomes of nearly 6,000 dermal fibroblasts,
distributed among four subpopulations, were analyzed.

Gene expression patterns associated with classical fibroblast-related functions, such as

collagen synthesis and ECM organization were observed in three subpopulations (Solé-Boldo
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et al., 2020). In one of them, the specific expression of COL711A1 and COL24A1, previously
linked to cartilage and bone development, respectively (Li et al., 2018; Wang et al., 2012),
suggested mesenchymal functions. Expression patterns for collagen-related genes in the other
two ECM-secreting fibroblast subpopulations were associated with specific dermal
localizations. One showed high expression of COL13A1, COL18A1, and COL23A1, which are
known marker genes for papillary fibroblasts (Haydont et al., 2019; Nauroy et al., 2017,
Philippeos et al., 2018; Veit et al., 2011). In the other fibroblast subpopulation, high expression
was observed for the collagen-related genes COL711A71 and COL14A1 that are common in the
reticular dermis (Haydont et al., 2019; Janson et al., 2012; Nauroy et al., 2017; Philippeos et
al., 2018). According to these functional and spatial characteristics, the three ECM-related
fibroblast subpopulations were labeled mesenchymal, secretory-papillary, and secretory-
reticular fibroblasts. In addition, inflammation-related functions (e.g. cell chemotaxis) could be
assigned to the fourth subpopulation, allowing their classification as pro-inflammatory
fibroblasts (Figure 7A).

In order to validate the presence of these fibroblast subpopulations, RNA fluorescence in
situ hybridization (FISH) and immunofluorescence (IF) assays were performed with healthy
skin from young (28-37 years) and old (54-86 years) donors, which was also part of my
Master’s Thesis in 2019 (Solé-Boldo et al., 2020). These approaches confirmed the papillary
and reticular localization of two secretory subpopulations by the detection of APCDD1 (RNA
FISH) and COL18A1 (IF) or CTHRC1 (RNA FISH) and TSPANS8 (IF), respectively. The
expression patterns of CCL79 and APOE suggested more widespread pro-inflammatory
fibroblasts in the human dermis and close proximity to the vasculature. ASPN-expressing and
POSTN-producing mesenchymal fibroblasts were observed mostly in the reticular dermis,
often surrounding hair follicles (Solé-Boldo et al., 2020).

Furthermore, this study revealed that intrinsic aging affects the fibroblast subpopulation
composition, and an age-related loss of fibroblast priming in human dermis could be observed
(Solé-Boldo et al., 2020). In aged skin, less mesenchymal fibroblasts were detected, as well
as an age-dependent loss of functional annotations for each subpopulation (Figure 7B).
Immune-related Gene Ontology (GO) terms were also enriched in all old fibroblasts,
suggesting the development of a general, chronic, and low-grade inflammatory phenotype
(Zhang and Duan, 2018). Another age-dependent change was related to cellular
communication between fibroblasts and different cutaneous cell types. Many interactions
predicted for young fibroblasts were lost upon intrinsic aging, especially the communication
with undifferentiated keratinocytes close to the basement membrane, thus suggesting a dermal

contribution to the phenotype of aged skin (Solé-Boldo et al., 2020).
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Figure 7. Fibroblast heterogeneity in healthy skin. A single-cell RNA sequencing (scRNA-seq) study with more
than 15,000 cells from ultraviolet radiation (UVR)-protected healthy skin of two young (25 and 27 years) and three
old (53-70 years) male Caucasian donors identified four fibroblast subpopulations. (A) Top enriched Gene Ontology
(GO) terms in each subpopulation, sorted by p-value. According to spatial and functional differences between the
fibroblast subpopulations, they were labeled as secretory-reticular (S.R; blue), pro-inflammatory (INF; green),
secretory-papillary (S.P; red), and mesenchymal (MES; pink). (B) Uniform manifold approximation and projection
(UMAP) plots and violin plots visualizing the expression of papillary and reticular gene signatures in young and old
fibroblasts, suggesting an age-related decrease in expression. For UMAP plots, red indicates maximum expression
and blue indicates low or no expression of each particular set of genes. In the violin plots, X-axes depict fibroblast
subpopulations and Y-axes represent average expression of each set of genes. Statistical analyses were performed
using the Wilcoxon Rank Sum test (*: p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.001, ****: p-value < 0.0001)
(Modified from Solé-Boldo et al., 2020).

Based on these findings, another study analyzed the impact of aging on the highly specialized
DS fibroblast subpopulation, again with my contribution and that of our laboratory (Ahlers et
al., 2021). The mesenchyme-derived DS population includes hair follicle dermal stem cells,
which show self-renewing capacity and are the progenitors for DP and DS cells (Rahmani et
al., 2014; Wang et al., 2020a). What is known about this specialized fibroblast subpopulation
and the regulation processes involved, was mostly derived from reporter construct and lineage
tracing approaches in mice (Heitman et al., 2020; Rahmani et al., 2014; Shin et al., 2020).
Information about human DS cells was more limited although partial overlap of gene

expression profiles between both species were detected (Heitman et al., 2020), and de novo
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hair follicle formation induced by isolated DS cells was observed in human skin (Reynolds et
al., 1999; Tsuboi et al., 2020).

Therefore, Ahlers et al. performed a scRNA-seq study with 72,000 cells from three young
(<30 years) and four old (>60 years) female donors, identifying a specific DS fibroblast
subpopulation with stem cell characteristics that decreases upon aging. RNA FISH assays
verified the localization of these cells surrounding hair follicles (Figure 8A), and the DS
subpopulation showed a substantial overlap in their gene expression pattern with gene
signatures determined in mice (Heitman et al., 2020; Shin et al., 2020) (Figure 8B).

Furthermore, my contribution to this study was the validation of DS cells and their loss upon
aging in four independent published scRNA-seq datasets for human skin (Rojahn et al., 2020;
Solé-Boldo et al., 2020; Tabib et al., 2018; Vorstandlechner et al., 2020) (Figure 8C).

For the identified DS population, also stem cell characteristics were detected via RNA
velocity and knockdown experiments with DS marker genes. After the knockdown of HEST,
CTNNB1, MYL4, and COL11A1, primary human fibroblasts showed less adipogenic
differentiation capacity, and a decreased chondrogenic differentiation capacity was observed
after HES1 and COL11A1 knockdowns. The proliferation capacity of these primary fibroblasts
was also reduced upon HES7 downregulation (Ahlers et al., 2021).

Finally, it was shown that DS-secreted Activin A increased the epidermal thickness and
procollagen type | c-peptide production in 3D skin models, which were constructed with aged
human fibroblasts (Figures 8D and 8E). This observation suggests the age-dependent
contribution of the DS fibroblast subpopulation to a juvenile skin phenotype (Ahlers et al.,
2021).
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Figure 8. Dermal sheath population in human skin shows stem cell characteristics and undergoes age-
related loss. A single-cell RNA sequencing (scRNA-seq) study with 72,000 cells from three young (<30 years) and
four old (>60 years) female donors identified a specific dermal sheath (DS) fibroblast subpopulation, showing stem
cell characteristics and decreased cell numbers upon aging. (A) Schematic model visualizing the localization of DS
and dermal papilla (DP) cells surrounding hair follicles. (B) Dot plot showing the average expression of ten DS
signature genes (DS sig.) (Shin et al., 2020) in all identified fibroblast subpopulations. The highest expression was
detected in a subset of mesenchymal cells (F4a), subsequently labeled as DS population. Red indicates maximum
expression and blue indicates low or no expression (Expr.). Dot sizes are associated with the percentage of cells
expressing the gene signature (% expr.). (C) Bar plot depicting the percentages of DS population in young (n = 8)
and old (n = 9) skin donors from four integrated scRNA-seq studies (Rojahn et al., 2020; Solé-Boldo et al., 2020;
Tabib et al., 2018; Vorstandlechner et al., 2020). (D) & (E) Box plots visualizing epidermal thickness (D) and
procollagen type | c-peptide synthesis (E) in 3D skin models constructed with young (y) or old (o) fibroblasts, as
well as the effect of Activin A treatment (0A; 100 ng/ml for six weeks). Statistical analyses were performed using
unpaired and paired t-tests (*: p-value < 0.05, **: p-value < 0.01, ****: p-value < 0.0001), and error bars show the
standard error of the mean (Modified from Ahlers et al., 2021).
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1.2 Keratinocyte carcinoma - Initiation and progression

Keratinocyte carcinomas (KCs) in the skin, also known as non-melanoma skin cancers,
comprise basal cell carcinomas (BCCs) and cutaneous squamous cell carcinomas (cSCCs),
which account for approximately 80% and 20% of all KC cases, respectively (Waldman and
Schmults, 2019). KC is the most common cancer entity worldwide in the fair-skinned population
(Apalla et al., 2017), with a continuously rising incidence and a 33% increase in cases
worldwide between 2007 and 2017 (Fitzmaurice et al., 2019). The global lifetime risk for
developing cSCC differs between male and female patients, with 9-14% in males and 4-9% in
females (Waldman and Schmults, 2019) (see Introduction, section 1.1.1). Only less than
0.05% of all BCC cases metastasize (Apalla et al., 2017), and also primary cSCC tumors show
a relatively low metastatic potential of 3-7%, but frequent recurrence result in an overall
metastatic rate of 25-30% for cSCC (Burton et al., 2016; Nagarajan et al., 2019). Moreover,
for metastatic cSCCs, poor prognoses were observed with a 5-year survival rate of 50-83% for
regional metastases and less than 40% for distant ones (Ahadiat et al., 2017; Sahovaler et al.,
2019). Taken together, KCs constitute a serious and increasing burden on public health
systems, causing costs of ~4.8 billion dollar in the United States per year (Fitzmaurice et al.,
2019; Guy et al., 2015; Mudigonda et al., 2010).

KCs arise from epidermal keratinocytes and there are many unique and shared risk factors
known for BCC and cSCC (Nagarajan et al., 2019). The most important one for developing KC
is chronic UVR exposure, including UVA (315-400nm) and UVB (280-315nm) (Bosch et al.,
2015). This is also indicated by the observation that 90% of all KC tumors develop in UVR-
exposed body regions, such as head, neck, and forearms (Boeckmann et al., 2020; Nagarajan
et al., 2019). Although the solar spectrum contains only 5% UVB with low skin penetrance, this
type of radiation is the most potent KC initiator, due to direct energy transfer (Hussein, 2005).
It causes pyrimidine dimers, such as cyclobutane pyrimidine dimers (CPDs) and pyrimidine-
6,4-pyrimidone dimers (6-4PPs) in the DNA of epidermal keratinocytes (Boeckmann et al.,
2020). Since these photoproducts can affect replication and transcription, they are usually
repaired in a multistep process by the nucleotide excision repair pathway (Hoeijmakers, 2001).
However, accumulation of pyrimidine dimers can lead to DNA damage via C to T base
exchanges or CC to TT mutations, one of the main hallmarks of KCs (Brash et al., 1991; Lee
et al., 2020; Nagarajan et al., 2019). On the other hand, although UVA comprises less energy,
it reaches the dermis and contributes indirectly to tumorigenesis via the induction of oxidative
stress. Chronic UVA exposure leads to accumulation of ROS and results, for instance, in ECM
degradation and tissue damage (Bachelor and Bowden, 2004) (see Introduction, section
1.1.2). Over time the human skin acquires more and more DNA and cellular damage,

potentially resulting in KC initiation (Figure 9).
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Figure 9. Keratinocyte carcinoma development. Schematic model visualizing the ultraviolet radiation (UVR)-
induced initiation and progression of keratinocyte carcinomas, including basal cell carcinoma and cutaneous
squamous cell carcinoma (Modified from Prasad et al., 2020).

1.2.1 Characteristics of BCCs

BCC tumors can be subdivided depending on their clinical appearance, with the nodular type
as the most common one accounting for 60% of the cases (Boeckmann et al., 2020). Further
25% of all BCCs are diagnosed as multicentric/superficial, and the sclerodermiform/morphea-
like type represents 2% but counts as the most problematic one, due to its diffuse tumor
margins (Boeckmann et al., 2020; Jacobs et al., 1982).

In BCC, mutations in genes related to the SHH signaling pathway, such as SHH, GLI,
PTCH1, SUFU, and SMO, were observed in 90% of the cases, 50% of which were induced by
UVR exposure (Boeckmann et al., 2020; Gailani et al., 1996; Nagarajan et al., 2019). During
adult homeostasis, the SHH signaling pathway is mostly inactive, but mutations in its
components can induce aberrant activation, which is the driving force of BCC development
(Boeckmann et al., 2020; Epstein, 2008). Furthermore, in 50% of all BCC cases, mutations in
the tumor suppressor gene TP53 were detected, again mostly UVR-induced (Auepemkiate et
al., 2002; Nagarajan et al., 2019; Pellegrini et al., 2017). Accordingly, BCC tumors from

sunscreen users showed a lower mutational level for TP53 (Rosenstein et al., 1999).

1.2.2 Characteristics of cSCCs

Invasive cSCCs can develop through different intermediate stages. For instance, tumors can
progress from the premalignant skin lesion actinic keratosis (AK) with a rate between 0.025%
and 16% per year and event (Burton et al., 2016; Ratushny et al., 2012). Interestingly, however,
26% of all AKs regress spontaneously during one year (Boeckmann et al., 2020). Invasive
tumors can also develop from a non-invasive carcinoma in situ, called Bowen’s disease (BD),

with a progression rate of 3-5% per year and event (Fania et al., 2021). All these different types
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of skin lesions and tumors usually develop in chronically photodamaged regions with
keratinocytes harboring the same UVR-induced genetic defects. Therefore, the identification
of molecular mechanisms leading to disease progression or regression are largely unknown
(Thomson et al., 2021). In addition, cSCC tumors usually have many mutations, which makes
it more difficult to detect driver genes (Harwood et al., 2016).

However, some frequently mutated genes were already described for cSCC, such as TP53,
CDKNZ2A, TET2, TGFBR1/2, and NOTCH1/2/3 (Cammareri et al., 2016; South et al., 2012;
Yilmaz et al., 2017). Since TP53 alterations were detected in 60-90% of AK and cSCC cases,
and much more often in UVR-exposed skin (74%) than in UVR-protected skin (5%), this
mutation is considered UVR-induced, and an early event during the disease progression
(Giglia-Mari and Sarasin, 2003; Nakazawa et al., 1994). In addition, aberrant activation of
EGFR can lead to further downregulation of TP53 (Kolev et al., 2008).

Changes in the transcription of non-coding micro RNAs (miRNAs) can also be associated
with ¢cSCC progression. These small molecules are involved in the regulation of important
processes, such as stem cell maintenance in the epidermis (Zhang et al., 2011). For example,
it was shown that upregulation of MIR21, which encodes for miRNA 21, and also
downregulation of MIR203 promote tumorigenesis due to the suppression of tumor suppressor
genes and stem cell proliferation, respectively (Boeckmann et al., 2020; Dziunycz et al., 2010).

Furthermore, a recent study from our laboratory, combining transcriptomic and methylomic
approaches, identified two subtypes for AKs and cSCCs with epidermal stem cell- or
keratinocyte-like features (Solé-Boldo et al., 2022). This stratification was based on distinct
DNA methylation patterns of regulatory regions in keratinocytes, and was associated with
different cells-of-origin for both subclasses. Moreover, it was shown that metastatic and
invasive KC tumors were associated with more undifferentiated cells-of-origin and epidermal

stem cell-like features (Solé-Boldo et al., 2022).

1.2.3 Therapeutic approaches for KCs

For KCs, different treatment options are available, usually depending on tumor features.
Invasive KCs are mostly removed using the Mohs micrographic surgery (MMS) technique, but
for superficial lesions also non-surgical options might be sufficient, such as cryosurgery,
electrodessication and curettage (EDC), light-based therapies, as well as chemical peels
(Nagarajan et al., 2019). In addition, topical treatment compounds can be used for KCs in situ,
like the chemotherapeutic 5-fluorouracil (Boeckmann et al., 2020). This pyrimidine analog
incorporates into DNA and RNA, leading to the inhibition of their synthesis, especially in the

more rapidly dividing malignant keratinocytes. However, side effects, such as severe
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inflammation, ulceration, scarring, and resistance development, limit its use (Longley et al.,
2003).

Unresectable and/or metastatic KC tumors require more potent therapy options, such as
systemic chemotherapy, targeted therapy, immunotherapy or checkpoint inhibition therapy
(Cranmer et al., 2010; Que et al., 2018). For advanced BCCs, different drugs targeting the
SHH signaling showed meaningful response rates, since this pathway is not only important for
tumor initiation but also for cancer cell maintenance (Boeckmann et al., 2020; Nagarajan et
al., 2019). Cyclopamine, the first SMO inhibitor, leads to decreased GL/ and HIP1 expression
and reduces BCC tumors by 90% in mice (Athar et al., 2006; Boeckmann et al., 2020). Its
topical application was also successful in a human trial, avoiding side effects associated with
systemic treatment (Tabs and Avci, 2004). For advanced cSCCs, different therapies aim for
targeting EGFR signaling, which previously resulted in apoptosis, cell growth inhibition, and

immune stimulation (Boeckmann et al., 2020; Goppner et al., 2010; Wozel et al., 2010).

1.3 Cancer-associated fibroblasts — Important part of the tumor

microenvironment

Fibroblasts are the major cell type in connective tissue, which provides elasticity to many
organs of the human body, including skin (see Introduction, section 1.1.4). However,
fibroblasts are not only important in maintaining homeostasis in these organs, but it was also
shown that they are involved in tumorigenesis of almost every solid cancer entity (Comito et
al.,, 2014; Gorchs et al., 2015; Hosein et al., 2015). These so called cancer-associated
fibroblasts (CAFs) partially constitute the tumor microenvironment (TME) in variable fractions,
together with different other non-malignant cell types, such as endothelial and immune cells
(Chhabra and Weeraratna, 2023; Shiga et al., 2015). In contrast to cancer cells, usually no

genetic alterations are detected in CAFs (Biffi and Tuveson, 2021).

1.3.1 CAF origin and activation

Although resident fibroblasts are the main progenitors for CAFs, they can also originate from
different cell types and sources, such as bone marrow-derived mesenchymal stem cells (BM-
MSCs), hematopoietic stem cells, epithelial cells, and endothelial cells, which depends on
tissue, cancer type, and activation signals (Figure 10A) (Arina et al., 2016; Ohlund et al., 2017;
Orimo and Weinberg, 2007). Furthermore, CAFs develop in response to different and context-
dependent stimuli. Cancer cells and immune cells can activate tissue fibroblasts via direct cell-

cell contacts or by paracrine signaling via different growth factors, such as TGF-3, PDGF, FGF,
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EGF, and inflammatory chemokines, like IL6 or IL1B, as well as miRNAs (Biffi et al., 2019;
Chhabra and Weeraratna, 2023; Elenbaas and Weinberg, 2001; Mitra et al., 2012).
Interestingly, cancer cells can transform BM-MSCs into CAFs via OPN secretion, inducing
TGF-B production in BM-MSCs (Weber et al., 2015), while BM-MSC-derived TGF-f3 leads to
CAF activation of resident fibroblasts (Wen et al., 2015).

In addition, extrinsic factors can promote this transformation, such as ECM stiffness, a high
level of ROS, and DNA damage induced by genotoxic therapy or UVR exposure (Figure 10B)
(Ke and Wang, 2021; Straub et al., 2015; Sun et al., 2012). The activation process and its
kinetics also depend on the body site of CAF development, due to organ-specific transcriptomic
profiles of the fibroblasts and other source cell types (Rinn et al., 2006). Activated CAFs show
a similar phenotype as myofibroblasts during wound healing, but unlike these temporary
activated cells that usually undergo apoptosis after wound closure, CAF transformation seems
to be irreversible (Li et al., 2007). However, due to similar cellular processes in the tissue
surrounding wounds and in the TME during carcinogenesis, tumors could be considered as

“chronic wounds that never heal” (Dvorak, 1986).
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Figure 10. Origin and activation of cancer-associated fibroblasts. (A) Schema visualizing the different cellular
sources for cancer-associated fibroblasts (CAFs). Activating signaling pathways for each cell type are also
displayed. (B) Summary of CAF-activating growth factors, cytokines, and external/tissue-based components
(Modified from Louault et al., 2020 and Sahai et al., 2020).

1.3.2 CAF functions during tumorigenesis

CAFs affect tumorigenesis in a stage-dependent manner. During carcinoma initiation, stromal
cells exhibiting anti-cancer functions were observed (Chang et al., 2012; Chhabra and
Weeraratna, 2023). For instance, in pancreatic ductal adenocarcinoma (PDAC) mouse
models, the selective depletion of ACTA2 (encoding for a-SMA)-expressing CAFs resulted in

cancer progression (Ozdemir et al., 2015). Similar observations were described in breast,
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colon, intestinal, and bladder cancer, suggesting the presence of tumor-restraining CAFs
(Gerling et al., 2016; Maris et al., 2015; Pallangyo et al., 2015; Shin et al., 2014). On the other
hand, in the TME of advanced tumors, CAFs promote cancer cell proliferation, immune
evasion, tumor invasion, and metastasis via the secretion of different growth factors, cytokines,
chemokines, extracellular vesicles (EVs), and ECM-degrading enzymes (Biffi and Tuveson,
2021; Chhabra and Weeraratna, 2023; Simon and Salhia, 2022). During this process, CAF-
derived ligands induce particular signaling pathways in cancer cells. For instance, POSTN
activates integrin/FAK-SRC signaling, HGF and OPN stimulate WNT/B-catenin signaling,
CXCL12, HGF and IL22 trigger PI3BK/mTOR signaling, and IL6, TGF-B and FGF activate MAPK
signaling (Biffi and Tuveson, 2021; Chhabra and Weeraratna, 2023). Furthermore, CAFs
secrete angiogenic factors, such as VEGF, CXCL12, and PDGF that facilitate angiogenesis in
the tumor and surrounding tissue by the recruitment of endothelial cells and promoting their
proliferation (Liu et al., 2015; Shiga et al., 2015; Wang et al., 2019a).

For ECM remodeling processes, MMPs are especially important. In breast cancer, it has
been shown that TNF-a and TGF-f secretion of tumor cells induced the expression of MMP9
in CAFs, resulting in the specific degradation of type IV collagen and laminin in the basement
membrane (Stuelten et al., 2005). Furthermore, by regulating the organization of fibronectin,
CAFs provide the direction for cancer cell migration (Erdogan et al., 2017). In general, re-
organization of the ECM, as the structural scaffold of the tissue, alters physical properties and
the biomechanical activity of the TME. Changes in its composition can promote EMT of cancer
cells, leading to increased motility and invasion capacity (Aggarwal et al., 2021). CAFs
themselves can also migrate to distant metastatic sites, either as individual cells or together
with cancer cells, creating a tumor-supporting niche in cooperation with the resident tissue
fibroblasts and immune cells in the invaded organ (Duda et al., 2010; Soikkeli et al., 2010).

In addition, CAFs induce a chronic inflammatory but, at the same time, immunosuppressive
TME by the secretion of immunomodulatory cytokines, such as TGF-B, IL6, CXCL1, and
CXCL12, which promote tumorigenesis and cancer cell survival (Elyada et al., 2019; Hornburg
et al., 2021; Mescher, 2017; Wu et al., 2020). It was shown that CAFs can cause a cytotoxic T
cell reduction in the TME and an increased infiltration of regulatory T cells (Tregs)
(Chakravarthy et al., 2018; Kato et al., 2018; Mariathasan et al., 2018).

Moreover, the TME, including CAFs, is associated with the development of therapeutic drug
resistance and tumor reactivation after dormancy (Chhabra and Weeraratna, 2023; Parker and
Cox, 2020). In head and neck squamous cell carcinoma (SCC), it was shown that CAF-derived
MMP1 protects cancer cells from cetuximab treatment (Johansson et al., 2012). In PDAC,
breast cancer, and colorectal carcinoma, it was also observed that CAF-derived IL6, IL17A,
PDGF, and IGF induce NF-kB and ERK1/2 signaling in cancer cells, promoting resistance to

chemotherapeutic agents, such as doxorubicin, 5-fluorouracil or cisplatin (Lotti et al., 2013;
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Louault et al., 2019; Mutgan et al., 2018). In addition, the whole TME can act as a structural
barrier, leading to a decreased drug bioavailability, due to adhesion of cancer cells to ECM
proteins (Chhabra and Weeraratna, 2023; Paraiso and Smalley, 2013). At metastatic sites,
CAFs were associated with cancer cell dormancy, interestingly, causing a more aggressive
phenotype after CAF depletion in PDAC (Ozdemir et al., 2015; Parker and Cox, 2020).

1.3.3 CAF detection

Similar to dermal fibroblasts, detection of CAFs via the expression of marker genes is
complicated, due to their low specificity. Classical and commonly used markers are ACTAZ2,
FAP, PDPN, PDGFRA/B, and S7100A4/FSP1 (Bartoschek et al., 2018; Chhabra and
Weeraratna, 2023; Li et al., 2017; Ohlund et al., 2017; Simon and Salhia, 2022). However,
expression of these genes has been observed not only in CAFs, but also in smooth muscle
cells and pericytes for ACTA2 (Rockey et al., 2013; Rgnnov-Jessen et al., 1995), in epithelial
cancer cells and macrophages for FAP (Arnold et al., 2014; Mentlein et al., 2011), as well as
in lymphatic endothelial cells for PDPN (Breiteneder-Geleff et al., 1999).

Nevertheless, recent progress in single-cell techniques and transcriptomic analyses of
many different carcinomas enabled the characterization of CAF heterogeneity and the
identification of distinct CAF subpopulations with specific marker gene panels (Chhabra and
Weeraratna, 2023). Furthermore, evolving multiplex imaging techniques provide spatial
information about the localization of cancer cells and non-malignant cells in the TME, including
CAFs (Jackson et al., 2020). Though, a limiting factor for many of these studies is the lack of
long-term sampling from the same human patient at different disease stages, which prevents
the detailed characterization of molecular and regulatory processes leading from fibroblasts to
activated CAFs (Chhabra and Weeraratna, 2023). Therefore, different in vitro assays are used
and developed, such as 2D/3D spheroid and organoid models, liquid-air interface models,
microfluidics technologies, and bio-printed tissue approaches (Biffi et al., 2019; Franco-
Barraza et al., 2016; Langer et al., 2019; Neal et al., 2018; Ootani et al., 2009).

On the other hand, in vivo studies with rodents are performed using tissue-restricted cell
type labeling techniques that allow cell tracing and following disease initiation and progression.
CAF labeling and subsequent live/intravital imaging provide spatial information during
tumorigenesis, as well as visualization of CAF interactions with cancer cells and non-malignant
cell types (Entenberg et al., 2023; Ewald et al., 2011; Vennin et al., 2019). However,
experiments to label distinct CAF subpopulations in vivo are limited due to overlapping gene
expression patterns for the different groups. Another approach are ex vivo cultures with

isolated tumor tissue, but depending on culture dish surface, media, and environmental
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conditions, culturing-induced changes in morphology and gene expression have been

observed in malignant and non-malignant cells (Chhabra and Weeraratna, 2023).

1.3.4 CAF heterogeneity

Although different numbers of CAF subpopulations were described in a tissue- and context-
dependent manner, many studies share the detection of immunoregulatory and ECM-
remodeling cells (Figure 11) (Chhabra and Weeraratna, 2023). In PDAC, inflammatory CAFs
(iICAFs) were detected mostly towards tumor edges, secreting immunomodulatory molecules,
such as IL6 and CXCL12. In contrast, ECM-producing myofibroblastic CAFs (myCAFs) were
observed close to tumor cells and showed high ACTA2 expression but low levels of IL6 (Elyada
et al., 2019; Ohlund et al., 2017). Another PDAC study in mice not only confirmed these two
CAF subpopulations, but could also identify distinct activation pathways. On the one hand,
cancer cell-derived IL1 led to iCAF activation via JAK/STAT signaling and, on the other hand,
tumor-secreted TGF-3 prevented this process, resulting in myCAF transformation (Biffi et al.,
2019). Furthermore, iCAFs and myCAFs were described in different cancer entities, such as
breast, lung, ovarian, and colorectal carcinomas (Bhattacharjee et al., 2021; Chhabra and
Weeraratna, 2023; Hornburg et al., 2021; Kieffer et al., 2020).
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Figure 11. Functions of inflammatory and myofibroblastic cancer-associated fibroblasts. Schema showing
distinct tumor-promoting functions of two commonly detected cancer-associated fibroblast (CAF) subpopulations.
Inflammatory CAFs (iCAFs) establish an immunosuppressive tumor microenvironment (TME) by secretion of

different growth factors and cytokines. Myofibroblastic CAFs (myCAFs) are mostly involved in the re-organization
and degradation of extracellular matrix (ECM) components (Modified from Biffi and Tuveson, 2021).
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Depending on the study and tissue, several further and more specific CAF subpopulations
were identified during the last decade. In late-stage PDAC, CAFs associated with major
histocompatibility class Il (MHC 1l) genes were detected. These antigen-presenting CAFs
(apCAFs) promoted T cell differentiation into Tregs, resulting in an immunosuppressive TME
(Elyada et al., 2019). In another PDAC study with low desmoplastic tumors, CAFs showing a
highly activated glycolytic metabolic state (meCAFs) were observed. They caused increased
metastasis but, on the other hand, a better response to immunotherapy (Wang et al., 2021b).

For lung and breast cancer, vasculature-associated CAFs (vVCAFs) were described with
angiogenic functions, resulting in an increased angiogenesis in the TME and promoted
vascular development (Bartoschek et al., 2018; Lambrechts et al., 2018). Bartoschek et al.
also detected development-associated CAFs (dCAFs) and cycling CAFs (cCAFs), which
seemed to be involved in the differentiation, development, and morphogenesis of breast tissue,
or in cancer cell proliferation, respectively. Interestingly, the authors could determine different
cellular sources for the identified CAF subpopulations, such as the perivascular niche for
vCAFs and malignant cells undergoing EMT for dCAFs (Bartoschek et al., 2018).

Last year, an extensive scRNA-seq study characterized six CAF subpopulations in ten
different solid cancer entities, including thyroid, lung, breast, gastric, pancreatic, colorectal,
ovarian, prostate, bladder, and intrahepatic duct carcinoma (Luo et al., 2022). The three main
CAF subpopulations were described as cancer-associated myofibroblasts (CAFmyo),
inflammatory CAFs (CAFina) and adipogenic CAFs (CAFadi). In addition, minor subpopulations
were detected based on their origin, such as endothelial-mesenchymal transition (EndMT)
CAFs (CAFenawt), peripheral nerve-like CAFs (CAFpn), and antigen-presenting CAFs (CAFap)
(Luo et al., 2022).

All these different CAF subpopulations are usually considered as distinct cellular states
rather than terminal differentiation endpoints, thus providing a high level of plasticity for these
cells (Biffi and Tuveson, 2021; Campbell et al., 2009; Qiu et al., 2008).

1.3.5 Therapeutic approaches targeting CAFs

During the last years, it became more and more clear that understanding tumors with their
surrounding TME as a whole is essential to target not only tumor “seeds”, like current
therapeutic approaches often do, but also the fertilizing “soil”, including CAFs and other non-
malignant cell types (de Groot et al., 2017). Furthermore, this knowledge will allow better
response predictions, as well as stratification of tumor types and patients (Chhabra and
Weeraratna, 2023). Since CAFs show a high heterogeneity not only between different cancer
entities, but also between patients suffering from the same carcinoma type, in some cases

CAFs might also be used as prognostic factors (Chhabra and Weeraratna, 2023).
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Current strategies for targeting CAFs alone or in combination with chemo- or
immunotherapies include different approaches. Surface markers could be used to eliminate
CAFs or specific CAF subpopulations, they could be transformed into a quiescent state, their
secretome could be antagonized, or CAF activating pathways could be targeted. So far, clinical
studies with CAF-associated molecules provided inconsistent results, thus suggesting a high
level of CAF heterogeneity with context- and tissue-dependent tumor-restraining or tumor-

promoting functions (Chhabra and Weeraratna, 2023).

1.3.6 The role of CAFs in skin cancer

In skin cancer, CAFs mostly develop from resident fibroblasts (Tirosh et al., 2016). A scRNA-
seq study with murine melanoma samples identified three CAF subpopulations (Davidson et
al., 2020). CAF-S1 cells resembled iCAFs with functions related to immune crosstalk and the
recruitment/regulation of immune cells. In addition, in a myCAF-like population (CAF-S2),
upregulation of ECM-associated genes was observed. CAF-S3 cells were found to be involved
in the re-organization of actin fibers in the cytoskeleton and were therefore considered a
contractile CAF subpopulation (Davidson et al., 2020).

Furthermore, an integrated study of head and neck carcinoma, lung carcinoma, and
melanoma identified six CAF subpopulations across all entities, including myCAFs and iCAFs.
These groups promoted tumorigenesis via different molecular pathways, and could be
associated with particular clinical outcomes and therapy resistance to immune checkpoint
blockade (Galbo et al., 2021).

Interestingly, CAF subpopulations are not only shared between different cancer types, but
also conserved across species, which was shown by a study of PDAC, BCC, and breast cancer
in mice and human patients. The authors identified three superclusters, including steady state-
like CAFs, immunomodulatory CAFs, and mechanoresponsive CAFs (Foster et al., 2022).

Also for ¢cSCC, changes in the TME compared to healthy skin were already shown.
Extensive stromal reprogramming could be observed via RNA-seq, and further
immunohistochemistry assays revealed the overexpression of the tumor-promoting factor
POSTN in CAFs with increasing levels from BD towards high-risk cSCC (Beebe et al., 2022;
Lincoln et al.,, 2021). Another study examined the effect of 5-aminolevulinic acid-mediated
photodynamic therapy (ALA-PDT) on CAFs. This topical treatment option is regularly used for
AKs and BDs, inducing ROS production and subsequent death, specifically in cancer cells.
Thereby, CAF-derived CXCL13 was shown to be important for immune cell recruitment,
resulting in anti-tumoral immune effects (Zhu et al., 2019). In addition, reduced migration and
decreased expression of ACTA2 and FAP were detected in CAFs after ALA-PDT in vitro (Li et
al., 2019a). Interestingly, CAF-secreted TGF-f3 induced cell cycle arrest in cSCC cells, leading
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to a decreased proliferation rate and subsequent resistance to ALA-PDT (Gallego-Rentero et
al., 2021).

In 2020, a detailed study characterized ten ¢cSCC tumors with matched normal skin via
scRNA-seq, spatial transcriptomic assays, and multiplexed ion beam imaging (Ji et al., 2020).
Besides an immunosuppressive TME, the authors described a tumor-specific keratinocyte
subpopulation with EMT features localized in a fibrovascular niche at the leading edges of the
tumors. These malignant cells showed a very high interaction level with CAFs and seemed to
be regulated by CAF-derived TGF-B1/3 (Ji et al., 2020). Another scRNA-seq study investigated
differences between primary and recurrent cSCC tumors, including changes in the respective
TMEs (Li et al., 2022). In all analyzed tumor samples the authors detected myCAFs, iCAFs,
as well as IL7R*-CAFs, with an elevated fraction of myCAFs in primary tumor TME and an
enriched amount of IL7R*-CAFs in the recurrent tumor TME. IL7R*-CAFs showed high
expression of EMT-related ligands and strong cellular communication with a specific malignant

keratinocyte subpopulation (Li et al., 2022).
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It is already known that CAFs are an important component of the TME and are involved in
tumorigenesis of many different cancer entities (Biffi and Tuveson, 2021). It has also been
shown that not only resident fibroblasts but also other cell types, such as BM-MSCs, can be
transformed into CAFs by paracrine signaling of various growth factors and inflammatory
cytokines (Chhabra and Weeraratna, 2023). Furthermore, CAFs, especially in advanced
tumors, appear to be involved in different pro-tumorigenic processes, such as cancer cell
proliferation, immune evasion, angiogenesis, ECM remodeling, and even therapeutic drug
resistance (Simon and Salhia, 2022). In particular, single-cell techniques enabled the
investigation of CAF heterogeneity and interestingly led to the identification of
immunoregulatory and ECM-remodeling CAFs in different cancer types, like PDAC, breast,
and lung carcinoma (Chhabra and Weeraratna, 2023).

In skin, different studies in murine and human melanoma have also detected iCAF- and
myCAF-like subpopulations, among others (Davidson et al., 2020; Galbo et al., 2021). For
¢SCCs in particular, CAFs overexpressing the tumor-promoting ECM modulator POSTN have
been associated with disease progression (Beebe et al., 2022; Lincoln et al., 2021). In addition,
CAFs have been observed to influence the success and outcome of the cSCC therapeutic
approach ALA-PDT. Thus, CAF-derived TGF-B induced cell cycle arrest in malignant
keratinocytes, leading to a decreased proliferation rate and subsequent resistance to ALA-
PDT (Gallego-Rentero et al., 2021; Zhu et al., 2019). However, details on CAF heterogeneity
in cSCC remain unclear. Moreover, it is unknown which normal fibroblast subpopulation is
activated and transformed into CAFs, as well as the precise mechanisms of how CAFs affect
the TME and cSCC progression.

Therefore, the main aim of this thesis is to provide an extensive characterization of CAFs
by scRNA-seq and multiplexed RNA FISH assays at different stages of cSCC tumorigenesis.
Potential CAF heterogeneity will be analyzed, as well as tumor-affecting interactions of CAFs
with different cell types in the TME. Furthermore, CAF origin/s will be studied taking into
account the previous identification of the four distinct fibroblast subpopulations in healthy
human skin (Solé-Boldo et al., 2020).

25



26



3. Results

3. Results

3.1 Detection of skin-associated cell types by scRNA-seq

The main aim of this thesis is to detect cSCC progression-related transcriptomic changes in
CAFs. Therefore, the following analyses were only performed with skin samples from older
(47-93 years) male patients (see Material and Methods, section 6.2.1 and Table 8), in order to
avoid possible confounding effects by sex and/or age. It is also known that this group of
patients is most affected by KCs (see Introduction, sections 1.1.1, 1.1.2, and 1.2).

Fresh biopsies of three chronically UVR-exposed healthy (EH) skin samples, three BDs,
and five invasive cSCCs were kindly provided by the Department of Dermatology, University
Hospital of Heidelberg, coordinated by PD Dr. med. Anke Lonsdorf. | then performed the
subsequent sample preparation steps and generated the scRNA-seq library using the 10x
Genomics platform in the DKFZ single-cell Open Lab (scOpen Lab). Finally, library sequencing
was completed in the DKFZ next generation sequencing (NGS) core facility (see Material and
Methods, section 6.2.2). After obtaining the raw sequencing reads, the initial processing steps,
including demultiplexing and the alignment to the human genome, were performed by Dr.
Gulnter Raddatz.

The total scRNA-seq dataset was further expanded to include data from three UVR-
protected healthy (PH) skin samples from Solé-Boldo et al. (Solé-Boldo et al., 2020). | then
performed the following computational analyses, primarily using the R tool Seurat v4 (Hao et
al., 2021) unless otherwise stated.

After several quality control steps, 115,053 single cells were used for data pre-processing
and the standard Seurat integration workflow (see Material and Methods, section 6.2.3).
Subsequent unsupervised clustering resulted in 30 cell clusters based on distinct gene
expression signatures (Figure 12A). Gene expression analyses revealed cluster-specific
expression of well-known marker genes (Solé-Boldo et al., 2020) for skin-related cell types
(Figure 12B). Cells in the clusters #4, #12, #19, and #23 showed upregulation of genes
encoding different types of keratin compared to other clusters, suggesting that these cells
represent keratinocytes in distinct differentiation states (14,615 cells). Expression of fibroblast-
associated genes, such as VIM, LUM, and COL1A2 was enriched in the clusters #1, #3, #6,
and #13. Furthermore, marker genes for differentimmune cell types, like CD3D (T cells), IGLL5
(B cells), CPA3 (mast cells) or LYZ (macrophages) were expressed in distinct clusters.
Expression of SELE, CLDN5, and RGS5 were observed as well, suggesting the presence of
vascular endothelial cells (ECs), lymphatic ECs, and pericytes, respectively. Interestingly,
scRNA-seq also allowed the detection of minor cell types, such as erythrocytes, melanocytes,

and Schwann cells based on the expression of the corresponding marker genes HBAT,
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MLANA, and CRYAB. These observations, and the identification of the most differentially

expressed genes among all clusters, allowed cell type annotations. This demonstrates that

scRNA-seq with subsequent data analyses were capable of detecting major and minor cell

types in healthy human skin, BDs, and cSCCs.
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Figure 12. Single-cell RNA sequencing reveals human skin-related cell types. Single-cell RNA sequencing
(scRNA-seq) was performed with three healthy but chronically ultraviolet radiation (UVR)-exposed skin samples,
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three Bowen'’s disease (BD) samples, and five invasive cutaneous squamous cell carcinomas (cSCCs) from older
(47-93 years) male patients. After processing the raw reads (performed by Dr. Giinter Raddatz), data from all
samples were integrated together with data of three healthy UVR-protected skin samples from Solé-Boldo et al.
(Solé-Boldo et al., 2020), following the standard protocol from the R package Seurat v4 (Hao et al., 2021). (A)
Unsupervised clustering of the integrated dataset revealed 30 cell clusters with distinct gene expression signatures,
visualized in an uniform manifold approximation and projection (UMAP) plot. Each dot represents a single cell (n =
115,053). (B) UMAP plots depicting the average gene expression levels for cell type-specific marker genes (Solé-
Boldo et al., 2020) in the integrated dataset. Red indicates high expression in arbitrary units and blue refers to no
or only low expression in arbitrary units. ECs: endothelial cells, Max: maximum.

All 12 identified cell types were detected in each of the four sample entities, illustrating
successful data integration and excluding the possibility of sample type-specific cell clusters
(Figure 13A). However, when | compared cell type fractions between the samples, entity-
related differences could be observed (Figure 13B). On average, a significant (p-value < 0.05,
pairwise Holm-Sidak tests) higher amount of T cells were detected in BDs (44% of all cells +
23% standard deviation [SD]) and ¢cSCCs (13% * 13% SD) compared to PH (2% + 0.7% SD)
and EH (3% % 1% SD) skin samples. Also for B cells a similar tendency was shown with on
average 14% + 15% SD of B cells in BDs and 18% + 20% SD in cSCCs, but only 0.5% + 0.3%
SD in PHand 0.7% = 0.2% SD in EH samples. These results suggest an increase in immune
cell abundance in BDs and cSCCs compared to healthy skin, resulting in an inflammatory TME
during tumorigenesis. The observed variability in cell type fractions between different patients
of the same entity was caused by patient-specific differences and technical reasons, such as
scRNA-seq library generation for the particular patients on different days.

As another data quality control step, | further compared the isolated cell type fractions in the
six PH and EH samples with a scRNA-seq study, in which also six healthy skin samples were
analyzed in a comparable manner (Tabib et al., 2018). Slight differences in the amount of major
cell types are most probably related to diverse sample collection sites in both studies, since

skin constitution and its thickness differ according to body region (Figure 13C).
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Figure 13. Enriched amount of immune cells in Bowen's disease and cutaneous squamous cell carcinoma.
(A) Uniform manifold approximation and projection (UMAP) plots depicting the integrated single-cell RNA
sequencing (scRNA-seq) dataset after pre-processing and unsupervised clustering, split by sample entity.
Ultraviolet radiation (UVR)-protected healthy (PH) skin: n = 3 (Solé-Boldo et al., 2020), UVR-exposed healthy (EH)
skin: n = 3, Bowen’s disease (BD): n = 3, cutaneous squamous cell carcinoma (cSCC): n = 5. (B) Bar plot showing
the detected cell type fractions in all scRNA-seq samples. X-axis shows samples and Y-axis shows percentages of
all cell types identified in each sample. (C) Bar plot visualizing cell type fractions for six healthy skin samples
analyzed by scRNA-seq in Tabib et al. (Tabib et al., 2018) (black), as well as for the six PH and EH skin samples
from this thesis (gray). X-axis shows identified cell types and Y-axis shows average percentages. K: keratinocytes,
F: fibroblasts, EC: endothelial cells, P: pericytes, Macro: macrophages, T & B: T cells and B cells, Melano:
melanocytes.

3.1.1 Characterization of malignant keratinocytes in BD and cSCC

To ensure high quality of the obtained scRNA-seq data, | used different approaches to confirm
that keratinocytes from BDs and cSCCs indeed show malignant characteristics compared to
keratinocytes from PH and EH skin samples, which can be considered healthy (although EH-
derived keratinocytes were chronically exposed to UVR before sampling).

First, copy number variation (CNV) events were inferred from scRNA-seq data using the R
packages InferCNV v1.6 (Patel et al., 2014; Tirosh et al., 2016) and CopyKAT v1.1 (Gao et al.,
2021). It has previously been shown, that the accumulation of CNV events results in genome
instability, as well as aneuploidy and is associated with cancer initiation and progression
(Steele et al., 2022; Tirosh et al., 2016). Keratinocytes from the three PH skin samples were
used as control cells and both computational tools detected an increasing number of CNV
events in keratinocytes from BDs to ¢cSCCs, confirming their malignant status and reflecting
disease progression (Figure 14A). Furthermore, CopyKAT classified significantly (p-value <
0.01, t-test) more BD-derived keratinocytes as aneuploid (69% + 17% SD) than diploid (12%
+ 10% SD). Similarly, significantly (p-value < 0.0001, t-test) more keratinocytes from cSCC



3. Results

samples were classified as aneuploid (92% * 6% SD) than diploid (8% * 6% SD). This also
suggested an accumulation of CNV events during cSCC tumorigenesis (Figure 14B).

In addition, the expression of a previously described cSCC-derived tumor-specific
keratinocyte gene signature (Ji et al., 2020) was analyzed in keratinocytes from all sample
entities (Figure 14C). Enriched expression was observed for keratinocytes isolated from cSCC
tumors, further confirming their identity.

Another characteristic of cancer cells analyzed by scRNA-seq is patient-specific clustering
behavior. On the one hand, it has been previously observed that gene expression-based
clustering of non-malignant cells in the TME resulted in cell type-specific clusters. On the other
hand, malignant cells have formed sample-specific clusters, due to their high transcriptomic
variability between different patients (Tirosh et al., 2016). For most of the scRNA-seq analyses
in this thesis, data integration of all samples was required (see Material and Methods, section
6.2.3), resulting in keratinocyte clusters comprising cells from healthy samples and tumors
(Figures 12A and 13A). This workflow was necessary to ensure biologically meaningful
clustering of all cell types and to avoid batch effects that were caused by sequencing library
generation on different days. However, less stringent data processing without integration
resulted in sample type-specific keratinocyte clusters and was even able to separate
keratinocytes of the individual cSCC patients from those of healthy samples (Figure 14D). This

further verified their malignant status.
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Figure 14. Validation of malignancy status for keratinocytes in Bowen's disease and cutaneous squamous
cell carcinoma. (A) Heatmaps showing copy number variation (CNV) events in keratinocytes inferred from single-
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cell RNA sequencing (scRNA-seq) data. Cells from three ultraviolet radiation (UVR)-protected healthy (PH) skin
samples were used as control. In rows, keratinocytes from different samples are depicted and columns display
genomic regions ordered by chromosomes (chr). Blue represents genetic deletions, whereas red indicates gene
amplifications. (B) Table comprising percentages of keratinocytes in Bowen'’s disease (BD) samples and cutaneous
squamous cell carcinomas (cSCCs) identified as aneuploid or diploid after inferring CNV events from scRNA-seq
data. For some cells no clear classification was possible (“% not defined”). (C) Violin plot visualizing the average
expression of a previously defined cSCC-derived tumor-specific keratinocyte marker gene signature (Ji et al., 2020)
in keratinocytes from PH skin, UVR-exposed healthy (EH) skin, BDs, and cSCC samples. Sample types are
depicted along the X-axis and the Y-axis shows the average gene expression in arbitrary units. Statistical analyses
were performed using Wilcoxon Rank Sum tests (****: p-value < 0.0001). (D) Uniform manifold approximation and
projection (UMAP) plots showing sample type-specific (left) and cSCC patient-specific (right) keratinocyte clusters
after scRNA-seq data analysis without integration.

Detailed gene expression analyses were another approach to specify the malignancy status
of keratinocytes. Therefore, a GO analysis was performed with the most upregulated genes in
BD-derived keratinocytes compared to keratinocytes from PH and EH samples (Figure 15A).
Top terms were enriched for tumorigenesis-associated processes, such as angiogenesis,
antigen processing, and activation of innate immune response, suggesting the establishment
of an inflammatory TME. In addition, gene set enrichment analyses (GSEA) revealed a
significant enrichment of signaling pathways involved in cancer progression, such as
JAK/STAT and SHH signaling in keratinocytes of BD samples compared to healthy
keratinocytes. Genes related to the G2/M cell cycle phase, which is important for cell
proliferation, were also enriched in BD-derived keratinocytes (Figure 15B).

Similarly, a GO analysis of the most upregulated genes in ¢cSCC-derived keratinocytes
compared to healthy ones showed that these genes seem to be involved in cancer-related
metabolic and inflammatory changes, as well as in stress response with top terms, like aerobic
respiration, antigen processing, and response to oxidative stress (Figure 15C). Furthermore,
GSEA revealed an enrichment of genes associated with processes that are important in cSCC
progression, such as oxidative phosphorylation, DNA repair, and cell proliferation (G2/M
checkpoint) in keratinocytes from cSCCs (Figure 15D). Taken together, these observations
suggest that keratinocytes isolated from BDs and cSCCs were indeed different from healthy

keratinocytes and showed cancer-related changes.
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Figure 15. Transcriptomic changes in keratinocytes from healthy skin, Bowen's disease, and cutaneous
squamous cell carcinoma. (A) Bar plot showing the top terms from a gene ontology (GO) analysis with the most
upregulated genes in Bowen’s disease (BD)-derived keratinocytes compared to keratinocytes from ultraviolet
radiation (UVR)-protected healthy (PH) skin and UVR-exposed healthy (EH) skin. Terms are ordered according to
p-value. (B) Gene set enrichment analysis (GSEA) plots visualizing the enrichment of pathways related to cancer
progression in BD-derived keratinocytes compared to keratinocytes from PH and EH skin samples. (C) Bar plot
depicting the top terms from a GO analysis with the most upregulated genes in cutaneous squamous cell carcinoma
(cSCC)-derived keratinocytes compared to keratinocytes from PH and EH skin samples. Terms are ordered
according to p-value. (D) GSEA plots showing the enrichment of pathways related to cancer progression in cSCC-
derived keratinocytes compared to keratinocytes from PH and EH skin samples. For all GSEA plots, normalized
enrichment scores (NES), false discovery rates (FDR) and p-values are specified. Pol: polymerase, pos.: positive,

ER: endoplasmic reticulum.

3.1.2 Fibroblast subpopulations are maintained during cSCC progression

After characterizing the identified keratinocytes in the scRNA-seq dataset and ensuring the

malignant status of BD and ¢cSCC samples, fibroblasts were analyzed in greater detail.
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Unsupervised clustering of the integrated dataset, including all samples, revealed four distinct
fibroblast clusters, which were presentin all entities (Figures 12A and 13A). Since our research
group, including myself, previously defined four spatially and functionally different fibroblast
subpopulations in UVR-protected healthy skin (Solé-Boldo et al., 2020) (see Introduction,
section 1.1.4), | checked if these groups were represented by the fibroblast clusters detected
during the scRNA-seq analysis for this thesis.

First, fibroblasts (27,382 cells) were isolated from the total dataset and the four clusters
were re-arranged for visual reasons (Figure 16A). Then, the average expression levels of the
published subpopulation-specific gene signatures (Solé-Boldo et al., 2020) were analyzed. In
the uniform manifold approximation and projection (UMAP) plots and in the violin plots cluster-
specific expression patterns of the particular marker genes could be observed (Figure 16B).
Fibroblasts in cluster #1 showed high expression for the cytokines CCL19, APOE, CXCL2,
CXCL3, and EFEMP1, representing pro-inflammatory fibroblasts. Highest expression of the
secretory-reticular gene signature (CCNS [also known as WISPZ2], SLPI, CTHRC1, MFAPS,
and TSPAN8) was detected in the fibroblast cluster #3. The mesenchymal-related genes
ASPN, POSTN, GPC3, TNN, and SFRP1 were mostly expressed in the fibroblast cluster #6.
Cells in cluster #13 were identified as secretory-papillary fibroblasts, due to enriched
expression of the genes APCDD1, ID1, WIF1, COL18A1, and PTGDS.

Furthermore, these classifications were confirmed by GO analyses with the most differently
expressed genes between all fibroblast clusters (Figure 16C). Inflammation-related terms,
such as inflammatory response were enriched for pro-inflammatory fibroblasts. Genes involved
in mesenchymal-related processes, like osteoblast differentiation and ossification were
specifically upregulated in mesenchymal fibroblasts. For the two secretory fibroblast
subpopulations, GO terms associated with ECM remodeling and collagen organization were

detected.
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Figure 16. Distinct fibroblast subpopulations are present in healthy skin, Bowen's disease, and cutaneous
squamous cell carcinoma. (A) Uniform manifold approximation and projection (UMAP) plot visualizing the four
fibroblast clusters after their isolation from the integrated single-cell RNA sequencing (scRNA-seq) dataset,
including ultraviolet radiation (UVR)-protected healthy (PH) skin (n = 3) and UVR-exposed healthy (EH) skin (n =
3), Bowen’s disease (BD) samples (n = 3), and cutaneous squamous cell carcinomas (cSCCs) (n = 5). For visual
reasons, the clusters were re-arranged. (B) UMAP and violin plots showing the average expression of previously
defined fibroblast subpopulation-specific marker gene signatures (Solé-Boldo et al., 2020). For UMAP pilots, red
indicates high expression in arbitrary units and blue refers to no or only low expression in arbitrary units. In violin
plots, fibroblast clusters are displayed along the X-axes and Y-axes show the average gene expression in arbitrary
units. Statistical analyses were performed using Wilcoxon Rank Sum tests (****: p-value < 0.0001). (C) Bar plots
depicting the top terms from gene ontology (GO) analyses with the most differently expressed genes between all
four fibroblast subpopulations. Terms are ordered according to p-value. Max: maximum, PI: pro-inflammatory, SR:
secretory-reticular, M: mesenchymal, SP: secretory-papillary, pos.: positive, Pol: polymerase, ECM: extracellular
matrix, neg.: negative.

Interestingly, comparison of fractions for the four fibroblast subpopulations detected in each
sample revealed a slight decrease of pro-inflammatory cells and a significant increase of
mesenchymal fibroblasts (p-value < 0.05, one-way analysis of variance [ANOVA] and pairwise
Holm-Sidak test) in cSCCs compared to PH samples (Figure 17A). In order to check if this
significant rise was caused by an enriched proliferation of mesenchymal-associated cells in
cSCC, cell cycle-related analyses were performed with mesenchymal fibroblasts from all
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sample types. Mesenchymal fibroblasts were assigned to the different cell cycle phases (G2/M,
S, G1) based on the expression of publicly available cell cycle-related genes (Tirosh et al.,
2016). The percentages of mesenchymal fibroblasts in these phases were similar across all
sample types, indicating comparable proliferation rates (Figure 17B). Only slight differences
were observed in the average expression levels for cell cycle-related genes (Tirosh et al.,
2016) in mesenchymal cells from all sample types (Figure 17C). In addition, no increased
expression of proliferation-related genes (Whitfield et al., 2006) was detected in cSCC-derived
mesenchymal fibroblasts compared to cells from PH samples (Figure 17D). All this suggests,
that the detection of an increased fraction of mesenchymal cells in cSCCs was probably not
related to cell cycle changes or different proliferation rates during disease progression.

Taken together, the fibroblast subpopulations previously identified in PH samples were also
detected in EH skin, BD samples and cSCCs, indicating the maintenance of fibroblast
heterogeneity during cSCC progression. However, their proportions seem to change in a

cancer-related manner.
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Figure 17. Percentages of fibroblast subpopulations change during cutaneous squamous cell carcinoma
progression. (A) Bar plot showing the composition of fibroblasts in ultraviolet radiation (UVR)-protected healthy
(PH) skin, UVR-exposed healthy (EH) skin, Bowen’s disease (BD) samples, and cutaneous squamous cell
carcinomas (cSCCs). The sample types are depicted along the X-axis and the Y-axis displays the percentages for
pro-inflammatory, secretory-reticular, mesenchymal, and secretory-papillary fibroblasts with respect to all
fibroblasts detected in each sample type. (B) Bar plot visualizing the assignment of mesenchymal fibroblasts to the
cell cycle phases G2/M, S, and G1 based on the expression of related genes (Tirosh et al., 2016). The X-axis shows
the different sample types and the Y-axis depicts the percentages of cells in the three phases with respect to all
mesenchymal fibroblasts detected in each sample type. (C) Violin plots show the average expression levels for
genes related to the G2/M (left) and S (right) cell cycle phases (Tirosh et al., 2016) in mesenchymal fibroblasts from
all entities. Sample types are displayed along the X-axes and the Y-axes indicate the average gene expression in
arbitrary units. (D) Violin plot depicting the average expression of proliferation-related genes (Whitfield et al., 2006)
in mesenchymal fibroblasts from all entities. Sample types are displayed along the X-axis and the Y-axis indicates
the average gene expression in arbitrary units. For bar plots, statistical analyses were performed using a one-way
analysis of variance (ANOVA) with subsequent Holm-Sidak tests for pairwise comparisons and for violin plots,
Wilcoxon Rank Sum tests were used (*: p-value < 0.05). n.s.: not significant.
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3.2 Characterization of CAFs in BD and ¢cSCC by scRNA-seq

After the general characterization of the two main cell types in human skin, CAF development
during cSCC progression should be studied in more detail by scRNA-seq. First, | checked if
fibroblasts isolated from BD samples and cSCCs were actually different from healthy
fibroblasts and show CAF-related transcriptomic changes. Therefore, the average expression
levels of the commonly used CAF marker genes FAP and ACTA2 (Chhabra and Weeraratna,
2023; Simon and Salhia, 2022) were determined in fibroblasts from all sample types. BD- and
cSCC-derived fibroblasts showed an upregulation of both genes compared to healthy skin,
indicating that they were indeed CAFs (Figure 18A). Furthermore, a trajectory inference
approach using the R tool Slingshot v1.8 (Street et al., 2018) showed a progression from PH-
derived fibroblasts to CAFs from BD samples and ¢cSCCs (Figure 18B). Based on these
observations and the fact, that BD and cSCC biopsies were sampled from the center of the

lesions, | considered all BD- and cSCC-derived fibroblasts as CAFs for the following analyses.
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Figure 18. Cancer-associated fibroblasts in Bowen's disease and cutaneous squamous cell carcinoma
develop from resident fibroblasts in healthy skin. (A) Violin plot showing the average expression level for
commonly used cancer-associated fibroblast (CAF) marker genes FAP and ACTAZ2 in fibroblasts isolated from
ultraviolet radiation (UVR)-protected healthy (PH) skin, UVR-exposed healthy (EH) skin, Bowen’s disease (BD)
samples, and cutaneous squamous cell carcinomas (cSCCs). Sample types are displayed along the X-axis and the
Y-axis indicates the average gene expression in arbitrary units. Statistical analyses were performed using Wilcoxon
Rank Sum tests (****: p-value < 0.0001). (B) Uniform manifold approximation and projection (UMAP) plots
visualizing fibroblast trajectory inference from single-cell RNA sequencing (scRNA-seq) data. The progression from
PH-derived fibroblasts to CAFs from BD samples and cSCCs is indicated by an arrow. White and light blue represent
early time points and dark blue depicts late time points on an arbitrary pseudotime axis.

3.2.1 Detection of two functionally different CAF subpopulations

To focus on CAF characterization, fibroblasts detected in BD samples and ¢cSCCs were
isolated (9,763 cells). Unsupervised re-clustering of the cells revealed two clusters comprising
4,937 cells and 4,826 cells, respectively (Figure 19A). Then, GO analyses with the most
representative genes of both groups were performed to determine potential functional
differences (Figure 19B). For one cluster, terms related to inflammation and stress responses

were enriched, such as inflammatory response and response to unfolded proteins, suggesting

37



38

3. Results

upregulation of genes involved in immunoregulatory processes for these CAFs. On the other
hand, the second CAF group showed enriched expression of genes associated with ECM

remodeling, wound healing, and collagen organization.
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Figure 19. Identification of two cancer-associated fibroblast subpopulations in Bowen's disease and
cutaneous squamous cell carcinoma. (A) Uniform manifold approximation and projection (UMAP) plot visualizing
two clusters of cancer-associated fibroblasts (CAFs) in Bowen'’s disease (BD) samples and cutaneous squamous
cell carcinomas (cSCCs) analyzed by single-cell RNA sequencing (scRNA-seq). (B) Bar plots showing the top terms
of gene ontology (GO) analyses performed with the most representative genes of both CAF clusters. Terms are
ordered according to p-value. ECM: extracellular matrix, neg.: negative, pos.: positive, Pol: polymerase.

In order to check whether these two CAF groups represent iCAFs and myCAFs, previously
described in different cancer types (Bhattacharjee et al., 2021; Chhabra and Weeraratna,
2023; Kieffer et al., 2020; Ohlund et al., 2017), | then performed several analyses. In PDAC
studies, specific ICAF and myCAF marker gene signatures were identified, including CXCL2,
C3, IL6 or MMP11, TAGLN, ACTA?2, respectively (Elyada et al., 2019; Ohlund et al., 2017).
Expression analyses with these signatures revealed a differential expression pattern in the BD-
and cSCC-derived CAFs (Figure 20A). High expression of iCAF marker genes were detected
in the CAF group, that was associated with inflammation-related GO terms, whereas CAFs
associated with ECM-related GO terms showed high expression of the myCAF marker genes.
This was also supported by higher similarity scores for the iCAF signature in inflammation-
related CAFs and for the myCAF signature in ECM-related CAFs.

Furthermore, the same PDAC-derived CAF signatures were used to perform GSEA with
CAFs isolated from BD samples and cSCCs, separately. Inflammation-related CAFs from both
entities showed significant enrichment for the iCAF marker gene signature compared to ECM-
related CAFs (Figure 20B). In contrast, the myCAF marker gene signature was significantly

enriched in BD- and c¢SCC-derived ECM-related CAFs compared to inflammation-related
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CAFs (Figure 20C). Therefore, the nomenclature of iCAFs and myCAFs was transferred to
CAFs from BDs and cSCCs.
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Figure 20. Inflammatory and myofibroblastic cancer-associated fibroblasts are present in Bowen's disease
and cutaneous squamous cell carcinoma. (A) Uniform manifold approximation and projection (UMAP) plots and
violin plots showing the average expression of pancreatic inflammatory cancer-associated fibroblast (iCAF) and
myofibroblastic CAF (myCAF) gene signatures (Elyada et al., 2019; Ohlund et al., 2017) (up) and their similarity
scores (down) with CAFs derived from Bowen’s disease (BD) and cutaneous squamous cell carcinoma (cSCC)
samples. For UMAP pilots, red indicates high expression in arbitrary units and blue refers to no or only low
expression in arbitrary units. In violin plots, CAF clusters are displayed along the X-axes and Y-axes show the
average gene expression in arbitrary units. Statistical analyses were performed using Wilcoxon Rank Sum tests
(****: p-value < 0.0001). (B) Gene set enrichment analysis (GSEA) plots visualizing the enrichment of the pancreatic
iCAF gene signature (Elyada et al., 2019; Ohlund et al., 2017) in iCAFs isolated from BD samples (up) and cSCCs
(down) compared to myCAFs. (C) GSEA plots visualizing the enrichment of the pancreatic myCAF gene signature
(Elyada et al., 2019; Ohlund et al., 2017) in myCAFs isolated from BD samples (left) and cSCCs (right) compared
to iCAFs. For all GSEA plots, the normalized enrichment score (NES), false discovery rate (FDR) and p-value are
given. Max: maximum.

In order to analyze potential differences regarding CAFs from BD samples and cSCCs, |
determined the proportions of iCAFs and myCAFs in each sample. In BDs, on average 61% +
9% SD of all CAFs were classified as iCAFs, whereas only 40% * 20% SD in cSCCs (Figure
21A). In contrast, 39% * 9% SD myCAFs were detected in BD samples and 60% + 20% SD in
cSCCs.
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To check whether these differences were caused by changes in the proliferation rate of
CAFs during cSCC progression, the expression levels of proliferation-related genes (Whitfield
et al., 2006) were determined in the sample type-specific CAF subpopulations (Figure 21B).
None of them showed significant expression, excluding the possibility of more proliferating
iCAFs and myCAFs in BDs and cSCCs, respectively. For cell cycle-related genes (Tirosh et
al., 2016) differential expression was detected between both CAF subpopulations in BD
samples and ¢cSCCs (Figure 21C). However, the effect size for these differences was quite
small, and when CAFs were assigned to the different cell cycle phases (G2/M, S, G1) based
on the gene expression levels, similar proportions of CAFs were observed in the respective
phases for all groups (Figure 21D). These observations suggest that the different percentages
of iCAFs and myCAFs in BD samples and cSCCs were probably not related to changes in cell
cycle or proliferation rate during the disease progression, but might reflect cancer stage-
dependent conditions.
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Figure 21. Different proportions of inflammatory and myofibroblastic cancer-associated fibroblasts in
Bowen's disease and cutaneous squamous cell carcinoma. (A) Bar plot showing the proportions of
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inflammatory cancer-associated fibroblasts (iCAFs) and myofibroblastic CAFs (myCAFs) in Bowen’s disease (BD)
and cutaneous squamous cell carcinoma (cSCC). CAF subpopulations from both entities are displayed along the
X-axis and the Y-axis indicates the percentages of detected iCAFs and myCAFs related to the total amount of CAFs
in each sample type. Each dot represents one single-cell RNA sequencing (scRNA-seq) sample and error bars
indicate the standard deviation. (B) Violin plot visualizing the average expression of proliferation-related genes
(Whitfield et al., 2006) in iCAFs and myCAFs from BD samples and cSCCs. (C) Violin plots depicting the average
expression levels for genes related to the G2/M (left) and S (right) cell cycle phases (Tirosh et al., 2016) in iCAFs
and myCAFs from BD samples and cSCCs. (D) Bar plot showing the assignment of iCAFs and myCAFs from BD
samples and cSCCs to the cell cycle phases G2/M, S, and G1 based on the expression of related genes (Tirosh et
al., 2016). The X-axis shows the different sample types and the Y-axis depicts the percentages of cells in the three
phases with respect to all iCAFs or myCAFs detected in each sample type. (E) Violin plots visualizing the average
expression levels for general cSCC-related CAF marker genes (left), as well as for iCAF- (middle) and myCAF-
specific (right) gene signatures in fibroblasts and CAFs from all sample types (Table 1). For all violin plots, CAF
subpopulations in the particular sample entities are displayed along the X-axes and the Y-axes indicate the average
gene expression in arbitrary units. Statistical analyses were performed using Wilcoxon Rank Sum tests and t-tests
(****: p-value < 0.0001). n.s.: not significant.

All these scRNA-seq analyses indicate the presence of two functionally distinct CAF
subpopulations that have important roles in inflammatory processes and ECM organization,
respectively. Based on their gene expression patterns, representative marker gene signatures
were generated for both, including CXCL12 and IGF1 for iCAFs or MMP11 and WNT5A for
myCAFs (Table 1). However, although the two subpopulations show significant differences in
their transcriptome, common upregulated genes were also detected compared to healthy
fibroblasts, such as IGLL5 and COL3A1 (Table 1), indicating general cancer-related
transcriptomic changes caused by cSCC-related CAF activation. As expected, these different
CAF signatures were enriched in iCAFs and/or myCAFs from BD samples and cSCCs,
compared to PH- and EH-derived fibroblasts (Figure 21E).

Gene EI:;"nge % CAFs % healthy Sfjvj:lit: d

IGLL5 15 47 6 0

COL1A1 5.7 97 73 0

COL3A1 4.9 95 63 0

POSTN 45 61 20 0

General cSCC-related ~ COLSAT gl 64 b 0

CAF marker genes COLG6A1 3.8 93 60 0

COL1A2 3.8 98 81 0

S100A9 3.5 43 11 0

S100A7 3.4 36 6 0

COL5A2 3.4 72 25 0

IGF1 2.2 39 15 0

cSCC-related iCAF JUND 29 68 43 0

marker genes

MGP 1.9 69 55 2.5E-126
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JUN 1.9 78 57 1.9E-246

HSP90AA1 1.9 83 67 1.6E-162

XBP1 1.9 37 27 1.1E-53

HSPA1A 1.7 83 70 1E-127

GPC3 1.7 27 10 6E-228

CCDC80 1.7 80 75 2.4E-46

CXCL12 1.7 70 54 1.4E-111

C3 1.6 52 33 5E-133

TSC22D3 1.5 38 23 4.1E-95

MMP11 5.2 35 4 0

TAGLN 3.7 43 13 0

TDO2 3.3 26 0

COL11A1 3 35 0

SULF1 2.8 30 0

BGN 2.8 80 39 0
cSCC-related myCAF WNT5A 27 28 0

marker genes ASPN 57 28 0

IFI6 2.5 47 22 0

PTK7 2.4 40 0

NREP 2.3 32 0

TPM1 2.3 59 29 0

MYL9 2.2 57 28 0

Table 1. Most representative marker genes of cancer-associated fibroblasts in Bowen’s disease and
cutaneous squamous cell carcinoma. Marker gene signatures for cutaneous squamous cell carcinoma (cSCC)-
related cancer-associated fibroblasts (CAFs) in general, as well as for specialized inflammatory CAFs (iCAFs) and
myofibroblastic CAFs (myCAFs). The expression characteristics, such as fold change, percentage of cells
expressing the particular gene (% CAFs, % healthy), and p-value are based on single-cell RNA sequencing (scRNA-
seq) analyses. Statistical analyses were performed using Wilcoxon Rank Sum tests and adjusted p-values were
Bonferroni-corrected.

3.2.2 iCAFs and myCAFs potentially originate from distinct healthy

fibroblast subpopulations

After functional characterization of iCAFs and myCAFs in BD and cSCC, | studied their origin
with respect to the four healthy fibroblast subpopulations. Expression analyses of the particular
healthy fibroblast gene signatures (Solé-Boldo et al., 2020) in both CAF subtypes revealed an
upregulation of pro-inflammatory-related genes in iCAFs, whereas myCAFs showed enriched

expression of mesenchymal-related genes (Figure 22A).
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Furthermore, the overlap of the most representative genes of the four healthy fibroblast
subpopulations with both CAF subtypes was determined (Figure 22B). Among all pairwise
comparisons, the highest number of intersecting genes was detected between iCAFs and pro-
inflammatory fibroblasts, as well as between myCAFs and mesenchymal fibroblasts. In
contrast, iCAFs and mesenchymal fibroblasts or myCAFs and pro-inflammatory fibroblasts had
no marker genes in common.

Since CAFs from BD samples and cSCCs showed co-expression of fibroblast
subpopulation-related genes and CAF subtype-specific genes, it could be observed that iCAFs
and myCAFs cluster mostly with pro-inflammatory and mesenchymal fibroblasts, respectively
(Figure 22C). Accordingly, the significant majority of iCAFs was also classified as pro-
inflammatory cells (p-value < 0.0001, paired t-test) and most myCAFs could also be classified
as mesenchymal fibroblasts (p-value < 0.0001, paired t-test) (Figure 22D).

Taken together, the predicted inflammation-related functions of iCAFs and their similarity to
pro-inflammatory fibroblasts suggest that this healthy fibroblast subpopulation is potentially the
source of iCAFs. In contrast, the involvement of myCAFs in ECM remodeling and their
correlation with mesenchymal fibroblasts may indicate cSCC-related activation of

mesenchymal healthy fibroblasts to myCAFs.

A Pro-inflammatory Secretory-reticular Mesenchymal Secretory-papillary
gene signature gene signature gene signature gene signature
s e e s n.s.
54 525 | 5 g
a \ 2 @ 3
g . 4 o 2 i 8 5 I 8 i
S | | g | S = |
8 F 515 [ ] 5 i s 2 A
f ) 4
|5 2 / \ g 1 = Z):) I %
= <] A o 1 F o
e 4 S ) /‘ o y N o 1
g4 b g 0S5 g € O g y
§, == g h 4 5 < Y |
< 0= z — ) B — : e — .
iCAFs myCAFs iCAFs myCAFs iCAFs myCAFs iCAFs myCAFs
B . c D 100
22
w 20
% 75 ke
o 15
o 15 iCAF £
= Q 50
z_cn" 10 ® myCAF b
g ®
s 25
ol 0 0
E—— CAF I
- Pl ] 0 i .
m MyCAF I N iCAFs myCAFs
— M Ny
100 50 0 %: Pro-inflammatory @ Secretory-reticular
G t si S
ene sel size UMAP 1 ® Mesenchymal Secretory-papillary

Figure 22. Cancer-associated fibroblasts in Bowen's disease and cutaneous squamous cell carcinoma may
originate from different healthy fibroblast subpopulations. (A) Violin plots showing the average expression of
gene signatures from healthy fibroblast subpopulations (Solé-Boldo et al., 2020) in Bowen’s disease (BD)- and
cutaneous squamous cell carcinoma (cSCC)-derived inflammatory cancer-associated fibroblasts (iCAFs) and
myofibroblastic CAFs (myCAFs). The CAF subtypes are displayed along the X-axes and Y-axes indictae the
average gene expression in arbitrary units. (B) Bar plot visualizing the overlapping genes between the most
representative markers of iCAFs, myCAFs, mesenchymal (M) healthy fibroblasts, and pro-inflammatory (PI) healthy
fibroblasts. (C) Uniform manifold approximation and projection (UMAP) plots showing CAFs from BD samples and
¢SCCs. The upper plot displays iCAF and myCAF classifications and the lower plot visualizes CAF assignment to
the four fibroblast subpopulations. (D) Bar plot depicting the fractions of iCAFs and myCAFs classified as pro-
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inflammatory, secretory-reticular, mesenchymal or secretory-papillary fibroblasts. Both CAF subtypes are displayed
on the X-axis and the Y-axis shows the percentages of CAFs detected in each group. Statistical analyses were
performed using Wilcoxon Rank Sum tests and paired t-tests (**: p-value < 0.01, ****: p-value < 0.0001). n.s.: not
significant.

3.2.3 CAFs communicate with malignant keratinocytes via collagen and

fibronectin 1 signaling networks

After a general CAF characterization in ¢cSCC, | wanted to further study how these cells
influence tumorigenesis in terms of cellular communication within the TME. Therefore, |
performed interaction analyses with the R tools CellChat (Jin et al., 2021) and LIANA (Dimitrov
et al., 2022), which are based on the comparison of scRNA-seq data with databases, including
well-known ligand-receptor pairs. Overall, both CAF subpopulations were identified as the
most important cell type with outgoing interactions (sender cells) in the TME of BDs and cSCCs
(Figure 23A). Interestingly, in BDs, iCAFs showed an even higher outgoing interaction strength
than myCAFs, whereas the opposite was the case for cSCCs. This might further support the
cancer stage-dependent relevance of iCAFs and myCAFs, respectively. The highest incoming
interaction strength was observed for T cells in BD samples and for keratinocytes in cSCCs
(receiver cells).

It was then studied in more detail how CAFs affect malignant cells in cSCC. Thus, collagen
and FN1 signaling pathways were determined as interaction networks with CAFs as the most
important sender cells and malignant keratinocytes as the most important receiver cells (Figure
23B). Further analyses showed that many ligand-receptor pairs contributed to both interaction
networks, but mostly collagen type | and VI, as well as FN1 were secreted by CAFs. Both
computational tools predicted that these ligands preferentially bind to CD44 and SDC1/4,
produced by malignant keratinocytes in cSCC (Figures 23C and 23D). Interestingly, several
pathways activated by CD44 are already known to be involved in the proliferation and invasion

of cancer cells (Chen et al., 2018).
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Figure 23. Cancer-associated fibroblasts influence cutaneous squamous cell carcinoma-derived
keratinocytes by collagen and fibronectin 1 signaling. (A) Scatter plots showing the incoming (Y-axis) and
outgoing (X-axis) interaction strength for the main cell types in the tumor microenvironment (TME) of Bowen’s
disease (BD; left) samples and cutaneous squamous cell carcinomas (cSCCs; right). (B) Heatmaps visualizing the
importance of different cell types as sender and receiver cells in cSCC for the collagen (up) and fibronectin 1 (FN1;
down) signaling pathway networks. (C) Dot plot depicting significant collagen- and FN1-related interaction pairs
involved in the cellular communication between cancer-associated fibroblasts (CAFs) and cSCC-derived malignant
keratinocytes. Red means high communication probability, whereas blue indicates low probability. Dot sizes
correlate with the p-values of the particular interactions. The plot was generated using the R tool CellChat (Jin et
al., 2021). (D) Dot plot showing significant collagen- and FN1-related interaction pairs involved in the cellular
communication between CAFs and cSCC-derived malignant keratinocytes. Yellow implies high expression of the
ligand-receptor pair in both cell types, whereas purple depicts low expression. Here the dot sizes indicate the
interaction specificity. The plot was generated using the R tool LIANA (Dimitrov et al., 2022). iCAFs: inflammatory
CAFs, myCAFs: myofibroblastic CAFs, ECs: endothelial cells, max: maximum, min: minimum.

3.2.4 Both CAF subpopulations establish a pro-tumorigenic TME via
different cellular interactions with non-malignant cell types

After analyzing the common interactions between both CAF subpopulations and malignant
keratinocytes, potential differences in their cellular communication were studied in more detail.
For iCAFs, the CALCR and CXCL signaling networks were detected to be particular active.
Both computational interaction tools inferred that the ligands ADM and CXCL12 were mostly
secreted by iCAFs and bind to the receptors CALCRL, produced by vascular ECs, and CXCR4
on the surface of T cells and macrophages, respectively (Figures 24A and 24B). In addition,

independent gene expression analyses for the two ligands revealed an upregulation for both
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of them in cSCC-derived iCAFs compared to myCAFs (Figure 24C). Interestingly, for ADM,
paracrine pro-tumorigenic functions were already observed by regulating angiogenesis and
immune cell chemotaxis in the TME (Benyahia et al., 2017; Zudaire et al., 2006). Furthermore,
signaling pathways initiated by the interaction pair CXCL12-CXCR4 are known to be involved
in immunosuppression and T cell modulation (Sarchio et al., 2014). GO analysis also showed,
that genes that were upregulated in cSCC-derived T cells compared to T cells isolated from
EH skin, are important for antigen procession, immune responses, and T cell activation (Figure
24D). This suggests cancer-related transcriptomic changes in T cells that might be caused by

their interaction with iCAFs, creating an immunosuppressive TME.
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Figure 24. Inflammatory cancer-associated fibroblasts establish a pro-tumorigenic microenvironment by
influencing vascular endothelial cells, macrophages, and T cells. (A) Plots showing sender and receiver cell
types involved in the ADM-CALCRL (left) and CXCL12-CXCR4 (right) signaling networks in the tumor
microenvironment (TME) of cutaneous squamous cell carcinoma (cSCC). Line thickness indicates the strength of
the interaction, i.e. thicker lines mean stronger signals. (B) Dot plot visualizing the two interaction pairs ADM-
CALCRL and CXCL12-CXCR4, that are involved in the cellular communication between inflammatory cancer-
associated fibroblasts (iCAFs) and macrophages, T cells or vascular endothelial cells (ECs). Yellow indicates high
expression of the ligand-receptor pair in both cell types, whereas purple means low expression. The dot sizes imply
the interaction specificity. (C) Violin plots depicting the average expression levels of ADM (left) and CXCL12 (right)
in cSCC-derived iCAFs and myofibroblastic CAFs (myCAFs). The CAF subpopulations are displayed along the X-
axes and Y-axes indictae the average gene expression in arbitrary units. Statistical analyses were performed using
Wilcoxon Rank Sum tests (****: p-value < 0.0001). (D) Bar plots showing the top terms of a gene ontology (GO)
analysis, performed with the most upregulated genes in cSCC-derived T cells compared to T cells from ultraviolet
radiation (UVR)-exposed healthy (EH) skin samples. Terms are ordered according to p-value. ER: endoplasmic
reticulum, TAP: transporter associated with antigen processing, pos.: positive, NK cell: natural killer cell.

In contrast, myCAFs were observed to interact with vascular ECs and pericytes rather than
immune cells. Both computational interaction tools predicted that in the cSCC-related TME,
myCAF-derived ANGPTL2 and WNT5A bind to integrin a5p1 (ITGA5/ITGB1) and MCAM,
respectively (Figures 25A and 25B). The two interaction pairs are known to promote ECM
remodeling, angiogenesis, and cell motility (Kadomatsu et al., 2014; Richardson et al., 2014;

Ye et al, 2013), similar to myCAF-related functions. Ligand specificity was further
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demonstrated by expression analyses of ANGPTL2 and WNT5A, which showed upregulation
in cSCC-derived myCAFs compared to iCAFs (Figure 25C). Interestingly, a GO analysis of the
most upregulated genes in vascular ECs from ¢SCCs compared to EH skin-derived ECs
revealed that these cancer-related transcriptomic changes are predominantly involved in
angiogenesis, vasculogenesis, and cell migration (Figure 25D).

Taken together, these results suggest that iCAFs and myCAFs not only influence malignant
cSCC-derived keratinocytes to promote tumorigenesis, but also interact with different non-
malignant cell types. Both subpopulations contribute to the establishment of a pro-tumorigenic
TME by the secretion of specific ligands, that activate different signaling pathways, resulting in
enriched angiogenesis, immunosuppression, ECM remodeling, and cell motility. In addition to
the common cellular communication between all CAFs and vascular ECs, the specific
interactions of iCAFs with immune cells and myCAFs with pericytes support their predicted

functions, as revealed by previous gene expression analyses.
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Figure 25. Myofibroblastic cancer-associated fibroblasts establish a pro-tumorigenic microenvironment by
influencing vascular endothelial cells and pericytes. (A) Plots showing sender and receiver cell types involved
in the ANGPTL2-(ITGA5+ITGB1) (left) and WNT5A-MCAM (right) signaling networks in the tumor microenvironment
(TME) of cutaneous squamous cell carcinoma (cSCC). Line thickness indicates the strength of the interaction, i.e.
thicker lines mean stronger signals. (B) Dot plot visualizing the two interaction pairs ANGPTL2-(ITGA5+ITGB1) and
WNT5A-MCAM involved in the cellular communication between myofibroblastic cancer-associated fibroblasts
(myCAFs) and pericytes or vascular endothelial cells (ECs). Yellow indicates high expression of the ligand-receptor
pair in both cell types, whereas purple means low expression. The dot sizes imply the interaction specificity. (C)
Violin plots depicting the average expression levels of ANGPTL2 (left) and WNT5A (right) in ¢cSCC-derived
inflammatory CAFs (iCAFs) and myCAFs. The CAF subpopulations are displayed along the X-axes and Y-axes
indictae the average gene expression in arbitrary units. Statistical analyses were performed using Wilcoxon Rank
Sum tests (****: p-value < 0.0001). (D) Bar plots showing the top terms of a gene ontology (GO) analysis, performed
with the most upregulated genes in cSCC-derived vascular ECs compared to ECs from ultraviolet radiation (UVR)-
exposed healthy (EH) skin samples. Terms are ordered according to p-value. pos.: positive.
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3.3 Detection of CAFs during ¢cSCC progression by multiplexed
RNA FISH assays

After this functional CAF characterization via scRNA-seq, the next aim was to detect CAFs in
situ during cSCC progression, and to validate previous findings. Therefore, multiplexed RNA
FISH assays were performed using specific fluorescent probes that hybridize with mRNA
molecules of selected marker genes (see Material and Methods, section 6.2.5). For these
experiments, three formalin-fixed paraffin-embedded (FFPE) sections of EH skin were used,
as well as three from AK samples, three BD sections, and five from ¢SCC tumors. As for
scRNA-seq, only samples from older (65-88 years) male donors and patients were selected
for the multiplexed RNA FISH assays (Table 7).

FFPE sections of AK, BD, and cSCC samples were kindly provided by the tissue bank of
the National Center for Tumor Diseases (NCT) in Heidelberg, coordinated by PD Dr. med.
Anke Lonsdorf. Moreover, diseased skin sections were reviewed by PD Dr. med. Anke
Lonsdorf and Prof. Dr. med. Jochen Hoffmann, to define regions of non-tumoral skin, AK, BD,
and cSCC. In contrast, fresh biopsies of EH skin were kindly provided by the Department of
Dermatology, University Hospital of Heidelberg, coordinated by PD Dr. med. Anke Lonsdorf
and then processed by me (see Material and Methods, section 6.2.4). Multiplexed RNA FISH
assays with subsequent image analyses and signal quantifications were then also performed

by me (see Material and Methods, section 6.2.5).

3.3.1 Two CAF subpopulations are present in BD and ¢SCC but not in

chronically UVR-exposed human skin

In order to visualize cSCC-related iCAFs and myCAFs with multiplexed RNA FISH, several
marker genes were selected, according to their specificity and expression levels determined
by scRNA-seq (Table 1). As a general cSCC-related CAF marker COL3A7 was used and
probes binding to C3 and IGF1 transcripts or MMP11 and WNT5A transcripts were applied to
detect iCAFs or myCAFs, respectively. In addition, KRT14 expression was used to display the
localization of non-malignant and malignant keratinocytes in the skin sections.

With this marker combination, microscopy image analyses showed high expression of
COL3A1 in BDs and cSCCs, but not in EH skin samples, localizing CAFs only in diseased skin.
Furthermore, specific iCAFs and myCAFs could also be detected in BDs and cSCCs by the
co-expression of COL3A17 and their respective subpopulation-specific marker genes (Figure
26).



3. Results

COL3AT ..

Figure 26. Detection of two cancer-associated fibroblast subpopulations in Bowen's disease and cutaneous
squamous cell carcinoma by multiplexed RNA fluorescence in situ hybridization. Exemplary microscopy
images of multiplexed RNA fluorescence in situ hybridization (FISH) assays performed with formalin-fixed paraffin-
embedded (FFPE) sections of human ultraviolet radiation (UVR)-exposed healthy (EH) skin (A), Bowen’s disease
(BD) samples (B), and cutaneous squamous cell carcinomas (cSCCs) (C). Fluorescent probes were hybridized with
mRNA transcripts of KRT14 (white), indicating keratinocytes, COL3A 1-binding probes (green) were used as general
cancer-associated fibroblast (CAF) marker, probes for C3 (red) and IGF1 (cyan) visualized inflammatory CAFs
(iCAFs), and MMP11 (yellow) and WNT5A (magenta) were marker genes for myofibroblastic CAFs (myCAFs).
Nuclei were counterstained with DAPI. Dashed lines separate epidermal keratinocytes from dermal cells and
asterisks mark hair follicles. Scale bar: 100um.

Interestingly, the absence of COL3A1 expression and therefore the lack of CAFs was not only
observed in sections from EH skin, but also for peripheral non-tumoral and chronically UVR-
exposed skin regions in cSCC sections (Figure 27). This further confirmed, that the selected
marker genes were indeed capable of distinguishing dermal fibroblasts and activated cSCC-
related CAFs.

Regarding CAF localization, no spatial pattern with respect to malignant keratinocytes was
detected for iCAFs or myCAFs. Both subpopulations were identified throughout the TME
(Figures 26B, 26C, and 27).
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Figure 27. Cancer-associated fibroblasts are not present in non-tumoral skin adjacent to cutaneous
squamous cell carcinomas. Representative microscopy images of multiplexed RNA fluorescence in situ
hybridization (FISH) assays showing the direct comparison of tumor areas and non-tumoral, but chronically
ultraviolet radiation (UVR)-exposed skin regions of the same cutaneous squamous cell carcinoma (cSCC) formalin-
fixed paraffin-embedded (FFPE) sections. Fluorescent probes were hybridized with mRNA transcripts of KRT14
(white), indicating keratinocytes, COL3A17-binding probes (green) were used as general cancer-associated
fibroblast (CAF) marker, probes for C3 (red) and /IGF1 (cyan) visualized inflammatory CAFs (iCAFs), and MMP11
(yellow) and WNT5A (magenta) were marker genes for myofibroblastic CAFs (myCAFs). Nuclei were
counterstained with DAPI. Dashed lines separate epidermal keratinocytes from dermal cells. Scale bar: 100um.

In order to determine the amount of iCAFs and myCAFs in BD and cSCC skin sections, the
two subpopulations were quantified according to co-expression of COL3A71 and C3/IGF1
(ICAFs) or COL3A1 together with MMP11/WNT5A (myCAFs) (Figure 28A). In BD and cSCC
samples, on average 49% + 15% SD and 56% + 18% SD of all detected CAFs (COL3AT")
were classified as myCAFs, respectively. In contrast, significantly (p-value < 0.001, paired t-
tests) less CAFs (COL3A1*) were identified as iCAFs in BD (13% = 7% SD) and ¢cSCC (15%
+ 16% SD) sections (Figure 28B).

For this quantification, only CAFs that showed a positive signal for marker genes of just one
of the two subpopulations were considered, which was the case for 72% + 12% SD of all CAFs

detected in cSCC samples. On the other hand, the significant (p-value < 0.0001, t-tests)
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smaller fractions of CAFs with mixed marker combinations (18% + 11% SD) or no expression
of specific iCAF or myCAF marker genes at all (10% + 12% SD), were neglected during
quantitative analyses (Figure 28C).

Moreover, co-expression of COL3A1, as general cSCC-related CAF marker, and just one
of the subpopulation-specific genes was sufficient to classify cells as iCAFs or myCAFs.
Therefore, not only triple-positive iCAFs (COL3A71*, C3*, IGF1*) and myCAFs (COL3AT",
MMP11*, WNT5A") were quantified, but also double-positive cells. In fact, on average,
significantly more double-positive iCAFs (67% x 20% SD, p-value < 0.001, t-test) and myCAFs
(59% £ 14% SD, p-value < 0.01, t-test) than triple-positive CAFs could be detected in cSCC
samples (Figure 28D).

Taken together, it was shown that multiplexed RNA FISH assays, performed with specific
marker genes, can localize CAFs in BDs and cSCCs, and is capable to distinguish between

iCAFs and myCAFs. Furthermore, more myCAFs than iCAFs were detected in both disease
stages.
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Figure 28. Multiplexed RNA fluorescence in situ hybridization detects more myofibroblastic than
inflammatory cancer-associated fibroblasts in Bowen's disease and cutaneous squamous cell carcinoma.
(A) Exemplary microscopy images of multiplexed RNA fluorescence in situ hybridization (FISH) assays, performed
with formalin-fixed paraffin-embedded (FFPE) sections of cutaneous squamous cell carcinomas (cSCCs).
Fluorescent probes were hybridized with mRNA transcripts of COL3A17 (green), as general cancer-associated
fibroblast (CAF) marker, probes for C3 (red) and IGF1 (cyan) visualized inflammatory CAFs (iCAFs), and MMP11
(yellow) and WNT5A (magenta) were marker genes for myofibroblastic CAFs (myCAFs). Nuclei were
counterstained with DAPI. White arrows indicate double-positive iCAFs (COL3A1*, C3* or IGF1*) (left) and myCAFs
(COL3AT*, MMP11* or WNT5A?*) (right), whereas red arrows indicate triple-positive iCAFs (COL3A1*, C3*, IGF1*)
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(left) and myCAFs (COL3AT*, MMP11*, WNT5A") (right). Scale bar: 25um. (B) Bar plot showing the proportions of
iCAFs and myCAFs detected in Bowen’s disease (BD) samples and cSCCs by multiplexed RNA FISH. CAF
subpopulations from both entities are displayed along the X-axis and the Y-axis indicates the percentages of
detected iCAFs and myCAFs, related to the analyzed CAFs in each sample type. (C) Bar plot visualizing the
proportions of CAFs that show additional expression of specific marker genes of either iCAFs (C3 and/or IGF1) or
myCAFs (MMP11 and/or WNT5A), mixed marker combinations, and CAFs without subpopulation-specific marker
expression in multiplexed RNA FISH assays with cSCC sections. The X-axis shows different marker combinations
and the Y-axis indicates the percentages of detected CAFs in each group, related to the analyzed CAFs in cSCC
samples. (D) Bar plot depicting the fractions of double-positive (COL3A1*, C3* or IGF1*) or triple-positive (COL3A 1",
C3*, IGF1*) iCAFs and double-positive (COL3A71*, MMP11* or WNT5A*) or triple-positive (COL3AT*, MMP11*,
WNT5A*) myCAFs in ¢cSCC detected by multiplexed RNA FISH. The X-axis shows different marker combinations
and the Y-axis indicates the percentages of detected CAFs in each group, related to the analyzed iCAFs or myCAFs
in cSCC samples. For all bar plots, statistical analyses were performed using paired and unpaired t-tests (**: p-
value < 0.01, ***: p-value < 0.001, ****: p-value < 0.0001) and error bars show the standard deviation. Each dot
represents a dermal region with around 100 CAFs (COL3AT*).

3.3.2 CAFs are not yet activated in AK

Unfortunately, it was not possible to perform scRNA-seq with premalignant AK samples, but
they could at least be analyzed by multiplexed RNA FISH. In contrast to BD and cSCC sections
and similar to EH skin, in two third of the AK sections only very low levels of COL3A1
expression were detectable (Figure 29A). Interestingly, in the only AK section showing
enriched COL3A1 expression, no signal for CAF subpopulation-specific markers could be
observed (Figure 29B). Similar results were obtained when | compared COL3A1 expression
levels in tumoral regions and AK areas of the same cSCC sections. The detected COL3A1
signals in these AK parts were also much lower than in the TME directly surrounding cancer
cells (Figure 29C).

This indicates, that fibroblasts are not yet fully activated and transformed into iCAFs and

myCAFs in the disease stage of premalignant AKs.
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Figure 29. Cancer-associated fibroblasts are not detectable in actinic keratosis by multiplexed RNA
fluorescence in situ hybridization. (A) & (B) Exemplary microscopy images of multiplexed RNA fluorescence in
situ hybridization (FISH) assays, performed with formalin-fixed paraffin-embedded (FFPE) sections of human actinic
keratosis (AK). (C) Representative microscopy images showing the direct comparison of tumoral regions and AK
areas for RNA FISH assays, performed in the same cutaneous squamous cell carcinoma (cSCC) samples.
Fluorescent probes were hybridized with mRNA transcripts of KRT14 (white), indicating keratinocytes, COL3A1-
binding probes (green) were used as general cancer-associated fibroblast (CAF) marker, probes for C3 (red) and
IGF1 (cyan) visualized inflammatory CAFs (iCAFs), and MMP11 (yellow) and WNT5A (magenta) were marker
genes for myofibroblastic CAFs (myCAFs). Nuclei were counterstained with DAPI. Dashed lines separate epidermal
keratinocytes from dermal cells. Scale bar: 100pum.

3.3.3 Detection of pro-inflammatory and mesenchymal gene expression in

iCAFs and myCAFs, respectively

After confirming that multiplexed RNA FISH is capable of CAF detection in human BD and
cSCC samples, | also wanted to verify the potential distinct origins of iCAFs and myCAFs,
indicated by previous scRNA-seq analyses. The aim was to analyze, whether an enriched
expression of pro-inflammatory-related and mesenchymal-related genes could be observed in
iCAFs and myCAFs, respectively. Therefore, the probe panel for all multiplexed RNA FISH
assays not only contained specific CAF markers, but also genes related to secretory-papillary
(APCDD1, DIO2), secretory-reticular (CCN5 [also known as WISPZ2]), pro-inflammatory
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(APOE), and mesenchymal (POSTN) fibroblasts (Solé-Boldo et al., 2020). Dermal signals for

all these genes were detected in BD and cSCC sections (Figure 30).

A

Figure 30. Detection of fibroblast subpopulation-specific marker genes by RNA fluorescence in situ
hybridization. Representative microscopy images of multiplexed RNA fluorescence in situ hybridization (FISH)
assays, performed with formalin-fixed paraffin-embedded (FFPE) sections of human Bowen’s disease (BD)
samples (A), and cutaneous squamous cell carcinomas (cSCCs) (B). Fluorescent probes were hybridized with
mRNA transcripts of COL3A1 (green) to indicate all cancer-associated fibroblasts (CAFs), APCDD1 (white) and
DIO2 (magenta) as secretory-papillary fibroblast marker genes, CCN5 (also known as WISP2; cyan) as secretory-
reticular fibroblast-related gene, APOE (red) to visualize pro-inflammatory fibroblast-related gene expression and
POSTN (yellow) as mesenchymal fibroblast marker gene. Nuclei were counterstained with DAPI. Dashed lines
separate epidermal keratinocytes from dermal cells. Scale bar: 100um.

In order to validate the scRNA-seq finding that cSCC-related iCAFs and myCAFs originate
from resident pro-inflammatory and mesenchymal fibroblasts, respectively, the expression of
APOE (pro-inflammatory marker gene) and POSTN (mesenchymal marker gene) was

analyzed in more detail (Figure 31A). Quantifications of APOE signals in CAFs revealed that
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significantly (p-value < 0.05, paired t-test and Wilcoxon Rank Sum test) more iCAFs in BD and
cSCC samples expressed it than myCAFs (Figure 31B). On the other hand, in BD sections,
significantly (p-value < 0.001, paired t-test) more myCAFs expressed the mesenchymal-
related gene POSTN than iCAFs, and also for cSCC samples the same tendency (p-value =
0.056, paired t-test) could be observed (Figure 31C).

These results further support that iCAFs and myCAFs develop from two distinct resident
and healthy fibroblast subpopulations with inflammatory- and mesenchymal-related functions,
respectively.

A B APOE c POSTN
S — p-value: 0.056
501 [} 80 o
o
401
'S + 60
< o < 8
& 301 3
o] o]
3 ° 2 404
P 204 &
< <
Q Q
k] ] k-]
° 10 ° 2 20 g :
0 C g 1 [ g 1
D,
BD ¢SCC  BD  cSCC BD ¢SCC  BD  cSCC
iCAFs myCAFs myCAFs iCAFs

Figure 31. Cancer-associated fibroblast subpopulations show differential inflammatory- and mesenchymal-
related gene expression in RNA fluorescent in situ hybridization. (A) Exemplary microscopy image of
multiplexed RNA fluorescence in situ hybridization (FISH) assay, performed with formalin-fixed paraffin-embedded
(FFPE) sections of human cutaneous squamous cell carcinomas (cSCCs). Fluorescent probes were hybridized with
mRNA transcripts of APOE (red) to visualize pro-inflammatory fibroblast-related gene expression and POSTN
(yellow) as mesenchymal fibroblast marker gene. Nuclei were counterstained with DAPI. Scale bar: 25um. (B) &
(C) Bar plots showing the proportions of inflammatory cancer-associated fibroblasts (iCAFs) (COL3A1*, C3*/IGF1*)
and myofibroblastic CAFs (myCAFs) (COL3A1*, MMP11*/WNT5A") in Bowen'’s disease (BD) and cSCC sections,
expressing the inflammatory-related gene APOE (B) or the mesenchymal-related gene POSTN (C) detected by
multiplexed RNA FISH. For the two bar plots, CAF subpopulations from both entities are displayed along the X-
axes and the Y-axes indicate the percentages of detected iCAFs and myCAFs related to the analyzed CAFs in
each sample type. Statistical analyses were performed using paired t-tests and Wilcoxon Rank Sum tests (*: p-
value < 0.05, ***: p-value < 0.001, ****: p-value < 0.0001) and error bars show the standard deviation. Each dot
represents a dermal region with around 100 CAFs (COL3AT*).

3.3.4 Detection of specific interactions between iCAFs and T cells or

myCAFs and vascular ECs

Further scRNA-seq findings that | wanted to verify in situ, were the CAF subpopulation-specific
cellular interactions with non-malignant cell types. Computational analyses indicated that
iCAFs and myCAFs actively communicate via different interaction pairs with T cells and
vascular ECs, respectively. To further investigate this, additional multiplexed RNA FISH
assays with two independent cSCC samples (Table 7) were performed, using fluorescent
probes hybridizing with mRNA molecules of COL3A1 (general cSCC-related CAF marker), C3
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(iICAF marker), CXCL12 (iCAF interaction ligand), WNT5A (myCAF marker and interaction
ligand), CD3D (T cell marker), CXCR4 (T cell interaction receptor), VWF (vascular EC marker),
and MCAM (vascular EC interaction receptor).

Image analyses showed iCAFs (COL3A1*, C3*), expressing the interaction ligand CXCL12,
in close proximity to T cells (CD3D"), which expressed the interaction receptor CXCR4 (Figure
32A). Moreover, CXCR4 expression could be detected in the significant majority of T cells
(67% = 2% SD, p-value < 0.0001, t-test) (Figure 32B). Further signal quantifications revealed
that, on average, more CXCR4-positive T cells had iCAFs in their direct neighborhood (14% +
3% SD) than myCAFs (9% = 7% SD). For CXCR4-negative T cells, overall slightly less CAF
neighbors were observed but with the same tendency of more neighboring iCAFs (13% + 12%
SD) than myCAFs (8% + 6% SD) (Figure 32C). Interestingly, almost all iCAFs surrounding T
cells showed expression for the interaction ligand CXCL12 (94% + 11% SD, p-value < 0.001,
t-test) (Figure 32D).
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Figure 32. Multiplexed RNA fluorescence in situ hybridization detects cellular interaction between
inflammatory cancer-associated fibroblasts and T cells. (A) Representative microscopy images of multiplexed
RNA fluorescence in situ hybridization (FISH) assays, performed with formalin-fixed paraffin-embedded (FFPE)
sections of human cutaneous squamous cell carcinomas (cSCCs). To visualize cellular interaction, fluorescent
probes were hybridized with mRNA transcripts of CXCL12 (magenta) and CXCR4 (white), to detect ligand and
receptor expression in inflammatory cancer-associated fibroblasts (iCAFs) and T cells, respectively. COL3A1
(green) was used as general cSCC-related CAF marker, C3 (red) as iCAF marker gene, and CD3D expression
(yellow) identified T cells. Nuclei were counterstained with DAPI. Dashed lines indicate interaction areas. Scale bar:
25um. (B) Bar plot showing the proportions of T cells expressing the receptor CXCR4 detected by multiplexed RNA
FISH. (C) Bar plot visualizing the ratios of CXCR4-positive and CXCR4-negative T cells with iCAFs or
myofibroblastic CAFs (myCAFs) in their direct neighborhood detected by multiplexed RNA FISH. (D) Bar plot
depicting the percentages of iCAFs surrounding T cells that express the ligand CXCL12 detected by multiplexed
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RNA FISH. For all bar plots, the X-axes depict the CXCR4 expression status of T cells and/or their CAF-related
neighborhood, whereas the Y-axes indicate the percentages of analyzed T cells or neighboring iCAFs. Statistical
analyses were performed using t-tests (***: p-value < 0.001, ****: p-value < 0.0001) and error bars show the standard
deviation. Each dot represents a dermal region with around 100 T cells (CD3D*).

In addition, the computationally predicted interaction between myCAFs (COL3A7*, WNT5A")
and vascular ECs (VWF") via WNT5A-MCAM could also be detected by multiplexed RNA
FISH. WNT5A expression was used here not only to detect myCAFs, but the gene also
encodes for the secreted ligand that binds to the receptor MCAM (Figure 33A). Further
quantitative analyses showed that most of the vascular ECs express the receptor MCAM (84%
1+ 15% SD, p-value < 0.01, t-test) (Figure 33B). Importantly, more MCAM-positive vascular ECs
were detected in cSCC with myCAFs (22% £ 11% SD) in their direct surrounding compared to
iCAFs (4% % 4% SD). A similar trend could be observed for MCAM-negative vascular ECs (9%
+ 9% SD for myCAF neighbors and 1% = 1% SD for iCAF neighbors), but with overall less
CAFs nearby (Figure 33C).

Taken together, these multiplexed RNA FISH results support the scRNA-seq findings that
iCAFs and myCAFs establish a pro-tumorigenic TME via distinct interactions with non-

malignant cell types, such as T cells and vascular ECs, respectively.
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Figure 33. Multiplexed RNA fluorescence in situ hybridization detects cellular interaction between
myofibroblastic cancer-associated fibroblasts and vascular endothelial cells. (A) Exemplary microscopy
images of multiplexed RNA fluorescence in situ hybridization (FISH) assays, performed with formalin-fixed paraffin-
embedded (FFPE) sections of human cutaneous squamous cell carcinomas (cSCCs). To visualize cellular
interaction, fluorescent probes were hybridized with mRNA transcripts of WNT5A (magenta) and MCAM (yellow) to
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detect ligand and receptor expression in myofibroblastic cancer-associated fibroblasts (myCAFs) and vascular
endothelial cells (ECs), respectively. COL3A1 (green) was used as general cSCC-related CAF marker, WNT5A
(magenta) also as myCAF marker gene, and VWF expression (red) identified vascular ECs. Nuclei were
counterstained with DAPI. Dashed lines indicate interaction areas. Scale bar: 25um. (B) Bar plot showing the
proportions of vascular ECs expressing the receptor MCAM detected by multiplexed RNA FISH. (C) Bar plot
visualizing the ratios of MCAM-positive and MCAM-negative vascular ECs with myCAFs or inflammatory CAFs
(iCAFs) in their direct neighborhood detected by multiplexed RNA FISH. For all bar plots, the X-axes depict the
MCAM expression status of vascular ECs and/or their CAF-related neighborhood, whereas the Y-axes indicate the
percentages of analyzed vascular ECs. Statistical analyses were performed using t-tests (**: p-value < 0.01) and
error bars show the standard deviation. Each dot represents a dermal region with around 100 vascular ECs (VWF?*).

3.4 CAFs in ¢cSCC and BCC differ

After this detailed characterization of CAFs in the cSCC disease continuum, the remaining
question was, whether these observations are valid in all KCs. Therefore, | studied CAFs in
BCC, the other main KC type, by analyzing publicly available scRNA-seq datasets (Guerrero-
Juarez et al., 2022; Yerly et al., 2022). Together, these studies comprised nine BCC samples
and the integration of all single datasets with subsequent unsupervised clustering resulted in
17 clusters with 31,205 cells overall (Figure 34A). Expression analyses with well-known
fibroblast marker genes (Solé-Boldo et al., 2020), such as LUM, VIM, and PDGFRA, identified
cluster #3 as fibroblasts (Figure 34B). These 3,998 cells were then isolated and used for
multiple gene expression analyses, comparing BCC- and cSCC-derived fibroblasts and CAFs.
Fibroblasts from BCCs showed lower expression, not only for pancreatic-related CAF genes
(Elyada et al., 2019; Ohlund et al., 2017), but also for general cSCC-derived CAF markers
identified in this thesis (Figure 34C and Table 1). Additionally, much lower expression levels
for cSCC-related specific iCAF and myCAF genes (Table 1) were detected in BCC-derived
fibroblasts compared to cSCC (Figure 34D).
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Figure 34. Fibroblasts from basal cell carcinomas show low expression of cutaneous squamous cell
carcinoma-related cancer-associated fibroblast gene signatures. (A) Uniform manifold approximation and
projection (UMAP) plot showing the integrated and clustered dataset of nine basal cell carcinoma (BCC) samples
from two publicly available single-cell RNA sequencing (scRNA-seq) studies (Guerrero-Juarez et al., 2022; Yerly et
al., 2022). Each dot represents a single cell (n = 31,205). (B) UMAP plot visualizing the average expression of well-
known fibroblast marker genes (Solé-Boldo et al., 2020) in all clusters of the BCC scRNA-seq dataset. Red indicates
high expression in arbitrary units and blue refers to no or only low expression in arbitrary units. (C) Violin plots
depicting the average expression levels of cancer-associated fibroblast (CAF) marker genes in CAFs from
cutaneous squamous cell carcinoma (cSCC) and fibroblasts from BCC. Left: Pancreatic ductal adenocarcinoma
(PDAC)-derived CAF gene signature (Elyada et al., 2019; Ohlund et al., 2017). Right: General cSCC-derived CAF
gene signature (Table 1). (D) Violin plots showing the average expression of cSCC-related specific inflammatory
CAF (iCAF; left) and myofibroblastic CAF (myCAF; right) marker genes (Table 1) in cSCC- and BCC-derived CAFs
and fibroblasts, respectively. For all violin plots, cancer types are displayed along the X-axes and Y-axes indictae
the average gene expression in arbitrary units. Statistical analyses were performed using Wilcoxon Rank Sum tests
(****: p-value < 0.0001). Max: maximum.

To further characterize BCC-derived fibroblasts, the cells were re-clustered into four distinct
groups (Figure 35A). Expression analysis with the commonly used CAF marker genes FAP
and ACTA2 (Chhabra and Weeraratna, 2023; Simon and Salhia, 2022) revealed varying
expression with the highest values in the fibroblast (FB) clusters #1 and #2 (Figure 35B).
Similarly, the expression of cSCC-related general CAF genes and specific iCAF/myCAF
marker gene signatures (Table 1) was also enriched in FB 1 and FB 2 (Figures 35C and 35D).
However, it was not possible to clearly identify one of the two subpopulations as iICAFs or
myCAFs. These results indicate that the analyzed BCCs might not only contain CAFs, but a
mixture of fibroblasts (FB 0 and FB 3) and CAFs (FB 1 and FB 2).
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Figure 35. Analyzed basal cell carcinoma samples might contain fibroblasts and cancer-associated
fibroblasts. (A) Uniform manifold approximation and projection (UMAP) plot showing the isolated and re-clustered
fibroblasts (FB) of nine basal cell carcinoma (BCC) samples from two publicly available single-cell RNA sequencing
(scRNA-seq) studies (Guerrero-Juarez et al., 2022; Yerly et al., 2022). Each dot represents a single cell (n = 3,998).
(B) Violin plot visualizing the average expression of the commonly used cancer-associated fibroblast (CAF) marker
genes FAP and ACTA2 (Chhabra and Weeraratna, 2023; Simon and Salhia, 2022) in the four BCC-derived FB
clusters. (C) Violin plot depicting the average expression of cutaneous squamous cell carcinoma (cSCC)-related
general CAF marker genes (Table 1) in the four BCC-derived FB clusters. (D) Violin plots showing the average
expression levels of specific cSCC-related inflammatory CAF (iCAF; left) and myofibroblastic CAF (myCAF; right)
marker gene signatures (Table 1) in the four BCC-derived FB clusters. For all violin plots, BCC-derived fibroblast
clusters are displayed along the X-axes and Y-axes indictae the average gene expression in arbitrary units.
Statistical analyses were performed using Wilcoxon Rank Sum tests (****: p-value < 0.0001).

According to the previous results, the 2,223 cells from the clusters FB 1 and FB 2 were isolated,
in order to obtain only “real” CAFs. They were again divided into four subpopulations by
unsupervised re-clustering (Figure 36A). Interestingly, also for these putative CAF groups
varying expression levels for general cSCC-related CAF marker genes (Table 1) were detected
with the highest expression in cluster CAF 2 (Figure 36B). Furthermore, expression analyses
with specific cSCC-related gene signatures (Table 1) could not identify iCAFs and myCAFs as
distinct clusters, but the expression for both signatures was enriched in cluster CAF 2. These
differences between the BCC CAF clusters became even more obvious, by analyzing the
expression levels for single iCAF- or myCAF-related genes. For the marker genes CXCL12,
JUND, and TSC22D3 (Table 1) of cSCC-related iCAFs, expression was only observed in CAF
2 (Figure 36C). This was also the case for the cSCC-related myCAF markers MMP11, TAGLN,
and COL11A1 (Table 1 and Figure 36D).
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Figure 36. Cancer-associated fibroblasts in cutaneous squamous cell carcinoma and basal cell carcinoma
differ. (A) Uniform manifold approximation and projection (UMAP) plot showing the isolated and re-clustered
cancer-associated fibroblasts (CAFs) of nine basal cell carcinoma (BCC) samples from two publicly available single-
cell RNA sequencing (scRNA-seq) studies (Guerrero-Juarez et al., 2022; Yerly et al., 2022). Each dot represents a
single cell (n = 2,223). (B) Violin plots visualizing the average expression of cutaneous squamous cell carcinoma
(cSCC)-related general CAF marker genes (left), as well as specific cSCC-related inflammatory CAF (iCAF; middle)
and myofibroblastic CAF (myCAF; right) marker gene signatures (Table 1) in BCC-derived CAFs. (C) Violin plots
depicting the average expression levels for the cSCC iCAF-related genes CXCL12 (left), JUND (middle), and
TSC22D3 (right) in BCC-derived CAFs. (D) Violin plots depicting the average expression levels for the cSCC
myCAF-related genes MMP11 (left), TAGLN (middle), and COL11A1 (right) in BCC-derived CAFs. For all violin
plots, BCC-derived CAF clusters are displayed along the X-axes and Y-axes indictae the average gene expression
in arbitrary units. Statistical analyses were performed using Wilcoxon Rank Sum tests (*: p-value < 0.05, ***: p-
value < 0.001, ****: p-value < 0.0001).

Since BCC CAFs did not show clear separation into iCAFs and myCAFs, like in cSCC, GO
analyses were performed with the most representative genes of each CAF cluster, in order to
determine their functions in the TME (Figure 37). For the group CAF 0, the analysis predicted
functions in the metal ion metabolism with enriched terms, like detoxification of copper ion and
cellular zinc ion homeostasis. Upregulated genes in CAF 1 seemed to be involved in different
cellular processes, such as transcription, angiogenesis, proliferation, and apoptosis. The CAF
2 subpopulation, with the highest expression levels for cSCC-related CAF genes, showed

enriched GO terms associated with translation, ECM organization, and cell adhesion, which is
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partially overlapping with the myCAF functions detected in cSCC. However, the predicted
functions for cells in CAF 3 are the most skin-related ones, including cellular response to UVA,
wound healing, ECM organization, and collagen synthesis.

Similar to the previous gene expression analyses, also GO analyses were not able to
identify two clear CAF subpopulations with functions in inflammatory and matrix-related
processes in BCC. Rather two CAF groups showed similar functions to myCAFs (CAF 2 and
CAF 3) and additionally, cells involved in ion metabolism (CAF 0) and proliferation (CAF 1)
were detected.

Taken together, these results indicate transcriptomic differences between CAFs from cSCC
and BCC. The clear distinguishable iCAFs and myCAFs, which were identified in several
cancer types, including cSCC, could not be detected in BCC, although one BCC-derived CAF
group showed mixed iCAF- and myCAF-related gene expression. However, GO analyses
suggested that also CAFs in BCC affect tumorigenesis, but further studies comprising more

samples are necessary to characterize them in more detail.
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Figure 37. Cancer-associated fibroblasts in basal cell carcinoma show matrix-related functions. Gene
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During the last years it became more and more clear that tumor characteristics, such as growth
and invasion, are heavily influenced by non-malignant cell types in the surrounding TME.
Especially for CAFs, important pro-tumorigenic functions were already observed for almost all
solid cancer entities (Comito et al., 2014; Gorchs et al., 2015; Hosein et al., 2015). Therefore,
many of the newly developed cancer therapies not only focus on malignant cells, but also try
to target CAFs. However, to date, different studies and clinical trials obtained contradictory
results, thus suggesting strong CAF heterogeneity (Chhabra and Weeraratna, 2023). A better
and more detailed understanding of these cells, as well as their impact on tumor initiation and
progression, will be essential for future therapeutic approaches.

In this thesis, scCRNA-seq was performed with samples from healthy skin and different cSCC
stages in order to investigate cancer-driven transcriptomic changes between chronically UVR-
exposed unremarkable fibroblasts and CAFs. Furthermore, CAF heterogeneity and origin were
investigated, as well as their direct and indirect influence on tumorigenesis via cellular
communication. Importantly, this thesis was not only restricted to computational analyses but
CAFs were also studied by multiplexed RNA FISH assays. Like this, scRNA-seq findings were

backed up in situ and the time window for CAF activation could also be narrowed down.

4.1 Strict patient selection ensures data compatibility

In order to follow CAF development in cSCC initiation and progression, three PH skin samples
(Solé-Boldo et al., 2020), three EH skin samples, three BDs, and five cSCCs were analyzed
by scRNA-seq. All samples were taken from fair-skinned male patients older than 45 years
(Table 8). This group was selected because of their increased skin cancer risk. In general, KC
is the most common cancer type in the fair-skinned population (Apalla et al., 2017).
Furthermore, it is known that enriched urinary cortisol levels in males increase the probability
for skin cancer development, due to higher UVR sensitivity than in female skin (Damian et al.,
2008; Lasithiotakis et al., 2008). Especially head and neck regions of bald males are
extensively UVR-exposed. Early diagnosis of KC may also be less likely in males, since it is
known that they seek less often medical attention, and data from the United Kingdom even
showed that males between 21 and 58 years old are half as likely as females to see a general
practitioner (Schlichthorst et al., 2016; Wang et al., 2013).

Regarding patient’s age, it is well accepted that aging is one of the most important risk
factors for tumor initiation, and cancer incidence is known to increase with age (L6épez-Otin et
al., 2023b). In contrast to internal organs, skin is affected not only by endogenous aging but

also by exogenous aging, due to its high environmental exposure (Gu et al.,, 2020; Tobin,
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2017). It has been shown that external factors, like air pollution, cigarette smoke, and
especially chronic UVR-exposure accelerate skin aging (Bocheva et al., 2019). This then leads
to premalignant skin lesions, and invasive KCs developing first in chronically UVR-exposed
areas rather than in protected skin, which is affected only by intrinsic aging (Boeckmann et al.,
2020; Nagarajan et al., 2019). Therefore, it was important to include not only PH skin samples
into the study, but also biopsies from chronically UVR-exposed body regions. This ensured
that the transcriptomic changes detected in BD- or cSCC-derived malignant keratinocytes and
CAFs, compared to EH skin, could be clearly considered cancer-driven. In contrast, gene
expression differences between PH skin samples and tumor tissue are simultaneously
influenced by UVR exposure and tumorigenesis, which would have complicated cancer-related

CAF characterization.

4.2 cSCC-related keratinocytes show cancer-associated changes

To ensure that the obtained BD and ¢cSCC punch biopsies mainly consisted of tumor tissue,
sampling was performed from the center of each lesion. Furthermore, the malignant status of
the keratinocytes from these sample types was verified by several approaches. One method
was to check the presence of cancer-specific transcriptomic patterns in ¢SCC-derived
keratinocytes. In 2020, Ji et al. analyzed ten cSCC samples with matched normal skin by
scRNA-seq, spatial transcriptomics, and multiplexed ion beam imaging. Detailed
characterization of malignant keratinocytes revealed four transcriptomic states, three of which
represented the specific subpopulations (basal, cycling, and differentiating) also found in
healthy skin (Ji et al., 2020). The fourth keratinocyte subpopulation detected in cSCCs did not
correlate with the corresponding normal skin samples and showed upregulation for genes
involved in cell motility and ECM disassembly. In addition, an enriched expression of EMT
marker genes, such as VIM and ITGAS, could be observed in this specific subpopulation, and
the included cells were found to accumulate at the tumor leading edges, indicating invasive
behavior (Ji et al., 2020). Interestingly, expression analyses with the most representative
genes of these specialized keratinocytes revealed upregulation in the malignant cells of the
cSCCs, studied in this thesis, compared to healthy and BD-derived keratinocytes. This
suggested the presence of invading cancer cells and confirmed their malignant status.

To further verify this for keratinocytes in BDs and cSCCs, and to show that scRNA-seq is
capable of distinguishing tumor tissue from healthy skin, CNV inference from transcriptomic
data was performed. It has been previously shown that cSCCs have a high mutational burden
with 50 mutations per megabase (South et al., 2014). The majority of these mutations contain
a “UV signature”, such as characteristic C to T base exchanges or CC to TT mutations, which

again identifies UVR-exposure as a major KC risk factor (Inman et al., 2018; Lee et al., 2020;
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Nagarajan et al., 2019). Computational inference tools indeed revealed a continuous increase
in CNV events from baseline PH-derived keratinocytes through EH skin and BDs to ¢cSCCs.
Interestingly, some of the CNV events that were detected in keratinocytes from several cSCC
patients, such as the gain of chromosome (chr) 1q or the loss of chr5g and chr9p, were already
described in different single nucleotide polymorphism (SNP) or whole exome sequencing
studies in cSCC (Hameetman et al., 2013; Inman et al., 2018; Salgado et al., 2010), indicating
common cancer-related genomic changes in cSCC.

However, genomic alterations appear to be influenced by the immune status of the patients
and the therapy they received. For example, Inman et al. identified a novel mutational signature
associated with the exposure to the immunosuppressive drug azathioprine (Inman et al.,
2018). Therefore, further studies with cSCCs from immunosuppressed patients will be required
to investigate, if not only mutational signatures are influenced by the immune status, but also

the transcriptomes of malignant keratinocytes and CAFs.

4.3 CAF subpopulations show distinct functions and origins

The detailed scRNA-seq study of multiple BD and ¢cSCC samples revealed two major CAF
subpopulations that could also be detected in situ. Further gene expression analyses indicated
the presence of myCAFs involved in ECM organization and iCAFs associated with
inflammatory responses. Interestingly, many studies investigating different cancer entities
detected CAFs with similar functions, independent of the final number of identified
subpopulations (Bhattacharjee et al., 2021; Chhabra and Weeraratna, 2023; Hornburg et al.,
2021; Kieffer et al., 2020). Additionally, highly specialized CAF subpopulations were observed
in different tissues, such as apCAFs, which promote the establishment of an
immunosuppressive TME in late-stage murine PDAC. For human PDAC, however, it turned
out that apCAFs are only a very minor fraction in the main group of iCAFs (Elyada et al., 2019).
In murine breast cancer, CAFs associated with cell differentiation and tissue morphogenesis
were identified (Bartoschek et al., 2018). These so called dCAFs expressed not only ECM-
related genes, but also genes correlated with different kinds of stem cells, such as SCRG 7 and
SOX9. Moreover, overlapping gene expression with malignant cells was detected, suggesting
that dCAFs originate from cancer cells undergoing EMT (Bartoschek et al., 2018). However, a
similar CAF subpopulation could not be identified in BD or cSCC samples analyzed in this
thesis. This might be due to species- and cancer entity-specific differences, as well as distinct
invasion rates, since it is known that EMT-related processes are especially important for tumor
migration and metastasis formation (Dongre and Weinberg, 2019). In general, primary cSCCs
show a relatively low metastatic potential of 3-7% (Burton et al., 2016; Nagarajan et al., 2019).

Furthermore, dCAFs were found to be only a minor CAF subpopulation containing not even
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enough cells for determining a marker gene signature (Bartoschek et al., 2018). They may
have been found only because the more sensitive plate-based Smart-seq2 method was used,
which detects more genes per cell and especially low abundance transcripts, rather than the
droplet-based 10x Genomics platform that | used for this thesis (Bartoschek et al., 2018; Wang
et al., 2021a).

Spatial information about cSCC-related CAFs were obtained by multiplexed RNA FISH
assays. Both subpopulations were detected throughout the dermis, and no specific spatial
patterns with respect to any malignant and non-malignant cell types were observed. In
contrast, PDAC-derived myCAFs were specifically identified in close proximity to cancer cells
(Ohlund et al., 2017), and a murine breast cancer study detected a CAF subpopulation with
roles in vascular development and angiogenesis only closely surrounding blood vessels
(Bartoschek et al., 2018). These differences might be cancer type- and/or tissue-specific.
However, it is also known that CAF activation depends on organ-related transcriptomic profiles
of fibroblasts and other source cell types (Rinn et al., 2006). Therefore, the spatial localization
of pancreatic myCAFs and breast vascular CAFs could also be influenced by their origin. Thus,
myCAFs in PDAC develop from pancreatic stellate cells, and breast cancer-associated
vascular CAFs are believed to originate from specific perivascular cells (Bartoschek et al.,
2018; Ohlund et al., 2017). In contrast, it has been shown that skin-related CAFs mainly arise
from resident dermal fibroblasts (Tirosh et al., 2016), and that, for example, bone marrow-
derived stromal cells have only a negligible influence on CAF development in skin (Davidson
et al., 2020).

Although multiplexed RNA FISH assays visualized iCAFs and myCAFs in the whole TME
of both analyzed cancer entities, differences regarding the CAF subpopulation proportions
could be observed. Contrary to scRNA-seq, which identified relatively more iCAFs than
myCAFs in BDs, quantitative analyses of multiplexed RNA FISH assays revealed significantly
more myCAFs in BDs and cSCCs. This discrepancy might be caused by the fact that, in the in
situ approach, both CAF subpopulations were only identified by the expression of one common
marker gene and two specific genes, respectively. In contrast, scRNA-seg-related
iICAF/myCAF classifications are based on the expression of many more genes, allowing a
much more precise CAF stratification. However, further studies will be required to confirm
potential enrichments of specific CAF subpopulations in the different stages of cSCC
progression.

With scRNA-seq and multiplexed RNA FISH, this thesis was also able to characterize the
origin of CAFs in a subpopulation-specific manner, and with respect to the four functionally and
spatially different fibroblast groups identified in PH skin (Solé-Boldo et al., 2020). Different
computational and in situ approaches revealed a high similarity between pro-inflammatory

healthy fibroblasts and iCAFs, as well as between mesenchymal healthy fibroblasts and
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myCAFs, indicating these two functionally related fibroblast subpopulations as the main
sources of cSCC-associated CAFs. To my knowledge, no other cSCC scRNA-seq study
characterized the origin of CAFs in such a detail and separately for different subpopulations,
so far. A functional correlation between normal cells and a particular CAF subtype was not only
observed in this thesis for cSCC, but also, for example, in the case of vascular CAFs in breast
carcinoma, which might develop from perivascular cells (Bartoschek et al., 2018). Further
cSCC studies, especially including in vivo lineage tracing approaches, will be required to
further confirm these findings.

The identification of different sources for cSCC-related CAFs might also imply diverse
activation pathways. It has been shown that cancer cells, and also immune cells, are able to
activate CAFs via direct cell-cell contacts, or by paracrine signaling through the secretion of
growth factors, chemokines, and miRNAs (Biffi et al., 2019; Chhabra and Weeraratna, 2023;
Elenbaas and Weinberg, 2001; Mitra et al., 2012). In murine PDAC, it was observed that
cancer cells secrete IL1, as well as TGF-B, leading to iCAF and myCAF transformation,
respectively (Biffi et al., 2019), which indeed suggests CAF subpopulation-specific activation
signaling. For the cSCC-related samples analyzed in this thesis, scRNA-seq and multiplexed
RNA FISH assays detected CAFs already in BD, a carcinoma in situ, indicating paracrine
activation in the case of malignant cells due to their spatial separation by the basement
membrane between epidermis and dermis. However, computational analyses also revealed
an increase of T cells and B cells already in BD tissue, suggesting an inflammatory TME at
this disease stage, that might facilitate additional immune cell-related CAF activation. Further
studies will be required to investigate the complex activation processes during cSCC initiation
and progression, as well as potential CAF subpopulation-specific stimuli from different
malignant and non-malignant cell types. This knowledge might be beneficial to prevent CAF

formation in the future.

4.4 CAF activation does not yet occur in the premalignant skin

lesion AK

Another important aim of this thesis was to study the CAF activation timing. For this purpose,
the analysis of AK samples would be particularly interesting, since this condition is classified
as a premalignant skin lesion. Unfortunately, the availability of AKs for scRNA-seq is limited.
Due to their small size, all shaved material from patients is usually used for pathology and
diagnosis. However, FFPE AK sections could be provided by the NCT tissue bank in
Heidelberg and were included into the multiplexed RNA FISH assays. This way, the time
window for CAF activation could be narrowed down to later tumor stages, since no iCAFs or

myCAFs were detected in the precancerous tissue lesions. Furthermore, even in AK regions
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in the periphery of cSCC tumors, no CAF signal was observed, indicating that their activation
is restricted to the TME in close proximity to malignant BD or cSCC keratinocytes. This is
especially interesting because the deficiency of CAFs might contribute to the spontaneous
regression that 26% of all AKs show during one year (Boeckmann et al., 2020; Fania et al.,
2021). Further analyses will be required to determine the exact time frame and mechanisms
of CAF activation in more detail.

Interestingly, similar to cSCC, also for esophageal SCCs (ESCCs), CAF-related differences
were observed between tumor and paratumor tissue with an enrichment of
immunosuppressive CAFs close to malignant cells compared to adjacent tissue. Moreover, in
early ESCC stages, less CAF-associated cellular communication was detected than in later
stages, further indicating an increasing importance for CAFs during cancer progression (Liu et
al., 2023). In PDAC, CAF activation was also studied by scRNA-seq, observing an increase of
myCAFs from non-invasive low-grade intraductal papillary mucinous neoplasms (LGD-
IPMNSs), to high-grade IPMNs (HGD-IPMNs), to invasive tumors, suggesting myCAF
transformation as an early event in PDAC progression. In contrast, iCAFs were only detected
in later PDAC stages (Bernard et al., 2019).

Moreover, CAFs were also previously detected in the TME of hepatocellular carcinomas
(HCCs), originating from hepatic stellate cells (Kaps and Schuppan, 2020). It was shown, that
strong CAF infiltration and high expression levels of ACTAZ in the TME increased the risk for
recurrence after HCC removal (Affo et al., 2017; Ju et al., 2009). The majority of HCCs develop
in cirrhotic livers, which is an advanced stage of tissue fibrosis, and interestingly, already during
this premalignant disease stage, activated myofibroblasts were observed (Kaps and
Schuppan, 2020). Also in fibrotic skin diseases, myofibroblasts play an important role. These
diseases are characterized by dermal fibroblast hyperproliferation, accumulation of ECM
components, as well as inflamed tissue, and comprise, for example, keloids and scleroderma
(Do and Eming, 2016). Tissue rearrangements are thereby driven by several growth factors,
such as TGF-B, FGF, PDGF, VEGF, and POSTN (Andrews et al., 2016; Deng et al., 2021;
Murota et al., 2017). In 2021, Deng et al. analyzed keloids by scRNA-seq and compared them
to normal scar tissue (Deng et al, 2021). In both sample types, the four fibroblast
subpopulations, that were previously defined in PH skin (Solé-Boldo et al., 2020), could be
detected. Similar to the cSCC samples analyzed in this thesis, the proportion of mesenchymal
fibroblasts was significantly increased in keloids compared to normal scars, and these cells
were also observed to secrete an excessive amount of collagen (Deng et al., 2021).
Interestingly, significantly more mesenchymal fibroblasts in keloids than in normal scars
showed expression of the CAF-associated gene ACTA2. Furthermore, interaction analyses
revealed increased TGF-, POSTN, and NOTCH signaling in keloids (Deng et al., 2021), which

are pathways that are also known to play a role in CAF activation and cSCC tumorigenesis
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(Chhabra and Weeraratna, 2023; South et al., 2012; Yilmaz et al., 2017). Therefore, similar
molecular mechanisms might be involved in the establishment of fibrotic tissue and a pro-
tumorigenic TME for carcinomas, that mimic “non-healing wounds” (Chandler et al., 2019;
Dvorak, 1986). This may indicate fibrosis as a premalignant stage for tumors in different

organs, such as liver and lung (Kaps and Schuppan, 2020; Li et al., 2023).

4.5 CAFs promote cSCC tumorigenesis via common and

subpopulation-specific cellular communication

Computational scRNA-seq analyses of BDs and ¢cSCCs allowed detailed characterization of
how CAFs affect tumorigenesis. Therefore, cellular interaction tools were used and identified
CAFs as the most important sender cell type, secreting signaling ligands into the TME. One of
the receiving cell types that are influenced by CAFs, are malignant keratinocytes. Detailed
signaling analyses showed that especially the collagen and FN1 networks are active with
cSCC-derived CAFs secreting mostly collagen type | and VI, as well as FN1 and cancer cells
presenting the receptors CD44 and SDC1/4 on their surfaces. Importantly, CD44 is known to
activate, for example the PI3SK/AKT and SRC/MAPK pathways, which are involved in the
proliferation and invasion of tumor cells (Chen et al., 2018). In epithelial ovarian carcinoma,
enriched CD44 levels were associated with more advanced cancer stages and poor prognosis
(Sacks and Barbolina, 2015). Furthermore, CD44 surface expression correlates with cancer
stem cell maintenance, as well as chemoresistance (Foster et al., 2013; Martincuks et al.,
2020). In breast cancer, it was shown that activated SDC1 further stimulated STAT3 and
NOTCH signaling, modulating inflammation and cancer stemness. Interestingly, SDC1
silencing in breast cancer cell lines resulted in a significantly reduced 3D spheroid and colony
formation, and a significant downregulation of EGFR signaling, which is also known to be
aberrant activated in cSCC (Ibrahim et al., 2017; Kolev et al., 2008).

CAFs not only influence tumorigenesis by cellular interactions with cancer cells, but also
different non-malignant cell types in the TME are affected. Interestingly, in the latter case,
subpopulation-dependent differences were observed. For cSCC-derived iCAFs, the
computational interaction tools used in this thesis predicted high activity for CALCR and CXCL
networks, including the interaction pairs ADM-CALCRL and CXCL12-CXCR4, respectively.
ADM is already known to bind to CALCRL on the surface of vascular ECs, modulating EC
survival, proliferation, and vessel permeability in physiological and pathological states
(Karpinich et al., 2011). In breast cancer, it was shown that CAF-secreted ADM promoted
tumor growth and angiogenesis (Benyahia et al., 2017). Interestingly, Zudaire et al. observed
also a receptor-independent chemotaxis for ADM, modulating mast cells and finally promoting

human lung cancer growth in vitro (Zudaire et al., 2006). This finding further supports the
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predicted immunoregulatory functions of cSCC-related iCAFs. Moreover, CXCL12-related
signaling was found to regulate cancer stem cell features in oral SCC (OSCC) and recruited
monocytes displaying the M2 macrophage phenotype (Li et al, 2019b). These M2
macrophages are known to be involved in anti-inflammatory processes, as well as in tumor
promotion, supporting the predicted immunosuppressive functions of iCAFs (Saqib et al.,
2018). In addition, it has been observed that CXCL12 also fulfills an anti-inflammatory role with
respect to T cells by binding to CXCR4, regulating their polarization towards Tregs, which again
promotes an immunosuppressive TME (Santagata et al., 2021). Importantly, for skin cancer it
has been already shown that the inhibition of the CXCL12-CXCR4 pathway by AMD3100
indeed prevented tumor formation (Sarchio et al., 2014).

On the other hand, for cSCC-derived myCAFs the computational interaction tools predicted
active cellular communication with mainly vascular ECs and pericytes by the secretion of
ANGPTL2 and WNT5A. For ANGPTL2 it was already reported that it binds to integrin a5p1
(ITGAS/ITGB1) on vascular ECs in the TME, accelerating angiogenesis and leading to an
increased vessel permeability (Kadomatsu et al., 2014; Tabata et al., 2009). Interestingly, in
osteosarcoma ANGPTL2-integrin a5B1 signaling was involved in p38 MAPK activation and
MMP upregulation, leading to enriched ECM remodeling and tumor metastasis (Odagiri et al.,
2014). This might suggest further myCAF-derived ANGPTL2 functions with respect to not only
vascular ECs but also cancer cells, supporting their predicted role in matrix-related processes.
Furthermore, the myCAF-secreted ligand WNT5A was predicted to bind to MCAM on the
surface of vascular ECs and pericytes. In general, it was shown already that MCAM s
important for pericyte recruitment and vessel stabilization (Leroyer et al., 2019). In breast
cancer, WNT5A was observed to promote VEGF-independent angiogenesis in the TME (Wan
et al., 2021). Moreover, WNT5A-MCAM signaling showed regulatory functions for cell motility
and even contributed to tumor invasion in KCs (Pourreyron et al., 2012; Ye et al., 2013), further

confirming the important role of myCAFs in the establishment of a pro-tumorigenic TME.

4.6 cSCC-related CAF characteristics differ in BCCs

In order to check if CAF features identified in BD and cSCC could be transferred to other KCs,
CAFs in the second main KC type BCC were investigated. Therefore, two publicly available
scRNA-seq datasets were analyzed (Guerrero-Juarez et al., 2022; Yerly et al., 2022). Overall,
BCC-derived fibroblasts could be divided into four distinct groups but showed only low
expression levels for commonly used CAF marker genes (FAP, ACTA2), as well as pancreatic-
and cSCC-related CAF genes. This observation suggests the presence of a mixed group of
stromal cells in the samples with fibroblasts and CAFs. This might be caused by the sampling

process for the tumor biopsies. For this thesis all scRNA-seq samples were taken from the



4. Discussion

carcinoma center to ensure a high degree of cancer cells and TME. In contrast, for both
analyzed BCC datasets the authors only mentioned that tissue pieces were taken from residual
biopsy specimens (Guerrero-Juarez et al., 2022; Yerly et al., 2022). This may imply that not
only cancerous BCC tissue was pre-processed and sequenced but also parts of unremarkable
skin, for example from the periphery of the removed lesion. This could lead to overall lower
CAF-related expression values and also to the observed high variability in gene expression
between the four fibroblast clusters.

In order to compensate for this potential fibroblast and CAF mixture, only cells showing high
CAF-related gene expression were isolated and used for further analyses. Unsupervised
clustering revealed again four subpopulations for these putative BCC CAFs. Nevertheless, a
high variability in expression was again detected between the groups with respect to general
cSCC-related CAF genes, as well as specific iCAF- and myCAF-associated genes. However,
one BCC-derived CAF group showed enriched expression for some CAF marker genes and a
GO analysis with the most representative genes of this cluster indicated functions in collagen
synthesis and ECM organization.

These observations indeed matches the observations made by the two original studies
since both of them identified four CAF subpopulations with distinct gene expression patterns
and functions (Guerrero-Juarez et al., 2022; Yerly et al., 2022). Guerrero-Juarez et al. detected
in total four fibroblast and two fibroblast-like clusters by analyzing four BCCs and two
peritumoral skin samples (Guerrero-Juarez et al., 2022). The authors reported that all four
fibroblast subpopulations were present in the tumor tissue samples, as well as in the normal
skin, potentially suggesting indeed mixed samples as previously described. However, one
fibroblast group was observed to be enriched in the TME, compared to peritumoral skin,
showing upregulation of ECM-related genes and WNT5A. Therefore, they might represent
myCAF-like cells in BCC, involved in ECM organization.

Also Yerly et al. identified four fibroblast subpopulations when analyzing five BCC samples
by scRNA-seq (Yerly et al., 2022). Interestingly, the authors observed upregulation of CAF-
related genes only in two groups, whereas one fibroblast subpopulation even showed an
enrichment of quiescent cells. Furthermore, similarly to the BCC-related observations in this
thesis, high expression of ECM-related genes were only detected in one fibroblast cluster
(Yerly et al., 2022). However, further studies will be required to investigate CAFs in BCC in
greater detail.

Although CAF heterogeneity in cSCC and BCC seem to differ at least to some extent,
several studies analyzing melanoma suggest the presence of iCAF- and myCAF-like
subpopulations. In murine melanoma, three CAF groups were identified with functions in
inflammation, ECM remodeling, and cytoskeleton organization, respectively (Davidson et al.,

2020). An integrated analyses of head and neck carcinoma, lung carcinoma, and melanoma
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also detected six CAF subpopulations, including myCAFs and iCAFs (Galbo et al., 2021).
Moreover, an interesting study from 2020 dissected melanoma spheroids by scRNA-seq
(Novotny et al., 2020). They were generated with melanoma cells and either old and chronically
UVR-exposed fibroblasts or young and UVR-protected fibroblasts. Three different CAF
subpopulations were identified with an overall more extensive deregulation of gene expression
in the TME containing the photodamaged cells, which may indicate age- and UVR-dependent
CAF features (Novotny et al.,, 2020). For example, CAFs developed from UVR-exposed
fibroblasts showed upregulation of POSTN and FAP, as well as enriched activity for the TNF
signaling pathway, known to be involved in tumor invasion (Novotny et al., 2020; Stuelten et
al., 2005).
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Taken together, this thesis provides an extensive characterization of CAFs during human
cSCC progression (Figure 38). CAF heterogeneity was investigated and scRNA-seq, as well
as multiplexed RNA FISH, revealed the presence of two functionally distinct subpopulations
originating from different healthy fibroblast subtypes. Findings from different computational
analyses and in situ assays indicate that the cancer-related activation of pro-inflammatory
fibroblasts lead to the development of iCAFs, which are involved in inflammation-associated
processes. That includes, for example, cellular interactions with T cells and macrophages,
modulating their phenotypic state and finally resulting in an establishment of an
immunosuppressive and therefore pro-tumorigenic TME. Furthermore, the second major CAF
group detected in BDs and c¢SCCs showed matrix-related functions, such as collagen
synthesis and ECM organization. These myCAFs seem to originate from mesenchymal
fibroblasts and were found to actively communicate with pericytes. This may lead to further
TME remodeling and potentially facilitates cancer cell migration, ultimately supporting tumor
invasion. In addition, the subpopulation-specific ways to establish a pro-tumorigenic TME,
were complemented by cellular interactions of all CAFs with vascular ECs, which stimulates
angiogenesis and by the direct promotion of cancer cell survival and proliferation via collagen
and FN1 signaling.

Although this thesis provides novel and important insights into CAF heterogeneity and their
functional roles during cSCC tumorigenesis, further studies will be required to verify these
findings and to analyze several aspects of CAF development in greater detail. For example,
with scRNA-seq and multiplexed RNA FISH assays different proportions of iCAFs and
myCAFs were detected in BDs and cSCCs, probably due to the limited availability of RNA
FISH probes to clearly classify both CAF subpopulations in situ. Therefore, further scRNA-seq
studies will be required, incorporating more samples throughout the cSCC disease continuum
to precisely determine iCAF and myCAF proportions in the different cancer stages. For this
purpose, studies including spatial transcriptomic assays might be also beneficial to obtain
transcriptomic and spatial information simultaneously for multiple samples.

In addition, further data on CAF origins and their exact activation timing will be required. In
this thesis, scRNA-seq analyses suggested pro-inflammatory and mesenchymal fibroblasts as
the origins for iCAFs and myCAFs, respectively, which could be also validated in situ. However,
to definitely confirm these findings, in vivo cell tracing approaches could be used and combined
with live imaging techniques, to follow CAF activation from unremarkable skin towards invasive
¢SCC. Also, CAF activation mechanisms need to be investigated in cSCC. Since this thesis

detected CAFs already in the in situ carcinoma BD, paracrine signaling seem to be essential
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for CAF activation. However, further studies will be needed to dissect the exact pathways
involved, as well as source cell types, such as malignant keratinocytes and/or immune cells.

Moreover, additional studies to characterize CAFs in BCC will be required. This thesis
showed that information about CAF heterogeneity and subpopulation-specific gene expression
patterns cannot be directly transferred from cSCC. To verify these findings, further BCC
scRNA-seq studies should be performed, ensuring pure samples from the TME without
contaminations from adjacent non-tumoral tissue. This may be achieved by sampling from the
center of the tumors.

For this thesis, all samples were retrieved from immunocompetent patients to ensure data
compatibility. However, it has been shown that mutational patterns in c¢SCC-derived
keratinocytes were affected by the patient’s immune status and their medication (Inman et al.,
2018). Accordingly, future scRNA-seq studies should include tumors from immunosuppressed
patients, in order to investigate if immunosuppressive drugs also cause transcriptomic
differences in malignant keratinocytes and non-malignant cell types, like CAFs.

Furthermore, additional studies will be required to potentially correlate CAF heterogeneity
and their subpopulation-specific functions with clinicopathological features in BDs and cSCCs.
Therefore, long-term data from patients with tumors along the disease continuum are likely to

be needed.
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Figure 38. Cancer-associated fibroblast heterogeneity in cutaneous squamous cell carcinoma. AK: actinic
keratosis, cSCC: cutaneous squamous cell carcinoma, iCAF: inflammatory cancer-associated fibroblast, myCAF:
myofibroblastic cancer-associated fibroblast, Macro.: macrophage, ECM: extracellular matrix. Created with
BioRender.
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6.1 Material

6.1.1 Software and computational tools

All software and computational tools used in this thesis are listed in Table 2.

Software or tool

Version

Reference

BioRender
CellChat
Cell Ranger
CopyKAT

DAVID Bioinformatics
Database

Fiji
ggplot2

GSEA software & Molecular
Signature Database

HiPlex Image Registration
Software
InferCNV

Inkscape
LIANA
QuPath

R

RStudio
Seurat
SigmaPlot
Slingshot

1.4
4.0.0
1.1

6.8

2.3.0
3.3.5

43.2

2.0.1

1.6

1.1.1
0.1.11
0.3.2
4.0.3
1.2.5033
4.0.5
14.0

1.8

Table 2. Software and computational tools.

BioRender.com
Jin et al., 2021
10x Genomics
Gao et al., 2021

Huang da et al., 2009;
Sherman et al., 2022

Schindelin et al., 2012
Wickham, 2016

Liberzon et al., 2011;
Subramanian et al., 2005
Bio-Techne

Patel et al., 2014, Tirosh et
al., 2016

Inkscape Project, 2021
Dimitrov et al., 2022
Bankhead et al., 2017

R Core Team, 2020
RStudio Team, 2020
Hao et al., 2021

Systat Software Inc.
Street et al., 2018
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6.1.2 Chemicals and reagents

Chemical or reagent

Company

All chemicals and reagents used in this thesis are listed in Table 3.

Reference #

D1000 Reagent
Distilled water
Ethanol

MACS Tissue Storage
Solution

Paraffin

Paraformaldehyde

Phosphate-buffered saline

(PBS)

ProLong Gold Antifade
mounting medium

SSC buffer (20x)
Tween-20

Xylene

Table 3. Chemicals and reagents.

Agilent Technologies
Invitrogen
Merck

Miltenyi Biotec

Leica
Roth

Gibco

Thermo Fisher Scientific

Thermo Fisher Scientific
Merck
VWR chemicals

6.1.3 Devices and laboratory consumables

Device or laboratory
consumables

Company

5067-5583
10977
1.00983.1011

130-100-008

N/A
0335.3

70011

P36930

J60839.K2
P9416
28975.325

All devices and laboratory consumables used in this thesis are listed in Table 4.

Reference #

4200 TapeStation System

Biopsy embedding cassette

Chromium Controller

Chromium Next GEM Chip

G

Coverslips

D1000 ScreenTape
Filter (70um)
Freezer (-20°C)
Fridge (4°C)

Fume hood

gentleMACS Dissociator

Agilent Technologies
Simport
10x Genomics

10x Genomics

Thermo Fisher Scientific
Agilent Technologies
Corning

Liebherr

Liebherr

Waldner

Miltenyi Biotec

G2991BA
E478.1
N/A

PN-1000127

11708701
5067-5582
352350

N/A

N/A

N/A
130-093-235
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HistoCore Arcadia H
(paraffin embedding station)

HybEZ Il oven

HybEZ Humidity Control tray
ImmEdge pen

Microm HM 355S
Micropipettes

MiniMACS Separator

MS Separation Column

NovaSeq 6000 sequencing
system

Pipette tips

Qubit 4 fluorometer
Reaction tubes 1.5ml
Reaction tubes 2ml
Scalpel No 21

Slide scanning microscope
Slideview VS200

Superfrost ultra plus
microscopy slides

Tissue processor ASP300S
Tubes 15ml
Tubes 50ml
Water bath

Leica

Bio-Techne

Bio-Techne

Vector Laboratories
Thermo Fisher Scientific
Gilson

Miltenyi Biotec

Miltenyi Biotec

lllumina

Nerbe plus
Invitrogen
Sarstedt
Sarstedt

Feather

Olympus

Thermo Fisher Scientific

Leica
Greiner Bio-One
Greiner Bio-One

Julabo

Table 4. Devices and laboratory consumables.

6.1.4 Commercial kits

All commercial kits used in this thesis are listed in Table 5.

Commercial kit

Company

14039357258

321710
310012
H-4000

N/A

N/A
130-042-102
130-042-201

N/A

N/A
Q33226
72.690.001
72.691
530032

N/A

J3800AMNZ

N/A

188 271-N
227 261
3884

Reference #

Chromium Next GEM Single
Cell 3 Reagent kit

Dead Cell Removal kit
Qubit dsDNA HS Assay kit

RNAscope HiPlex12
Reagents v2 kit

Whole Skin Dissociation kit
(human)

Table 5. Commercial kits.

10x Genomics

Miltenyi Biotec

Invitrogen

Bio-Techne

Miltenyi Biotec

PN-1000128

130-090-101
Q32851

324409

130-101-540
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6.1.5 RNA FISH probes

All RNAscope HiPlex probes used for multiplexed RNA FISH assays in this thesis are listed in

Table 6.

Probe Company Reference #
Hs-APCDD1-T1" Bio-Techne 535851-T1
Hs-APOE-T5' Bio-Techne 433091-T5
Hs-C3-T8"2 Bio-Techne 430701-T8
Hs-CCN5-T7? Bio-Techne 888111-T7
Hs-CD3D-T9? Bio-Techne 599391-T9
Hs-COL3A1-T4'2 Bio-Techne 549431-T4
Hs-CXCL12-T3? Bio-Techne 422991-T3
Hs-CXCR4-T22 Bio-Techne 310511-T2
Hs-DIO2-T11" Bio-Techne 562211-T11
Hs-IGF1-T6" Bio-Techne 313031-T6
Hs-KRT14-T12"2 Bio-Techne 310191-T12
Hs-MCAM-T7? Bio-Techne 601731-T7
Hs-MMP11-T3' Bio-Techne 479741-T3
Hs-POSTN-T2' Bio-Techne 409181-T2
Hs-VWF-T112 Bio-Techne 560461-T11
Hs-WNT5A-T10"2 Bio-Techne 604921-T10

Table 6. RNA FISH probes. ': used for multiplexed RNA FISH assays to detect cSCC-related iCAFs and myCAFs
(see Results, sections 3.3.1-3.3.3), % used for multiplexed RNA FISH assays to detect iCAF/myCAF-related cellular

interactions (see Results, section 3.3.4).

6.1.6 Clinical samples

All clinical samples used for multiplexed RNA FISH assays and scRNA-seq analyses are listed

in Table 7 and 8, respectively.

Sa:gple Gender (yﬁgfs) Localization Ir:tr:tl:;e Grath[:irlch;(rs;getsusmor Biopsy
EH 1 male 65 face IC N/A incisional
EH 2 male 66 head IC N/A incisional
EH3 male 83 face IC N/A incisional
AK 1 male 84 head IC N/A incisional
AK 2 male 88 face IC N/A shave
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AK 3 male 82 head IC N/A shave
BD 1 male 77 head IC N/A shave
BD 2 male 82 head IC N/A shave
BD 3 male 79 head IC N/A shave
cSCC 1 male 71 head IC G2/4.0mm incisional
cSCC2 male 85 head IC G1/2.0mm incisional
cSCC3 male 81 head IC G2/1.2mm incisional
cSCC 4* male 72 face IC G2/5.0mm incisional
cSCC 5* male 81 face IC G2/3.6mm incisional

Table 7. Overview of the clinical samples used for multiplexed RNA FISH assays. EH: chronically ultraviolet
radiation (UVR)-exposed healthy skin, AK: actinic keratosis, BD: Bowen’s disease, cSCC: cutaneous squamous
cell carcinoma, IC: immunocompetent, N/A: not available, *: samples used for additional assays to visualize cellular
interactions.




6. Material and Methods

Sample ID Gender Age (years) Localization CZ:::)T:U[:ZR Ir:tr:t':;e Diagnosis Gra:ili?c?(:etsusmor Number of cells
PH 1* male 53 inguinal no IC healthy N/A 2,592
PH 2* male 70 inguinal no IC healthy N/A 1,833
PH 3* male 69 inguinal no IC healthy N/A 4,386
EH 1 male 47 temple yes IC healthy N/A 13,439
EH 2 male 87 cheek yes IC healthy N/A 8,757
EH 3 male 71 head yes IC healthy N/A 7,380
BD 1 male 65 head yes IC BD N/A 10,047
BD 2** male 85 upper arm yes IC BD early invasive 7,183
BD 3** male 85 shoulder yes IC BD early invasive 18,988
cSCC 1 male 72 head yes IC cSCC G3-4/6.0mm 18,336
cSCC 2 male 72 head yes IC cSCC G2/ 3.6mm 4,054
cSCC 3 male 9 head yes IC cSCC G2 /6.0mm 4,533
cSCC 4 male 93 head yes IC cSCC G1/8.0mm 4,536
cSCC 5 male 84 head yes IC cSCC G1-2/3.2mm 8,989

Table 8. Overview of the clinical samples used for scRNA-seq. UVR: ultraviolet radiation, PH: UVR-protected healthy skin, EH: chronically UVR-exposed healthy skin, BD:
Bowen'’s disease, cSCC: cutaneous squamous cell carcinoma, IC: immunocompetent, N/A: not available, * raw data obtained from Solé-Boldo et al., 2020, ** samples obtained from
the same patient.
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6.2 Methods

6.2.1 Clinical samples

All clinical samples used in this thesis were part of residual human skin tissue from patients
undergoing routine surgery at the Department of Dermatology from University Hospital in
Heidelberg. They were obtained after written informed consent by the patients, and the study
was approved by the Ethics Committee of Heidelberg University (S-091/2011) in compliance
with the current legislation and institutional guidelines. All samples were evaluated by a
dermatohistopathologist and/or a pathologist, and were not required for further diagnostic
purposes.

For multiplexed RNA FISH, either fresh human skin biopsies (three EH skin samples) were
obtained from the Department of Dermatology from University Hospital in Heidelberg, or 4um
FFPE skin sections (three AK, three BD and five cSCC samples) were obtained from the NCT
tissue bank in Heidelberg. For better compatibility, only samples from chronically UVR-
exposed body areas of male patients between 65 and 88 years old were included into the
assays. Clinicopathological characteristics are summarized in Table 7.

For scRNA-seq, 3mm skin punch biopsies were obtained from different stages within the
¢SCC disease continuum, including three EH skin samples, three BDs and five cSCCs. To
minimize the effect of potential confounding factors, all samples were taken from chronically
UVR-exposed body areas of male patients between 47 and 93 years old. Clinicopathological

characteristics are summarized in Table 8.

6.2.2 Sample preparation for scRNA-seq

Directly after removal, the fresh human skin biopsy was kept in MACS Tissue Storage Solution
(Miltenyi Biotec) and stored at 4°C. At the same or following day, the sample was dissociated
using the Whole Skin Dissociation kit for human tissue (Miltenyi Biotec), following the
manufacturer's instructions. Briefly, the punch biopsy was cut into smaller pieces using a sterile
scalpel and subcutaneous fat tissue was removed. Then, enzymatic digestion was performed
in a water bath at 37°C for three hours, followed by a mechanical dissociation using the
gentleMACS Dissociator device (Miltenyi Biotec) with a specific program for human skin. After
applying the cell suspension to a 70um separation filter (Corning), alive cells were enriched
using the Dead Cell Removal kit (Miltenyi Biotec), following the manufacturer's instructions.
First, cells were incubated with Dead Cell Removal MicroBeads for 15min at room temperature
(RT) and then this mixture was applied to a MS separation column (Miltenyi Biotec) that was

placed in the magnetic field of a MiniMACS Separator (Miltenyi Biotec). The magnetically
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labeled dead or apoptotic cells were kept in the column while alive cells could be collected in
the flow-through.

Library preparation was then performed in the DKFZ scOpen Lab, using the previously
prepared single cell suspension and the Chromium Next GEM Single Cell 3' Reagent kit
v2/v3.1 (10x Genomics), following the manufacturer's instructions. Briefly, Gel Beads-in-
emulsion (GEMs), each containing one cell, were generated with the 10x Genomics Chromium
Controller via loading around 20,000 single cells together with barcoded gel beads onto the
Chromium Next GEM Chip G (10x Genomics). Afterwards, cells within the GEMs were lysed
and poly-adenylated mRNAs were reverse transcribed into barcoded, full-length cDNA. Then,
GEMs were broken up and the pooled and purified cDNA was amplified, as well as
subsequently used for library construction, including enzymatic fragmentation and size
selection to optimize the cDNA amplicon size. Furthermore, sequencing adaptors and sample
indices were ligated to library fragments. Quality control to check cDNA concentration and
integrity was then performed using the Qubit dsDNA HS Assay kit (Invitrogen) and D1000
ScreenTapes (Agilent Technologies), with the Qubit fluorometer (Invitrogen) and the
TapeStation System (Agilent Technologies), respectively. Finally, the library was submitted to
the DKFZ NGS core facility and pairwise sequencing (26 + 96bp) was performed using the
NovaSeq 6000 Sequencing System (lllumina).

Library preparation for one EH skin sample was performed by employees of the DKFZ
scOpen Lab, since the access to the laboratory was temporary prohibited for external users,
due to the COVID-19 pandemic.

6.2.3 Computational data analysis for scRNA-seq

After sequencing all scRNA-seq libraries, the CellRanger v4.0.0 software (10x Genomics) was
used to process the raw reads, including their demultiplexing and alignment to the human
genome. These steps were performed by Dr. Glnter Raddatz.

Then, the main part of computational analyses was performed using the Seurat v4.0.5
package (Hao et al., 2021) in RStudio v1.2.5033 (RStudio Team, 2020) with R v4.0.3 (R Core
Team, 2020). First, the dataset was extended with sequencing reads from three PH skin
samples from Solé-Boldo et al., 2020, and then Seurat objects for each sample were
generated. During quality control steps, cells expressing less than 200 and more than 2,000
unique genes were discarded for each sample. Furthermore, only cells with less than 5%
mitochondrial reads were selected for subsequent analyses.

Afterwards, the standard integration protocol from Seurat was applied, starting with log-
normalization of unique molecular identifier (UMI) counts and selection of the 2,000 most

variable genes across all samples using the functions NormalizeData and
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FindVariableFeatures with default parameters. After determining anchor genes for the first 80
dimensions of canonical correlation analysis (CCA) with the function FindintegrationAnchors,
these genes were used to integrate the data for all samples (IntegrateData). Next, the
integrated dataset was scaled using the function ScaleData to achieve equal weights for all
genes in downstream analyses, without highly expressed genes dominating. Subsequently,
the dimensional reduction technique principal component analysis (PCA) was performed via
RunPCA, and the resulting first 130 dimensions were used to construct a K-nearest neighbor
(KNN) plot. This plot was then used for unsupervised clustering of all cells, including
modulatory optimization via the Louvain algorithm and a resolution of 0.9 (FindNeighbors and
FindClusters). To finally visualize the integrated dataset, the non-linear dimension reduction
technique UMAP was performed, using the function RunUMAP with the first 130 PCA
dimensions.

Afterwards, differentially expressed genes detected in at least 25% of the cells, were
determined with FindAlIMarkers (min.pct = 0.25) to identify the most representative genes for
each cell cluster. These genes together with well-known marker genes from the literature
(Solé-Boldo et al., 2020) were then used to annotate skin-related cell types in the integrated

dataset.

6.2.3.1 Cell cycle analysis

In Seurat several gene signatures are deposited, including genes related to different cell cycle
phases, according to Tirosh et al., 2016. With the function CellCycleScoring, expression levels
for 54 G2/M phase-related genes and 43 S phase-related genes were determined. High
expression values for one or the other gene signature led to the automatic assignment of cells
to either the G2/M or S phase. For cells showing no enriched expression for both of them, the

algorithm assumed that these cells belong to the G1 cell cycle phase.

6.2.3.2 CNV inference

To distinguish healthy and malignant keratinocytes, CNVs were inferred from scRNA-seq data
using the R packages InferCNV v1.6 (Patel et al., 2014; Tirosh et al., 2016) and CopyKAT v1.1
(Gao et al., 2021), following the provided tutorials.

Briefly, to work with InferCNV, the raw count matrix for keratinocytes of all samples were
extracted from the integrated dataset and then used to create an InferCNV object via the
function CreatelnfercnvObject. After assigning cells from PH skin samples as reference, CNVs

for EH, BD and cSCC samples were calculated using the function run by the comparison of
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gene expression intensities between cancer cells and healthy keratinocytes across all
chromosomes.

For CopyKAT, also the raw gene expression matrices of keratinocytes from all samples
were used as input. Similar to InferCNV, the function copycat classified keratinocytes as
aneuploid or diploid, based on PH-derived cells as reference. For some keratinocytes no clear

assignment was possible, leading to a third group of non defined cells.

6.2.3.3 GO analysis

For GO analyses, the most representative genes (p-value < 0.05 and fold change = 1.5) for
each target cell group were selected. Then, these genes were submitted to the Gene
Functional Annotation Tool from the DAVID Bioinformatics Database v6.8 (Huang da et al.,
2009; Sherman et al., 2022), and involved biological processes were analyzed with the option
GOTERM_BP_DIRECT. For visualization of the top significant (p-value < 0.05) GO terms, the
R package ggplot2 v3.3.5 (Wickham, 2016) was used to create bar plots, sorted according to

their p-values.

6.2.3.4 GSEA

GSEA were performed using the GSEA software with gene sets from the Molecular Signature
Database (MSigDB) (Liberzon et al., 2011; Subramanian et al., 2005). For keratinocyte
analyses, the gene sets HALLMARK_G2M_CHECKPOINT,
HALLMARK_IL6_JAK_STAT3_SIGNALING, HALLMARK_HEDGEHOG_SIGNALING,
HALLMARK_OXIDATIVE_PHOSPHORYLATION and HALLMARK DNA_REPAIR from
MSigDB (Liberzon et al., 2015) were used, and CAF analyses were performed with PDAC-
derived iCAF/myCAF gene signatures (Elyada et al., 2019; Ohlund et al., 2017). Besides the
gene sets, further input data comprised the normalized scRNA-seq gene expression matrices

of target cells and their classification into two distinct groups.

6.2.3.5 Trajectory inference

To study CAF development during cSCC progression, trajectory inference from scRNA-seq
gene expression data was performed with the R package Slingshot v1.8 (Street et al., 2018),
following the provided tutorial.

Input data included PH-derived fibroblasts and CAFs from BD samples and ¢cSCCs. For
CAF trajectory inference, Slingshot required a dataset with two clusters, one containing healthy

fibroblasts and the other one including CAFs. Therefore, the previously generated integrated



6. Material and Methods

dataset could not be used since the integration workflow resulted in mixed fibroblast/CAF
clusters, requiring alternative data preparation. First, quality control steps and normalization
were performed with Seurat as previously described (see Material and Methods, section 6.2.3)
Subsequently, datasets of samples from the same entity were merged in each case. Batch
correction was then performed with extracted gene expression matrices of all patients within
each sample type using the Combat method (Johnson et al., 2007), and corrected matrices
were re-transferred into the particular Seurat objects. After merging all sample types, the
regular data processing, described previously, was performed. This included the determination
of variable genes, data scaling, running PCA and UMAP (first 20 PCA dimensions), as well as
unsupervised clustering with the first 20 PCA dimensions and a resolution of 0.1. Afterwards,
cell type information was transferred from the previously generated integrated dataset and
data for the fibroblast and CAF clusters were extracted.

Finally, to use Slingshot, the fibroblast/ CAF Seurat object was first converted into a single
cell experiment object. Then, unsupervised trajectory inference was performed using the
function slingshot. In addition, the tool assigned each cell along an arbitrary pseudotime axis,

reflecting CAF development from healthy fibroblasts.

6.2.3.6 Cellular interaction analysis

The R packages CellChat v1.4 (Jin et al., 2021) and LIANA v0.1.11 (Dimitrov et al., 2022) were
used to analyze cellular interactions between cell types in the scRNA-seq datasets of BD and
¢cSCC samples, following the provided tutorials. CellChat is based on the comparison of
scRNA-seq gene expression data with a database of known interacting signaling ligands,
receptors and co-factors. LIANA works in a similar way, but combines several cellular
interaction tools and databases. Predicted results represent the consensus of the methods
and resources behind.

For CellChat, first, cells from either BD or cSCC samples were extracted from the integrated
dataset, and melanocytes, Schwann cells, as well as erythrocytes were removed due to low
cell numbers. Then, the function createCellChat was used to build a new object and an
appropriate database was assigned (CellChatDB.human). Afterwards, highly expressed genes
for ligands and receptors and their interactions were determined in all cell types
(identifyOverExpressedGenes and identifyOverExpressedinteractions). Communication
probabilities between cell types were then calculated with the function computeCommunProb.
To compare total interaction networks between BD and cSCC samples regarding number and
importance of interactions, all communication probabilities were summed up into an
aggregated cellular network using the function aggregateNet. In addition, general

communication probabilities were determined by summarizing single probabilities for each
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signaling pathway between all cell types (computeCommunProbPathway). For visualization of
the overall interaction activity between all cell types in each sample type, scatter plots were
generated with the function netAnalysis_signalingRole _scatter. To study the most important
signaling pathways involving CAFs, heatmaps (netAnalysis_signalingRole _network), dot plots
(netVisual _bubble) and hierarchy plots (netVisual) were used.

For LIANA, again data from BD samples or cSCCs were isolated from the integrated
scRNA-seq dataset and the minor cell types melanocytes, Schwann cells and erythrocytes
were removed. Afterwards, interaction analyses were performed using the function liana_wrap,
which returned a list with results corresponding to the different deposited resources. This list
was then ranked based on the consensus of all methods and underlying p-values for the
predicted interaction pairs (liana_aggregate). Dot plots visualizing target interaction pairs, as

previously defined with CellChat, were generated using the function liana_dotplot.

6.2.4 Tissue preparation for chronically UVR-exposed healthy skin

Fresh human EH skin biopsies were fixed with 4% formalin at RT overnight and then placed in
biopsy embedding cassettes (Simport). Then, they were washed with distilled water and stored
in 50% ethanol at 4°C up to several days. For tissue dehydration and infiltration with paraffin,
a tissue processor (Leica) in the DKFZ Light Microscopy core facility was used, that

automatically performed several incubation steps (Table 9).

Chemical Incubation time (h) Temperature
50% ethanol 1 RT
70% ethanol 2 RT
80% ethanol 2 RT
96% ethanol 1 RT
100% ethanol 1 RT
100% ethanol 2 RT
xylene 1 RT
xylene 2 37°C
xylene 2 37°C
paraffin 1 62°C
paraffin 2 62°C
paraffin 2 62°C

Table 9. Incubation steps for tissue dehydration and paraffin infiltration. All steps were performed
automatically by the Tissue Processor ASP300S (Leica) in the DKFZ Light Microscopy core facility. h: hour, RT:
room temperature.
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Afterwards, each skin biopsy was removed from the cassette and placed into a metal container.
The tissue was completely covered with melted paraffin using the HistoCore Arcadia H paraffin
embedding station (Leica) in the DKFZ Light Microscopy core facility, and closed with a plastic
lid. The metal container was then removed as soon as the paraffin got solid, obtaining a FFPE
sample block. All FFPE blocks were stored at -20°C. For multiplexed RNA FISH assays, the
rotary microtome Microm HM 355S (Thermo Fisher Scientific) in the DKFZ Light Microscopy
core facility was used to generate 4um sections on Superfrost ultra plus microscopy slides

(Thermo Fisher Scientific) for all FFPE samples.

6.2.5 Multiplexed RNA FISH

To perform multiplexed RNA FISH analyses, the RNAscope HiPlex12 Reagents v2 kit (Bio-
Techne) was used. For the assays detecting iCAFs and myCAFs at different disease stages,
the following probes targeting genes of interest were specifically designed: APCDD1, POSTN,
MMP11, COL3A1, APOE, IGF1, CCN5 (also known as WISP2), C3, WNT5A, DIO2 and KRT14
(Bio-Techne, Table 6). For multiplexed RNA FISH assays visualizing CAF-related cellular
interactions, probes hybridizing with mRNA molecules of CXCR4, CXCL12, COL3A1, C3,
CD3D, WNT5A, VWF and KRT14 were used (Bio-Techne, Table 6).

The NCT tissue bank kindly provided 4um FFPE skin sections of three suitable AKs, three
BDs and five cSCCs, and performed hematoxylin and eosin (H&E) staining for one section per
sample. The stained sections were then reviewed by PD Dr. med. Anke Lonsdorf and Prof. Dr.
med. Jochen Hoffmann to confirm sample diagnosis and to subdivide tissue sections into
regions of different disease stages.

Multiplexed RNA FISH assays to detect CAF subpopulations were performed in three
rounds in the DKFZ scOpen Lab, following the kit manufacturer’s instructions. They included
one EH skin sample (see Material and Methods, section 6.2.4), one AK, one BD and one cSCC
sample in each round. Furthermore, two additional EH skin sections were used as positive and
negative control slides.

For visualizing interactions between CAFs and non-malignant cell types, one multiplexed
RNA FISH assay was conducted in the DKFZ scOpen Lab with two cSCC sections, also
following the kit manufacturer’s instructions. Also here, two additional EH skin sections were
used as positive and negative control slides.

First, FFPE sections were dried at 60°C for 1h and deparaffinized using xylene incubation
twice for 5Smin each, followed by incubation with 100% ethanol twice for 2min each and another
drying step at 60°C for 5min. Then, the sections were incubated in boiling RNAscope 1x Target
Retrieval Reagents solution for 15min, and washed with distilled water and 100% ethanol. After

drying them, RNAscope Protease Il treatment was performed at 40°C for 30min using the
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HybEZ 1l oven (Bio-Techne) with the HybEZ Humidity Control tray (Bio-Techne).
Subsequently, the sections were washed twice with distilled water and incubated with either
the combined target probe mixture or positive/negative probe mixtures, at 40°C (HybEZ Il
oven) for 2h. Then, they were washed twice with 1x RNAscope Wash Buffer at RT for 2min,
and stored in 5x SSC buffer at RT overnight.

The next day, signal amplification for the first four probes was performed by incubation with
RNAscope HiPlex Amp 1 solution at 40°C (HybEZ Il oven) for 30min, with subsequent washing
using 1x RNAscope Wash Buffer. These steps were then repeated twice using RNAscope
HiPlex Amp 2 & 3 solutions to amplify the signal of all probes. To reduce autofluorescence,
sections were incubated with 5% RNAscope HiPlex FFPE Reagent at RT for 30min, followed
by two washing steps with 1x RNAscope Wash Buffer. Afterwards, fluorophores (Alexa Fluor
488, Dylight 550, Dylight 650, Alexa Fluor 750) for the first four probes were hybridized using
the RNAscope HiPlex Fluoro T1-T4 solution at 40°C (HybEZ Il oven) for 15min, with
subsequent washing using 1x RNAscope Wash Buffer. Cell nuclei were then stained with DAPI
and slides were mounted using ProLong Gold Antifade mounting medium (Thermo Fisher
Scientific). For visualization of the first four probes, the slide scanner microscope Slideview
VS200 (Olympus) was used (40x objective). After imaging, the sections were stored in a dark
humid chamber at 4°C overnight.

The following day, the slides were soaked in 4x SSC buffer until all coverslips fell off and
fluorophores were cleaved, by incubating the sections with 10% RNAscope cleaving solution
v2 at RT for 15min. After washing twice with PBST (0.5% Tween), the incubation step with
10% RNAscope cleaving solution v2 and washing with PBST (0.5% Tween) were repeated
once. Then, the sections were again incubated with 5% RNAscope HiPlex FFPE Reagent, as
described before, and fluorophores were hybridized to the next four probes by incubation with
RNAscope HiPlex Fluoro T5-T8 solution at 40°C (HybEZ Il oven) for 15min. The slides were
mounted and imaged as described before.

After removing the coverslips and cleaving the fluorophores, as described before, the
sections were again incubated with 5% RNAscope HiPlex FFPE Reagent and RNAscope
HiPlex Fluoro T9-T12 solution to hybridize fluorophores to the last four probes. Finally, slides

were mounted and imaged for the third time, as described before.

6.2.5.1 Image analysis and quantification

The HiPlex Image Registration Software v2.0.1 (Bio-Techne) was used to overlay the channels
for DAPI and all probes per section, according to the developer's instructions. The images
were then processed and analyzed using the software QuPath v0.3.2 (Bankhead et al., 2017)
and Fiji v2.3.0 (Schindelin et al., 2012).
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General CAF quantification in BDs and cSCCs was performed by counting CAFs
(COL3AT") in several dermal regions. The number of iCAFs and myCAFs was then determined
by the co-expression of COL3A 1 with C3 and/or IGF1 or MMP11 and/or WNT5A, respectively.
Like this, double- and also triple-positive CAFs were considered for quantitative analyses. In
contrast, COL3A1-positive CAFs showing mixed co-expression of iCAF and myCAF marker
genes simultaneously, were neglected during the quantification since a clear subpopulation
classification was not possible. The same is true for CAFs without expression of any of the
subpopulation-specific marker genes. In addition, potential CAF origins were analyzed by
quantifying cells co-expressing iCAF/myCAF marker genes and the fibroblast subpopulation
marker genes APOE or POSTN. Also here, CAFs showing simultaneous co-expression of
APOE and POSTN were not considered for analyses.

In order to quantify specific ICAF and myCAF interactions with different non-malignant cell
types, T cells (CD3D") and vascular ECs (VWF') were counted in several dermal regions.
Then, the amount of T cells and vascular ECs expressing the respective interaction receptors
CXCR4 and MCAM were determined. In addition, iCAFs (COL3A7*, C3") and myCAFs
(COL3AT*, WNT5A") in the direct surrounding of T cells and vascular ECs were counted. For

neighboring iCAFs, the expression of the interaction ligand CXCL12 was also quantified.

6.2.6 Statistics

The software CellRanger v4.0.0 (10x Genomics) and the R package Seurat v4.0.5 (Hao et al.,
2021) were used for general statistical analyses of scRNA-seq data and violin plots (Wilcoxon
Rank Sum tests). For specific comparisons of fibroblast proportions and cell cycle proportions
of mesenchymal fibroblasts within the different scRNA-seq sample types, one-way ANOVA
tests with pairwise comparisons were performed using the Holm-Sidak test in SigmaPlot v14.0
(Systat Software Inc.). In addition, two-sided unpaired and paired t-tests were performed with
SigmaPlot, and were used to analyze CAF proportions in tumor samples (scRNA-seq data),
the correlation of CAF subtypes with healthy fibroblast subpopulations (scRNA-seq data), CAF
proportions in each cell cycle phase (scRNA-seq data) and image quantification results
(multiplexed RNA FISH).
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7.1 Data availability

The results of this thesis have been incorporated into the manuscript “Cancer-associated
fibroblasts with distinct origins and functions establish a pro-tumorigenic environment in
squamous cell carcinoma”, which was recently submitted (Schitz et al., 2023).

Publicly available datasets used in this thesis are accessible from the Gene Expression
Omnibus (GEO) database through the codes GSE130973 (Solé-Boldo et al., 2020),
GSE181907 (Yerly et al., 2022) and GSE141526 (Guerrero-Juarez et al., 2022).
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