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1 Introduction

1 Introduction

1.1 Lung Biology

Our lungs process over 7 thousand liters of air on a daily basis. The larynx is our air gatekeeper,
forming a passage to our largest airway, the trachea. The trachea is a hollow tube held open
by cartilage rings, that bifurcates into the two main bronchi. The right bronchus leads to the
three lung lobes that make up the right lung, while the left bronchus leads to the two lung
lobes that make up the left lung, leaving space for the heart. From the two main bronchi,
the airways branch out in a dichotomous manner into smaller bronchi and bronchioles with
decreasing diameters, similar to an upside-down tree. Bronchioles, the narrowest entity of
the airways, are only about half a milimeter wide, and terminate in the highly vascularized
respiratory unit of the lung, alveoli (Hsia et al., 2016). The hundred millions of alveoli have
a surface area of about 130 m2, important for efficient gas exchange between air and our
blood (Gehr et al., 1978; Weibel et al., 1993). Oxygen (O2) from the air enters our blood
stream through diffusion, while carbon dioxide (CO2) exits the blood to be exhaled. In order
to prevent the alveolar sacs from collapsing, alveolar cells produce pulmonary surfactant that
decreases the surface tension and helps to keep the bubble-like structures open (Weaver and
Whitsett, 1991). In the more proximal lung, cells produce mucins, surfactants, and fluids that
line the airways and trap inhaled particles, such as dust, pollutants, or allergens (Rogers, 1994;
Rokicki et al., 2016). Synchronously beating cilia then transport the mucus upward and out of
the lungs (Braiman and Priel, 2008). This is important to keep the lungs clean of potentially
harmful particles and microorganisms that are part of the thousands of liters of air we breath
in daily. A very complex epithelium of highly specialized cells, including multiple progenitor
and stem cells, and a microenvironment that is only starting to be revealed, are necessary to
ensure the proper function of this important organ (Chen and Fine, 2016).

1.1.1 Epithelial cell types of the airways

The airways of the lungs span from the two main bronchi to the terminal bronchioles. In
mice, the proximal parts of the airways are lined by a pseudostratified mucociliated epithelium
that turns into a simple cuboidal epithelium around the distal airways. The airway epithelium
consists of multiple stem and progenitor cells, as well as specialized differentiated cells (fig-
ure 1 A). A multitude of studies, using a variety of injury models, have revealed astounding
plasticity of the epithelial airway populations.

1



1 Introduction

Neuro-
endocrine
cell

Basal
cell

Club
cell

Ciliated
cell

Goblet
cell

Bronchioalveolar
stem cell

Alveolar
progenitor

Alveolar
type 1 cell

pr
ox
im
al

di
st
al

alveolar epitheliumairway epithelium BADJ

Alveolar
type 2 cell

A

B

Figure 1: Overview of epithelial cells in the adult murine lung
(A) Schematic overview of epithelial cells lining the airways, bronchioalveolar duct junction (BADJ),
and the alveolar region. Brown line represents basal lamina. (B) Hierarchy of epithelial cells in the
lung. Rare cell types such as tuft cells and ionocytes were not included. Circular line: can self-renew.
Straight line: gives rise to. Straight dotted line: gives rise to after severe injury.

The most important self-renewing stem cell population of the proximal airways are basal cells.
They are in close contact with the basal lamina and have been shown to directly or indirectly
give rise to every major epithelial cell population of the airways, including club cells, goblet cells,
ciliated cells, and neuroendocrine cells (figure 1 B) (Rock et al., 2011b, 2009; Rock and Hogan,
2011; Rawlins and Hogan, 2008; Rawlins et al., 2009b). Club cells are also called secretory
cells and are the main self-renewing stem cell population in the distal bronchi. These cells play
a role in detoxifying the lungs and secrete surfactants and other fluids that line the airways.
Club cells can give rise to goblet cells and ciliated cells (Chen et al., 2009; Rawlins et al.,
2009b). Furthermore, club cells have been shown to dedifferentiate to basal cells following
basal cell ablation (Rawlins et al., 2009b; Tata et al., 2013). Goblet cells are the primary
producer of mucins, the main component of the airways-lining mucus that traps particles and
microorganisms (Rogers, 1994). This mucus is transported out of the lungs by the synchronous
upward beating of the cilia on ciliated cells (Braiman and Priel, 2008). Ciliated cells have

2



1 Introduction

been shown to be terminally differentiated (Rawlins et al., 2009b). Neuroendocrine cells
are sensory cells that can respond to conditions such as hypoxia, hypercarbia, or mechanical
stretch by releasing neurotransmitters, neuropeptides, or immune response activating factors
(Boers et al., 1996; Cutz et al., 2013; Branchfield et al., 2016). They contain a small stem
cell population that can self-renew and give rise to club and ciliated cells after severe injury
(Ouadah et al., 2019). Additionally, there are multiple specialized rare cell populations such as
tuft cells and ionocytes, the latter having only been described recently (Krasteva and Kummer,
2012; Plasschaert et al., 2018; Montoro et al., 2018). Another rare cell population resides in
the bronchioalveolar duct junction (BADJ), the area where bronchioles terminate in the alveoli.
These bronchioalveolar stem cells (BASCs) have only been identified in murine lungs thus far,
and can give rise to club cells and alveolar cells (figure 1 B) (Kim et al., 2005; Liu et al.,
2019a; Salwig et al., 2019).

1.1.2 Epithelial cell types of the alveoli

The epithelium of the alveoli is a simple, thin-walled, squamous epithelium consisting of two
major epithelial cell types (figure 1 A). Alveolar type 1 (AT1) cells are thin, stretched out,
and comprise nearly 95% of the alveolar surface area. They are part of the air-blood barrier
through which gas exchange takes place as a result of diffusion (Weibel, 2015). Whether
AT1 cells are terminally differentiated or contain a progenitor cell sub-population remains
controversial (Jain et al., 2015; Wang et al., 2018b). Alveolar type 2 (AT2) cells are the stem
cell of the alveoli and maintain cell homeostasis. They are cuboidal in shape and produce and
secrete pulmonary surfactant, which decreases the surface tension in the alveoli and prevents
collapsing of the alveolar sacs. AT2 cells can self-renew and give rise to AT1 cells (figure 1 B)
(Rock et al., 2011a; Barkauskas et al., 2013; Desai et al., 2014). Multiple studies have
identified subpopulations within the bulk AT2 population that only arise after severe injury
and possible represent transient cell states (Chapman et al., 2011; Vaughan et al., 2015; Zuo
et al., 2015). However, more recently evidence emerged that a subset of AT2 cells displays
increased progenitor function both in injury and homeostasis (Nabhan et al., 2018; Zacharias
et al., 2018). This bipotent cell expresses similar levels of AT2 marker genes such as surfactant
protein C (SPC), but displays higher wingless-related integration site (Wnt)-pathway activity,
indicated by high expression of the Wnt target gene Axin2. In the human lung, single cell RNA-
Sequencing (scRNA-Seq) also recently revealed two distinct AT2 subpopulations (Travaglini
et al., 2020). The bulk of AT2 cells has high expression of canonical AT2 markers and is
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quiescent, while a 10 times less abundant AT2 subpopulation has lower expression of AT2
markers and high Wnt activity. Although this finding is reminiscent of the Wnt-high AT2
population identified in mice, there are transcriptional differences between the murine and
human populations.

Undoubtedly, the Wnt-pathway is important for AT2 identity maintenance and stem cell func-
tion, as it prevents differentiation to AT1 cells. With the help of organoids, the signals neces-
sary for AT2-AT1 differentiation have been revealed in recent years. Wnt pathway activation,
addition of interleukin-1�, and inhibition of bone morphogenetic protein (BMP) signaling pre-
vents AT2 cells from differentiating and keeps them in a stem cell state; in contrast, inhibition
of Wnt and activation of BMP causes their differentiation to AT1 cells (Chung et al., 2018;
Katsura et al., 2019; Weiner et al., 2019; Katsura et al., 2020; Choi et al., 2020). Distinct
differentiation states between AT2 and AT1 cells are starting to emerge but are still poorly
understood (Choi et al., 2020). For instance, it is generally accepted that the transcription
factor (TF) Homeodomain-only protein (HOPX) is a marker of AT1 cells, a cell type that was
generally thought to be terminally differentiated (Barkauskas et al., 2013). However, it has
been reported that HOPX+ AT1 cells are able to proliferate and recover AT2 cells after severe
lung injury (figure 1 B) (Jain et al., 2015). Another study found that HOPX+ AT1 cells
can be split into Insulin Like Growth Factor Binding Protein 2 (Igfbp2) negative and positive
cells, representing populations with progenitor cell function, and terminally differentiated cells,
respectively (Wang et al., 2018b). This highlights the stunning plasticity of lung stem and
progenitor cells, and our gap in understanding all possible transient or persisting cell states.

1.1.3 Lung development

The development of the trachea and lungs is orchestrated by a complex interplay of TFs,
signaling pathways, and epigenetic regulators. The exact molecular signals underlying this
process are not completely understood; however, the major players have been identified in the
past decades (figure 2). During embryonic mouse development, the lungs and trachea arise
from the anterior forgut endoderm around embryonic day (E) 9.0 (Herriges and Morrisey, 2014;
Whitsett et al., 2019). Lung specification is determined by the expression of the TFs NK2
homeobox-1 (NKX2-1) and GATA6 in the endodermal cells on the ventral side of the anterior
foregut (Zhang et al., 2007). These cells become the trachea and the two lung buds that form
the left and right lungs. Studies have shown that the activity of Wnt and BMP pathways play
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Figure 2: Overview of the development of epithelial lineages in the murine lung
Schematic shows how the epithelial lung lineages develop from the anterior forgut endoderm. Lung
identity is specified by expression of NKX2-1. Respiratory epithelial progenitor cells are SOX9 and
ID2 positive, then split into the proximal airway lineage and the distal lineage. The proximal lineage
is defined by expression of SOX2 and includes basal, club, ciliated, goblet, and neuroendocrine cells.
SOX9 expression, together with NKX2-1 and HOPX, marks a bipotent progenitor cell that eventually
gives rise to the two distal alveolar lineages, AT1 and AT2 cells. Transcription factors are marked in
red, non-TF proteins are marked in blue.

essential roles in specifying these respiratory progenitor cells (Harris-Johnson et al., 2009; Goss
et al., 2009). During the next developmental stages, the two lung buds undergo branching
morphogenesis and build the tree-like airway network of the lungs. A complex interplay of
fibroblast growth factor (Fgf), BMP, and sonic hedgehog signaling both in the endoderm and
mesoderm are thought to be critical for the proper development of the branching airways
(Sekine et al., 1999; Ohuchi et al., 2000; Hyatt et al., 2002; Pepicelli et al., 1998; Bellusci
et al., 1997). During this process, cell identities are acquired along the proximal-distal axis.
Sex determining region Y-box (SOX) proteins play an important role in this patterning process.
SOX9 and Inhibitor of differentiation 2 (ID2) expressing cells, located at the distal tip, are
multipotent progenitor cells that give first rise to airway, then to alveolar cell lineages (Rawlins
et al., 2009a; Rockich et al., 2013; Chang et al., 2013). Cells that exit the tip on the proximal
side around E10 - 15 turn off SOX9 and upregulate SOX2 expression. These cells eventually
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give rise to basal, club, ciliated, neuroendocrine, and goblet cells (Tompkins et al., 2011; Que
et al., 2009). In contrast, cells that exit the tip around E16 - 18 turn off SOX9 and start
co-expressing genes of the two alveolar epithelial cell types, such as HOPX, NKX2-1, and SPC,
becoming bipotent progenitor cells (Desai et al., 2014; Treutlein et al., 2014; Jain et al., 2015).
Interestingly, one study showed that these cells shortly upregulate the TF high-mobility-group 2
(HMGA2), and that a knock out of Hmga2 leads to an increase in SOX9 progenitor cells and a
decrease in alveolar cells (Singh et al., 2014). Furthermore, studies found both Wnt and BMP
signaling, and members of the Ets family of TFs, namely Ets Variant Transcription Factor 5
(ETV5) and E74-like factor 5 (ELF5), to be important drivers of distal lineage identities and
the alveolarization process (Weaver and Whitsett, 1991; Lu et al., 2001; Mucenski et al., 2003;
Liu et al., 2003; Metzger et al., 2008). Eventually, the bipotent progenitor cells give rise to
AT1 cells, expressing HOPX, Podoplanin (PDPN) and other AT1 markers, and to AT2 cells,
expressing AT2 markers such as NKX2-1 and SPC (figure 2).

1.2 Lung Cancer

Lung cancer is the leading cause of cancer-related death world-wide. The World Health
Organization (WHO) estimates that there were over 2 million new lung cancer cases and 1.76
million lung cancer deaths in 2018 (World Health Organization, 2018). The five-year survival
rate for patients that were diagnosed with lung cancer between 1995–2009 was below 20% in
most geographical areas in the developing and developed world (Allemani et al., 2015). For
people who were diagnosed with lung cancer in the United States (US) between 2010-2016,
the 5-year survival rate was 21%, placing lung cancer among the cancer types with the worst
prognosis (Howlader et al., 2020). Over 2 million years of life were lost to lung cancer in the
US in 2017, a result of a combination of high incidence and low survival rates (figure 3).

1.2.1 Subtypes and clinicopathological progression of lung cancer

Like most cancers, lung cancer can be categorized into localized, regional, and distant stages.
Localized lung cancer is a single tumor confined to one lung. Regional cancer has direct
extensions into regional tissues, including blood vessels, or extensions into regional, ipsilateral
lymph nodes. Distant stage cancer has separate tumor nodules in different lung lobes, in
the contralateral lung, or has metastasized to distal lymph nodes or other organs (Young
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Figure 3: Statistics for years of life lost due to cancer
Graph depicting the number of person-years lost due to different cancer types in the year 2007 in the
USA. Graph taken from the Surveillance, Epidemiology, and End Results (SEER) cancer statistics
(Howlader et al., 2020).

et al., 2001). While 5-year survival rates in the US are as high as 59% when lung cancer is
diagnosed at a localized stage, it drops to under 6% when it is diagnosed at a distant stage.
Unfortunately, the majority of patients (57%) is diagnosed with distant disease (Howlader
et al., 2020). However, new imaging methods such as low-dose computed tomography (CT)
now allow for earlier detection and are implemented as screenings in risk groups, resulting in a
trend towards earlier detection (figure 4) (Heuvelmans et al., 2017; De Koning et al., 2020).

Lung cancer can be categorized into multiple histological subtypes. The two major subtypes
are non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC), comprising 84%
and 13% of all lung cancers in the US, respectively. NSCLC can be further subdivided into lung
adenocarcinoma (LUAD), making up 50% of all cases, followed by squamous cell carcinoma
(SCC), making up 23% of cases (Howlader et al., 2020). All histological subtypes of lung
cancer have a significant association with tobacco smoking. However, the association is
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Figure 4: Trend of lung adenocarcinoma stages at diagnosis
Graph depicting the rate of people diagnosed with lung cancer at localized stage, regional stage,
distant stage, or unstaged between the years 2000 and 2017 in the USA. Since 2006, diagnosis at
distant stage has been decreasing, while diagnosis at localized stage is increasing. Graph taken from
Surveillance, Epidemiology, and End Results (SEER) cancer statistics (Howlader et al., 2020).

stronger with SCLC and SCC compared to LUAD, which is also frequently found in non-
smokers (Khuder, 2001).

LUAD is the most common type of lung cancer. It progresses stepwise starting with atypical
adenomatous hyperplasia (AAH), turning into adenocarcinoma in situ (AIS), then into mini-
mally invasive adenocarcinoma (MIA), and finally into invasive LUAD (Inamura, 2018). AAH
and AIS are pre-invasive lesions that usually occur in the distal lung. They are characterized by
proliferation of abnormal epithelial cells along the alveolar walls without structural disruption,
a pattern referred to as lepidic growth. AIS lesions are larger than AAH and display a higher
degree of cellular atypia. Both lesions are difficult to detect with current imaging technology
and their detection is often coincidental. MIA is a stage I tumor with predominantly lepidic
growth pattern and a small invasive component that is ≤0.5 cm. Tumors with invasive com-
ponents of >0.5 - 3 cm are referred to as stage I, >3 - 5 cm stage II, >5 - 7 cm stage III,
and >7 cm stage IV (Rami-Porta et al., 2017).
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1.2.2 Mutational landscape of adenocarcinoma patients

Whole-exome sequencing of 412 samples of LUAD tumors and matched healthy tissue from
The Cancer Genome Atlas (TCGA) database revealed the mutational landscape of LUAD
(Collisson et al., 2014). The most commonly mutated genes in this dataset were Tumor
protein p53 (TP53) and Kirsten rat sarcoma viral oncogene homolog (KRAS), found in 46%
and 33% of the samples, respectively. TP53 is a tumor suppressor gene with important
roles in cell cycle control, while KRAS is the most common oncogene in epithelial cancers,
involved in proliferation and survival mediated through the Ras/Mitogen-activated protein
kinase (MAPK)-pathway (Haigis, 2017). Notably, Epidermal growthfactor receptor (EGFR),
another oncogene that is part this pathway, was mutated in 14% of the samples and KRAS and
EGFR mutations were mutually exclusive, indicating redundant functions of the two genes.
Other oncogenes that were mutated were BRAF (10%), PIK3CA (7%), MET (7%), and RIT1
(2%). Mutations in tumor suppressor genes were observed in STK11 (17%), KEAP1 (17%),
NF1 (11%), RB1 (4%), and CDKN2A (4%). Other genes that were mutated were SETD2
(9%), ARID1A (7%), MGA (8%), RBM10 (8%), SMARCA4 (6%), and U2AF1 (3%). Besides
somatic mutations, LUAD patients also harbored notable gene amplifications such as NKX2-1,
TERT, MDM2, KRAS, EGFR, MET, CCNE1, CCND1, TERC, MECOM, and CCND3, and
gene deletions including the locus for CDKN2A (Collisson et al., 2014; Weir et al., 2007).

Smaller studies found that KRAS or EGFR mutations were usually present in pre-invasive
LUAD lesions, indicating that these oncogenic mutations are initiating events in LUAD. In
contrast, TP53 mutations were significantly enriched in invasive lesions, indicating that TP53
alterations play an important role in invasiveness during tumor progression (Chen et al., 2019;
Nakanishi et al., 2009).

The vast majority of KRAS mutations in LUAD patients occurs in codon 12, followed by
codon 13 and 61. In codon 12, most mutations are tobacco smoking induced transversions,
leading to G12C (GGT to TGT) and G12V (GGT to GTT) alterations (Haigis, 2017). In
contrast, G12D (GGT to GAT) is the most common transition in never smokers (Dogan et al.,
2012). All of the mentioned mutations in codon 12 result in constitutively activated KRAS
protein (Hunter et al., 2015).
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1.2.3 Genetically engineered mouse models to study adenocarcinoma

There are multiple notable genetically engineered mouse models (GEMMs) that are used by the
research community to study LUAD. Two of the most used GEMMs were developed almost two
decades ago, and harbor mutations in Kras and Trp53 (p53), the two most commonly mutated
genes in patients (Jackson et al., 2001, 2005; Collisson et al., 2014). The Lox-Stop-Lox (LSL)-
Kras G12D (K) mouse model has a Cre-recombinase (Cre)-inducible oncogenic KRAS G12D
version that is knocked into the endogenous locus of one of the Kras alleles. Cre induction
by intranasal or intratracheal delivery of lentivirus or adenovirus containing Cre driven by the
ubiquitous cytomegalovirus (CMV) promoter (AdCMV-Cre) leads to excision of the stop codon
in front of the oncogenic KRAS G12D sequence and to its expression driven by the endogenous
KRAS promotor (DuPage et al., 2009; Jackson et al., 2001). Upon KRAS G12D expression,
the mice develop epithelial hyperplasia (EH) in the bronchiolar region, AAH in the alveolar
space, and adenomas that rarely progress to LUADs (figure 5). Thus, a single oncogenic Kras
allele is sufficient to induce lung cancer in GEMMs. Because TP53 is the most commonly
mutated tumor suppressor gene in LUAD patient, the same group crossed the K mouse with
the Trp53floxed(fl)/wildtype(wt) GEMM to obtain K; Trp53fl/fl (P) mice (Jackson et al., 2005).
In KP mice, KRAS G12D is expressed and both copies of Trp53 are knocked out upon Cre
expression. KP mice develop AAH, adenomas, and LUADs at a high frequency and in a
shorter time frame compared to the K model, and additionally exhibit advanced tumors that
metastasize to regional and distant sites (figure 5).

There are other GEMMs with oncogenic KRAS versions to induce LUAD. Overexpression of
KRAS G12V under the beta-actin promotor results in lung adenomas and LUAD with short
latencies (Meuwissen et al., 2001). Systemic tamoxifen induced expression of KRAS G12V from
its endogenous promotor leads only to lung lesions, despite frequent recombination events in
other tissue sites (Guerra et al., 2003). In contrast, sporadic, somatic activation of KRAS G12D
in a wt or Tp53 deficient background causes spontaneous early onset lung cancer and a
variety of tumors in other organs (Johnson et al., 2001). Doxycycline induced overexpression
of KRAS G12D in the lung results in numerous lung tumors (Fisher et al., 2001). The
combination of KRAS G12D with concomitant homozygous knock-outs of tumor suppressors
such as Pten or Stk11 strongly augments tumor formation and metastasis, and loss of Stk11
leads to the development of lung SCC (Iwanaga et al., 2008; Zhang et al., 2017a).

Moreover, mouse models with activating mutations in other components of the Ras/MAPK
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Figure 5: Lung adenocarcinoma progression in the K and KP mouse models
In the K genetically engineered mouse model (GEMM), adenocarcinoma (ADC) progression starts
with atypical adenotamous hyperplasia (AAH; arrow), that turns into adenoma, and finally into ADC
containing pleomorphic (star) and dividing (arrow) cells. In the KP model, giant, multinucleated
cancer cells (thick arrows) appear in some ADC lesions. Images adapted from Jackson et al. (2001,
2005)

pathway have been established. Two doxycycline inducible EGFR mutants, EGFRL858R and
EGFR ∆L747–S752, cause formation of LUAD with features of bronchioalveolar carcinoma
(Politi et al., 2006). Mice with an activating Braf V600E mutation develop adenomas that
only rarely progressed to an advanced stage (Dankort et al., 2007). Doxycycline induction of
oncogenic C-RAF in lung cells leads to development of macroscopic lung tumors (Ceteci et al.,
2011).

There are other LUAD mouse models that use different combinations of mutations commonly
found in oncogenes or tumor suppressor genes. Notably, most of them contain alterations
in a Ras/MAPK pathway component, emphasizing the importance of this pathway for the
formation of LUAD. Two of the most widely used GEMMs to model LUAD to date are
the K and KP mouse models (Jackson et al., 2001, 2005). Because oncogenic KRAS is
expressed from its endogenous promotor, these models closely resemble physiological levels of
KRAS expression. Furthermore, Cre induction through virus administration leads to sporadic
activation of the gene alterations in few adult lung cells, rather than embryonic activation or
continuous systemic activation through prolonged administration of tamoxifen or doxycycline.
These conditions lead to tumor progression that recapitulates human LUAD, making the K
and KP GEMMs valuable models of the lung cancer field.
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1.2.4 Signaling pathways in adenocarcinoma

There are many signaling pathways that play a role in LUAD development. However, by far
the most frequently activated is the MAPK-pathway. Using data from the TCGA cohort,
it was concluded that 76% of all studied LUAD cases had MAPK-pathway activation (Col-
lisson et al., 2014). The MAPK signaling pathway communicates an external signal to the
cell nucleus, which leads to increased survival and proliferation. An external ligand, such as
epidermal growth factor (EGF), binds to a membrane-bound receptor, such as EGFR, which
activates the cytoplasmatic tyrosine kinase activity of the receptor. The receptor then be-
comes phosphorylated, which leads to binding of docking proteins and a guanine nucleotide
exchange factor (GEF). The GEF stimulates the exchange of guanosine-diphosphate (GDP)
to guanosine-triphosphate (GTP) on a Ras-family protein, such as KRAS. Ras proteins are
binary molecular switches that are in an “on”-state when GTP is bound, and in an “off”-state
when GDP is bound. As small GTPases, they hydrolyze GTP to GDP, a process catalyzed by
GTPase activating proteins (GAPs). In the “on”-state, Ras proteins activate the kinase activity
of RAF protein. Through phosphorylation, MAPK kinase kinase (MAPKKK) activates MAPK
kinase (MAPKK), which activates MAPK, a process known as kinase cascade. MAPK then
phosphorylates downstream effectors in the nucleus which leads to the expression of target
genes that promote growth, proliferation, and survival (Roberts and Der, 2007). Oncogenic
mutations in Ras proteins cause a constitutive “on”-state by preventing the hydrolysis of GTP,
often by rendering them insensitive to GAPs (Riely et al., 2009).

TP53 is the most mutated gene in human cancer, including LUAD. TP53 pathway alterations
were observed in 63% of LUAD patients (Collisson et al., 2014). While TP53 has many
different roles, it is best known for its ability to promote cell cycle arrest and apoptosis. This
is crucial to ensure DNA damage repair, prevent mutations, and maintain genome stability.
Therefore, cancers with mutations in TP53 are often aneuploid and the genomic instability
promotes the accumulation of additional mutations, potentially accelerating tumor progression
and metastasis (Ciriello et al., 2013; McGranahan and Swanton, 2017). As a TF, TP53
regulates expression of numerous downstream genes by directly binding to DNA (Sullivan
et al., 2018).

Another frequently altered pathway is the intracellular phosphoinositide 3-kinase (PI3K)-
mammalian target of rapamycin (mTOR) pathway, that plays important roles in cell cycle
regulation. Although PI3K-mTOR pathway members, such as PIK3CA, were mutated in only

12



1 Introduction

7% of LUAD patients, the pathway was found to be activated in 25% of the cases (Collisson
et al., 2014). One possible explanation for this observed discrepancy is that PI3K can be
activated by Ras proteins. Indeed, there seems to be an evident synergy between PI3K-mTOR
activation and mutant KRAS (Engelman et al., 2008; Gupta et al., 2007; Yang and Weinberg,
2008). In short, when PI3K is active, it activates Akt through phosphorylation, which has
several downstream effects, such as the activation of mTOR.

A pathway that has recently received a lot of attention in the lung field is the Wnt-pathway.
Although this pathway is a well-described oncogenic pathway in other cancers such as colon
cancer, components of the Wnt-pathway are only rarely mutated in lung cancer (Fodde et al.,
2001; Collisson et al., 2014; Ding et al., 2008). However, studies have found that the Wnt
pathway is upregulated epigenetically in lung cancer, potentially through chronic exposure
to cigarette smoke (Mazieres et al., 2004; Vaz et al., 2017). Furthermore, Wnt signaling
mediates LUAD metastases and leads to more aggressive phenotypes when activated together
with KRAS G12D in the distal lung (Nguyen et al., 2009; Pacheco-Pinedo et al., 2011).
Indeed, there is accumulating evidence from LUAD cell lines and GEMMs that points out the
importance of Wnt signaling in lung cancer progression (Stewart, 2014). Recently, a Wnt
signal producing niche and a Wnt signal receiving cancer cell population were identified in the
KP mouse model and connected to LUAD progression (Tammela et al., 2017). Similar to the
MAPK pathway, the Wnt pathway communicates an external signal to the nucleus. When a
Wnt ligand binds to a receptor on the cell membrane, the complex that degrades the Wnt
mediator beta-catenin becomes disrupted. This allows accumulation of beta-catenin in the
cytoplasm and its translocation to the nucleus, where it recruits a transcriptional complex that
binds to DNA and alters gene expression of its downstream target genes (Duchartre et al.,
2016).

Nuclear factor kappa B (NF‐κB) is an important pathway in cancer biology because of its
roles in cell survival and proliferation. Although its pathway constituents are not frequently
mutated in LUAD (Collisson et al., 2014), NF‐κB has been found to be active in lung cancer
patients (Tang et al., 2006). The requirement for NF‐κB signaling in KRAS driven LUAD was
confirmed with cell lines and mouse models (Barbie et al., 2009; Bassères et al., 2010; Meylan
et al., 2009; Xue et al., 2011). NF‐κB is a dimeric TF with different subunit combinations,
most notably RelA/p65. In its inactive state, the complex is sequestered in the cytoplasm by
inhibiting proteins. Once activated, the complex relocates into the nucleus and binds DNA
directly to promote gene expression (Mitchell et al., 2016).
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1.2.5 The cell of origin of adenocarcinoma

The cell of origin of lung cancer is still a topic of investigation. While this question is difficult to
study in humans, there is emerging evidence from GEMMs that multiple cell types can progress
to LUAD given the right genetic drivers and conditions. In humans, several biomarkers have
been identified to distinguish LUAD from other lung cancer types. Many of these proteins, such
as Napsin-A, NKX2-1, SP-A1, or SP-H are also highly expressed by AT2 cells, the epithelial
stem cell in the alveoli (Jin et al., 2018; Ye et al., 2011; Zhan et al., 2015). Moreover,
AAH, the likely precursor lesions for LUAD, is usually located in the alveolar region. These
observations in human patients lead to the hypothesis that AT2 cells are a likely cell of origin
for LUAD. Recently, we analyzed two KRAS-driven patient stage IA tumors and matched
healthy tissue using scRNA-Seq. Although multiple epithelial lung cell types can be detected
with this method, only AT2 cells form a transcriptionally distinct cluster that is exclusively
made up of tumor cells, indicating that AT2 cells are the likely cell of origin (Dost et al.,
2020).

Investigation of the cell of origin of LUAD was also conducted in mouse studies. Expression
of KRAS G12D from the AT2 specific SPC promotor leads to the formation of adenomas
and LUAD in the alveolar region (Sutherland et al., 2014; Xu et al., 2012). Similar results
are achieved when Cre is expressed from the LysozymeM (Lyz2) locus, a gene only expressed
in mature AT2 cells (Desai et al., 2014). In another study, the researchers showed that
KRAS G12V induction leads to the formation of LUAD with high AT2 marker expression in
the alveolar region (Mainardi et al., 2014). The expression of oncogenic KRAS from cell
specific promotors of other lung epithelial cell types, or from a ubiquitous promotor, leads
to cell proliferation and pre-cancerous lesions throughout the lung; however, only alveolar
lesions progress to LUAD (Mainardi et al., 2014; Sutherland et al., 2014; Xu et al., 2012;
Desai et al., 2014). Finally, in an unbiased approach, we induced KRAS G12D using an
AdCMV-Cre virus and analyzed early lesions with scRNA-Seq. Similar to the observations in
the patient samples, only AT2 cells form a transcriptionally distinct cluster upon oncogenic
KRAS expression, making them a strong candidate for the cell of origin for LUAD (Dost et al.,
2020).
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1.2.6 Adenocarcinoma progression on molecular level

In a multitude of studies both in mice and humans, researchers have tried to define the molec-
ular drivers of LUAD tumorigenesis. Two important notions are now well established: First,
TFs that play important roles in developmental processes in the lung are also drivers of tumor
progression and metastasis. Second, a subset of LUAD cancer cells adapts transcriptional
programs of other cell types and organs, referred to as lineage infidelity.

About 75-85% of pulmonary LUAD stain positive for the lung lineage TF NKX2-1 (Stenhouse
et al., 2004; Kunii et al., 2011). Tumors that are negative for NKX2-1 often display areas
with poorly-differentiated cells and patients have a worse prognosis (Berghmans et al., 2006;
Barletta et al., 2009). Studies in the KP mouse model revealed that loss of NKX2-1 causes
an upregulation of HMGA2, a TF important during lung development but mostly absent
from healthy adult lung epithelial tissue (Winslow et al., 2011). Cells that stain negative for
NKX2-1 and positive for HMGA2 are mainly present in metastases and in late-stage metastatic
primary tumors. Interestingly, another study conducted in the K mouse model, which produces
less aggressive tumors, did not find an increase in HMGA2 expression after the deletion of
Nkx2-1 (Snyder et al., 2013). Instead, the oncogenic KRAS expressing cells lose their AT2
identity and adopt a gastric-like phenotype that resembles mucinous ADC, a rare subtype
of LUAD. Furthermore, there is no evidence for metastasis in the K model after Nkx2-1
deletion, indicating that additional factors such as HMGA2 are necessary to adopt a metastatic
phenotype.

The two SOX proteins determining proximal-distal lineage identities during lung development
have also been shown to play a role in LUAD progression. High expression of SOX9 is correlated
with higher stage, metastasis, and poor prognosis in LUAD patients (Zhou et al., 2012; Huang
et al., 2019). A recent scRNA-Seq study of human LUAD tumors found that SOX2 and SOX9
are highly expressed in local and distal metastases (Laughney et al., 2020). Although absent
from primary tumors on protein level, the authors found subsets of cells in primary tumors
that are transcriptionally similar to the metastatic cells. Furthermore, the study reported that
tumor cells co-express a variety of genes that are usually restricted to one cell type in the adult
lung, including club, basal, AT1, and AT2 genes, indicating lineage infidelity of cancer cells
(Laughney et al., 2020). Another recent scRNA-Seq study examined different time points of
tumor progression in the K and KP mouse models (Marjanovic et al., 2020). In this study,
the authors identified a high-plasticity cell state (HPCS) population that emerges about 12
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weeks after tumor initiation. They showed that this population can give rise to other cell
states, including cells that transcriptionally resembled gastric cells, embryonic liver cells, and
cells that undergo epithelial mesenchymal transition (EMT). Furthermore, they identified a
mixed AT1/AT2 cell state and hypothesize that this population emerged early during tumor
progression and gives rise to the HPCS cells (Marjanovic et al., 2020). In a parallel study,
single cell Assay for Transposase-Accessible Chromatin-sequencing (scATAC-Seq) was used to
determine epigenetic cell state transitions in the KP LUAD model (LaFave et al., 2020). They
observed that some cancer cells share open chromatin regions with both AT1 and AT2 cells,
providing further evidence for a bipotent cell state. Furthermore, they found that the loss of
lung identity and the emergence of a metastatic phenotype is accompanied by increased access
to the Runt Box 2 (RUNX2) TF site.

The majority of published studies focused on late-stage LUAD and the metastatic phenotype.
Unfortunately, much less is known about the early steps of tumorigenesis. In a recent study,
inspired by the work of this thesis, we looked at the early transcriptional changes in two KRAS-
driven LUAD stage IA patients with single cell resolution (Dost et al., 2020). Strikingly, the
data indicated that, even in early-stage tumors, AT2 lineage gene expression is decreased,
indicating that a loss of identity might occur earlier than previously thought. In the same
study, we showed a similar phenotype in the K mouse model. Our knowledge of the molecular
changes in early-stage lung cancer is still in its infancy; however, new technologies such as
scRNA-Seq and organoid cultures will facilitate the study of this important field in future.

1.3 Organoids

Organoids have rightly received increasing attention in the past decade. Their astounding
resemblance to in vivo processes has made them an important tool for a wide range of basic
research and clinical applications. The term organoid was used in several different contexts
throughout the last century. During the 1950s and ‘60s, it was often used to describe intra-
cellular structures, also referred to as organelles, or in the context of tumors and abnormal cell
growth of the skin, termed organoid nevus (Smith and Cochrane, 1946; Mehregan and Pinkus,
1965). However, starting in the ‘80s, the term increasingly described three-dimensional (3D)
aggregates of normal or cancerous tissue in vitro. The growth of cells in three dimensions was
facilitated by work on the extracellular matrix (ECM) in the ‘60s and ‘70s, when a gel-like
substance rich in laminin, collagen, and other ECM proteins was isolated from chondrosarco-
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mas (Swarm, 1963). Similar basement membrane matrices are now commercially available,
such as a product called Matrigel (Kleinman and Martin, 2005). The meaning of the term
organoid as we use it today was redefined in 2009, when Sato et al. showed that a single
adult intestinal stem cell plated in Matrigel is able to self-organize into intestinal crypt–villus
units that expand into organoids. Because of the resemblance of these organoids to the in-
testinal structure, they are commonly referred to as “mini guts” (Sato et al., 2009). Although
the field has not decided on one definition, it is mostly understood that organoids consist of
several organ-specific cell types that derive from a stem or progenitor cell, that self-organizes
through cell sorting and spatially restricted lineage commitment (Clevers, 2016; Eiraku and
Sasai, 2012; Lancaster and Knoblich, 2014).

1.3.1 Advantages of organoid research

There is a variety of applications for organoids, ranging from studying very basic questions of
stem cell and developmental biology, various diseases including cancer, or testing drug response
as part of a personalized medicine approach. In many ways, organoids build a bridge between
two dimensional (2D) in vitro studies and in vivo animal studies, as well as between animal
studies and human studies (figure 6).

The first bridge can be explained with the example of cancer, a complex disease that has
been studied for a long time. The availability of cancer cell lines and other in vitro cancer
models has come a long way since the establishment of the first cancer cell line in 1951, the
HeLa cell line (Beskow, 2016). Cancer cells grown in 2D cultures are easy to maintain and
manipulate, and can therefore be used in high-throughput assays. Cell lines greatly advanced
our understanding of cancer; however, their establishment is difficult and they often fail to
recapitulate in vivo processes. Because there is no limit to their growth, cancer cell lines
have often been cultured and passaged for years. Due to the unstable nature of cancer cell
genomes, mutations occur, and fast-growing clones get selected for. Studies have shown that
the same cell line cultured in different labs has vastly different properties and drug responses,
questioning the reproducibility of studies conducted with cancer cell lines (Ben-David et al.,
2018; Liu et al., 2019b). Furthermore, cell signaling, metabolism, cell-cell interactions, and
cell-ECM interactions more closely resemble physiological processes when cells are grown in a
3D ECM scaffold (Lee et al., 2007; Mazzocchi et al., 2019; Mazzoleni et al., 2009; Pickl and
Ries, 2009). Before the advance of 3D organoid cultures, animal models were the only way to
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Figure 6: Comparison of 2D cell cultures, mouse models, and organoids
(A) Organoids represent bridge between 2D cell cultures and mouse models, and between mouse
models and humans. (B) Tabular comparison of features of 2D cell cultures, mouse models, and
organoids. Green = best, yellow = in between, red = worst.

study many of those relevant processes. However, mouse models are difficult to establish and
costly, and are unsuitable for high-throughput screenings. Organoid cultures maintain some
physiological complexity, are easier to establish, maintain, and manipulate than animal models,
and are partially suitable for high- throughput applications. Therefore, organoids bridge 2D
cell lines and in vivo animal models (figure 6).

The second bridge they represent is more obvious. Even though animal models such as GEMMs
are invaluable tools for our understanding of physiological processes, they often lack in recapit-
ulating human physiology. This is especially evident in the field of stem cell and developmental
biology. For instance, the alveolarization process in the lungs takes place post-natally in mice,
while it starts around week 36 of gestation in humans (Silva et al., 2015). Furthermore, stem
cell and progenitor populations differ between mice and humans, often questioning the human
relevance of findings in mouse models (Chen and Fine, 2016; Nikolić et al., 2017). Moreover,
conditions for culturing human stem cells differ from mouse cultures, indicating that signals
necessary to maintain stem cells can be species dependent (Kim et al., 2020). Therefore,
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being able to study biological processes with human cell-derived organoids, in a physiologically
relevant context that can also be manipulated, bridges the gap between in vivo animal models
and human studies (figure 6).

1.3.2 Organoids in stem cell and developmental biology

Since the groundbreaking work of Sato et al., many groups have optimized culture conditions
for organoids derived from adult stem cells of numerous tissues, including stomach, colon,
pancreas, liver, prostate, lung, and others (Barker et al., 2010; Sato et al., 2011; Huch et al.,
2013a,b; Chua et al., 2014; Karthaus et al., 2014; Lee et al., 2014; Rock et al., 2009). Not
only adult stem or progenitor cells can serve as cell of origin for organoids, but also tissue
fragments, induced pluripotent stem cells, or embryonic pluripotent stem cells (Nikolić et al.,
2017; Kurmann et al., 2015; Takebe et al., 2013; Wong et al., 2012; Eiraku et al., 2011;
McCracken et al., 2014; Nakano et al., 2012). In the stem cell field, one of the questions that
researchers have pursued for a long time is how stem cells self-organize into complex structures
through differentiation, proliferation, and signaling. This is relevant during embryogenesis and
development, but also in adult organisms. The natural turn-over of cells in tissues, but also the
repair of injuries, involve stem or progenitor cells. Being able to study these processes in a 3D
in vitro system has greatly advanced our understanding of the underlying intrinsic and extrinsic
signals involved. One impressive example of the power of organoids is the generation of cerebral
organoids, or “mini brains”. Lancaster et al. described in 2013 how human pluripotent stem
cells self-organize into cerebral organoid structures that have an astounding resemblance to
the developing brain and display neural activity (Lancaster et al., 2013). A subsequent study
compared the transcriptional landscape of cerebral organoids to fetal neocortex using scRNA-
Seq and found that the genetic programs are very similar (Camp et al., 2015). This is only one
of many examples that highlights the utility of organoids to study developmental processes in
vitro.

The lung field has used organoids to study stem cell behavior for over a decade. Basal cell-
derived organoids, sometimes termed tracheospheres or bronchospheres, depending on the
origin tissue, can be grown both from mice and humans (Rock et al., 2009; Barkauskas et al.,
2013; Tata et al., 2013; Danahay et al., 2015). Club cells and BASCs can also be grown
in organoid culture; however, they require a co-culture with supporting stromal cells to grow
(McQualter et al., 2010; Chen et al., 2012; Lee et al., 2014). Until very recently, this was also
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true for AT2-derived organoids, often called alveolospheres or alveolar organoids. Different
stromal cell types can be used for the organoid co-cultures, including fibroblasts, endothelial
cells, and macrophages (Chen et al., 2012; Barkauskas et al., 2013; Lee et al., 2014; Lechner
et al., 2017). However, in the past couple of years, stromal-free culture conditions have been
described for murine and human AT2-derived organoids (Weiner et al., 2019; Choi et al., 2020;
Katsura et al., 2020; Salahudeen et al., 2020). This was only possible through careful analysis
of the signals and growth factors important for AT2 cell maintenance, discussed in detail in
section 1.1.2.

1.3.3 Animal model-derived and in vitro engineered cancer organoids

There are two general approaches to generate murine cancer organoids. The first strategy is
a holistic approach: Tumors are induced in GEMMs, and tumor cells are isolated from the
in vivo tumors and cultured in 3D conditions (figure 7). This has been done for multiple
cancer types, including intestinal cancer, pancreatic cancer, breast cancer, prostate cancer,
and others (Sato et al., 2011; Boj et al., 2015; Duarte et al., 2018; Wadosky et al., 2019).
While these studies deliver insights about tumor progression, niche requirements, signaling, or
drug responses, tumor initiation and early steps of tumor progression take place in vivo and
can therefore not be modeled in vitro using this strategy.

To overcome those limitations, some labs have started using a reductionist approach: Cancer
organoids are engineered by isolating the cell of origin and introducing transforming mutations
in vitro (figure 7). The requirements for this approach are that the cell of origin of the cancer
is known and can be isolated, and that gene alterations can be introduced in vitro using
inducible alleles or gene editing techniques. In one study, Li et al. made use of the already
existing Cre inducible K, P, and KP mouse models. The researchers used the GEMMs to
isolated the cells of origin for pancreatic and gastric cancer, and infected the cells with a Cre-
expressing adenovirus in vitro, before plating them in 3D culture (Li et al., 2014). In both cases,
they found that the resulting organoids exhibit dysplasia and form ADCs when transplanted
subcutaneously. Furthermore, to generate colorectal cancer (CRC) organoids, they isolated
the cell of origin from Apcfl/fl; villin-CreER mice and induced Cre expression by treating
the cells with tamoxifen in vitro. Because CRC requires multiple hits in tumor suppressors
and oncogenes, the authors then infected the Apc deleted cells with retroviruses encoding
Kras G12D, and/or small hairpin ribonucleic acid (shRNAs) for p53 and Smad4 (Fearon and
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Figure 7: Holistic and reductionist approaches to obtain cancer organoids
In the holistic approach, tumor cells are isolated from an in vivo tumor and cultured as cancer
organoids. In the reductionist approach, a healthy cell of origin is isolated and transforming mutations
are introduced in vitro. The mutated cells are then cultured as cancer organoids. The schematic
shows the lung as the origin for the cells, but this approach can be applied to any organ. Furthermore,
cells can come from humans, mice, or other species.

Vogelstein, 1990). They found that different combinations of those gene alterations result in
different degrees of transformation, with the 4-gene module resulting in severe colorectal ADC
(Li et al., 2014). In this study, the authors used a combination of Cre dependent GEMMs
and shRNAs to engineer cancer organoids in vitro. Another widely used gene editing tool is
the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9) system. In 2015, two groups used CRISPR/Cas9 to sequentially alter the
same genes used in the previous study to generate CRC organoids (Drost et al., 2015; Matano
et al., 2015). Because CRISPR/Cas9 is less efficient than Cre or shRNA mediated gene editing,
the groups used different culturing conditions between the editing steps to select for cells that
have successfully integrated the gene alterations. Both groups came to similar conclusions as
Li et al.; however, their approach did not require a specific GEMM. In theory, CRISPR/Cas9
or other gene editing technologies can be used to introduce any gene alteration to engineer
cancer organoids in vitro, as long as the cell of origin can be isolated. Similar approaches
were used to model brain cancer in cerebral organoids, introducing as many as 18 single
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gene alterations and 15 common combinations observed in brain tumors, bladder cancer in
urothelial organoids, and others (Bian et al., 2018; Mullenders et al., 2019). In the lung field,
it was demonstrated that multiple lung epithelial cells can survive adenovirus mediated in vitro
induction of KRAS G12D in organoid cultures (Zhang et al., 2017a). However, no further
studies were done to characterize in vitro engineered lung cancer organoids.

1.3.4 Patient-derived cancer organoids and personalized medicine

Patient-derived organoids (PDOs) are 3D cultures of tumor cells or normal cells from patient
biopsies or resected primary or metastatic tumors that grow in organoid culture indefinitely and
can be established with high success rates. In the last years, protocols to establish PDOs have
been published for a variety of cancer types, including colon cancer, CRC, prostate cancer,
pancreatic cancer, glioblastoma, gastrointestinal cancer, lung cancer, and others (Sato et al.,
2011; Fujii et al., 2016; Kondo et al., 2011; Weeber et al., 2015; Gao et al., 2014; Boj et al.,
2015; Hubert et al., 2016; Vlachogiannis et al., 2018; Kim et al., 2019; Sachs et al., 2019).
Almost all studies showed that PDOs derived from tumors maintain the heterogeneity, genetic
profile, and histological features of the original tumor. Furthermore, there is accumulating
evidence that PDOs can predict patient responses to drug therapy, an important step towards
personalized medicine. For instance, one recent study tested chemotherapeutic and targeted
agents on PDOs derived from metastatic gastrointestinal cancer and compared the results
with the patient responses. They found a striking 88% positive predictive value (prediction
that a drug will work) and a 100% negative predictive value (prediction that a drug will fail)
(Vlachogiannis et al., 2018). Many other groups have published promising data indicating
that the predictive value of PDOs is indeed very high. In the case of lung cancer, two groups
reported in 2019 that PDOs from primary and metastatic lung cancer responds to different
targeted agents in line with their mutational backgrounds (Kim et al., 2019; Sachs et al.,
2019).

Because of the overall promising results using PDOs, researchers have started to generate
living organoid biobanks, large collections of PDOs that are characterized genetically and
histologically. In 2015, Van De Wetering et al. established such a biobank from 20 CRC
patients. The organoids closely resemble the tumor they were derived from and genetic changes
were similar to previously published mutational analyses of this type of tumor (Van De Wetering
et al., 2015). Another example is a biobank of >100 breast cancer organoid lines derived from

22



1 Introduction

primary and metastatic tumors, matching the histopathology and the receptor status of the
original tumor (Sachs et al., 2018). More organoid biobanks from a variety of cancer types
are becoming available, including gastric cancer, bladder cancer, and others (Yan et al., 2018;
Lee et al., 2018; Pauli et al., 2017; Schutgens and Clevers, 2020).

1.3.5 Other applications of organoids

One of the first clinical applications for PDOs was in the context of the hereditary monogenetic
disease cystic fibrosis (CF) (Riordan et al., 1989). CF is caused by a defect in a chloride channel
gene, which leads to thickening of mucus in the digestive system and the lungs (Guggino and
Banks-Schlegel, 2004). In 2013, Dekkers et al. developed an assay to facilitate diagnosis
and personalized medicine approaches in CF using intestinal organoids (Dekkers et al., 2013).
Indeed, this assay predicts patient drug responses with high accuracy and is now implemented in
clinical diagnostics in the Netherlands (Berkers et al., 2019). Other congenital conditions that
were studied using PDOs include primary microcephaly and idiopathic autism spectrum disorder
in cerebral organoids, α1-antitrypsin deficiency and Alagille syndrome in liver organoids, and
more (Lancaster et al., 2013; Mariani et al., 2015; Huch et al., 2015).

Another field of study that benefits from organoid technology is the field of infectious diseases.
Many studies have shown that organoid responses to pathogens are similar to in vivo responses.
Gastric organoids have been used to study infections of Helicobacter pylori (Bartfeld et al.,
2015; McCracken et al., 2014); cerebral organoids for Zika virus infections with initial reports
published merely three months after it was declared a global health emergency by the WHO
(Cugola et al., 2016; Garcez et al., 2016; Qian et al., 2016); intestinal and lung organoids to
model SARS-CoV-2 infections with first reports published only four months after the WHO
declared it a pandemic (Lamers et al., 2020; Katsura et al., 2020).

Highlighting the diversity of organoid applications, a study from 2020 described the first
organoids derived from venom gland cells from nine different snake species, the first reptilian
tissue derived organoids (Post et al., 2020). These long-term organoid cultures allow for
harvesting of snake venom components, facilitating the study of new therapies to treat snake
bites.
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1.3.6 Limitations and perspective of organoid research

Organoids have already proven to be a useful tool to study stem and developmental biology,
cancer, hereditary diseases, infectious diseases, and more. PDOs are starting to be imple-
mented in clinical practices, a hopeful step towards personalized medicine. Living biobanks
containing PDOs derived from both cancerous tissue and matched healthy tissue can help
select effective treatments that are not toxic to healthy cells, an important consideration when
choosing a therapy. However, despite these promising advances the organoid field still stands
at the very beginning and has limitations that need to be considered.

Most organoid conditions that are currently used allow for the growth of epithelial cells in
an ECM scaffold without other supporting cells present. While these well-defined cultures
allow for precise manipulation using growth factors or small molecules, important information
gets lost because of the absence of other cell types that make up blood vessels, nerves, the
immune system, or other stromal niches. Especially the lack of vascularization greatly limits
the size that organoids can reach because nutrients can not enter the inside of large organoids
efficiently and cells at the center become necrotic. In the brain organoid field, researchers
partially overcame this issue by growing organoids in spinning bioreactors. Due to the forced
movement of the media, nutrients reach the center of the organoids more easily and necrosis
can be avoided (Lancaster et al., 2013). However, this system is very costly and not an option
for less well funded labs. To overcome this issue with other strategies, there are efforts to
implement co-cultures of epithelial cells and supporting stromal cells. For instance, in 2017,
two groups added neural crest cells to their intestinal organoid cultures to model a functional
intestinal enteric nervous system (Schlieve et al., 2017; Workman et al., 2017). In the lung
field, different types of lung organoids have been successfully cultured with endothelial cells,
fibroblasts, and macrophages (Lee et al., 2014; Barkauskas et al., 2013; Lechner et al., 2017).

Another limitation important for efficient drug testing in organoids is their scalability. 3D
cultures are more expensive and time consuming than 2D cultures, and the use of animal-
based ECM might lead to batch variations and concerns regarding reproducibility (Yin et al.,
2016). The optimization of organoid drug screening platforms in terms of robustness and
sensitivity is therefore crucial in order to eventually implement these practices in clinics.

Despite these limitations, organoid technology is on the track of being a widely used tool both
in basic research and clinical contexts. Complementary to already existing models, organoids
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build a valuable bridge between 2D cultures and animal models, but also between animal
models and human patients. With rapidly evolving culturing conditions, the emergence of
co-cultures of different cell types, and the optimization of gene editing technologies, organoid
technology holds great future promise for drug testing, disease modeling, and personalized
medicine.

1.4 Aim and objectives of the work

KRAS-driven lung cancer is a common and deadly disease with no approved targeted therapies.
The effect of oncogenic KRAS expression on primary epithelial cells is not well understood.
Organoids are a promising new tool to study KRAS-driven tumorigenesis; however, current
lung cancer organoid models are derived from already existing tumors, a strategy that does not
allow for analysis of the early steps of cancer progression. With this work, I took a reductionist
approach to establish a new LUAD organoid model to elucidate the transcriptional signals that
lead to cancer progression in vitro. I used this new tool to study all steps of cancer progression,
starting with the transformation of the cell of origin. This approach allowed for the study of
basic biology questions, revealed transcriptional vulnerabilities of cancer cells, and provided a
tool to test new drug targets.

Firstly, I generated and characterize cancer organoids and compared them to healthy counter-
parts. Organoids were derived from murine AT2 cells, the cell of origin of LUAD. I induced
the transforming Kras G12D and Tp53 mutations in vitro. Organoid cultures were analyzed
for hallmarks of cancer, such as pleomorphic features and increased proliferation. To test if
the in vitro transformed cells could initiate and propagate tumors in vivo, I transplanted them
orthotopically. This establishment of a new cancer organoid tool allowed for further study of
cancer cell biology (figure 8).

Secondly, I used the newly established cancer organoids to study the transcriptional landscape
of KRAS G12D-driven cancer cells shortly after oncogene activation. This single oncogene-
driven phenotype allowed for the study of genes that are important in early tumorigenesis,
an understudied area of research with great promise. The analysis of transcriptional changes
with single cell resolution allowed me to reveal heterogeneity in cell populations, an important
consideration when studying cancer. With this approach, transcriptional vulnerabilities of the
cancer cells were revealed and new potential targets were tested (figure 8).
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Lastly, I expanded the single cell transcriptional investigation to a time course analysis of
healthy and cancerous organoid cells, driven by KRAS G12D and loss of TP53. Understanding
the progression of healthy alveolar organoids helped me point out differences to the progression
of cancer organoids over time. With this time course approach, cell trajectories could be
directly compared and the transcriptional drivers underlying organoid progression were revealed,
allowing for the identification of new cancer cell vulnerabilities (figure 8).

+KRAS
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1. Development and characterization of a new
lung cancer organoid model derived from murine
AT2 cells

2. Transcriptional analysis of KRAS-driven early-
stage cancer cell states in organoid culture

3. Transcriptional time course analysis of cell
progression and trajectories of alveolar and
cancer cells over time

time in organoid culture

Figure 8: Schematic overview of objectives
Overview of the objectives of this thesis, divided into three parts. AT2=alveolar type 2 cell. Red
cells indicate transformed cancer cells. Organoids made up of blue cells represent alveolar organoids,
while red organoids represent cancer organoids. Questionmarks indicate unknown cell states that
were explored in this thesis.
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2.1 Mouse strains

Table 1
Mouse strain Source
Gt(ROSA)26Sortm1(EY F P )Cos The Jackson Laboratory; Cat#006148
Hsd:Athymic Nude-Foxn1nu ENVIGO; Cat#6903F
KrasLSL−G12D/+ Jackson et al. (2001)
KrasLSL−G12D/+; p53fl/fl Jackson et al. (2005)

2.2 Virus strains

Table 2
Virus strain Company and Identifier
AdCMV-Cre Viral Vector Core University of Iowa; Lot: Ad4117; Cat#VVC-U of

Iowa-5
AdCMV-Empty Viral Vector Core University of Iowa; Lot:Ad4154; Cat#VVC-U of

Iowa-272

2.3 Antibodies and dyes

Table 3
Antibody or dye Company and Identifier
4�,6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich; Cat#D9542
Donkey anti-goat Alexa Fluor 488 Invitrogen; RRID:AB_2534102;

Cat#A-11055
Donkey anti-goat Alexa Fluor 647 Invitrogen; RRID:AB_141844;

Cat#A-21447
Donkey anti-mouse Alexa Fluor 647 Invitrogen; RRID:AB_162542;

Cat#A-31571
Donkey anti-rabbit Alexa Fluor 488 Invitrogen; RRID:AB_141708;

Cat#A-21206
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Donkey anti-rabbit Alexa Fluor 594 Invitrogen; RRID:AB_141637;
Cat#A-21207

Donkey anti-rat Alexa 594 Invitrogen; RRID:AB_2535795;
Cat#A-21209

Goat polyclonal anti-GFP (YFP) Abcam; RRID:AB_305643; Cat#ab6673
Mouse monoclonal anti-E-Cadherin BD Biosciences; RRID:AB_397580;

Cat#610181
Mouse monoclonal anti-Hmga2 [GT763] GeneTex; Cat#GTX629478
Rabbit monoclonal anti-SP-C [EPR19839] Abcam; Cat#ab211326
Rabbit monoclonal anti-TTF1 (Nkx2-1)
[8G7G3/1]

Abcam; RRID:AB_1310784; Cat#ab76013

Rabbit monoclonal anti-Vimentin Abcam; RRID:AB_10562134;
Cat#ab92547

Rat monoclonal anti-CD31 APC [MEC
13.3, BD]

Thermo Fisher Scientific; Cat#
BDB551262

Rat monoclonal anti-CD326 (EP-CAM)
PE/Cy7 [G8.8]

BioLegend; RRID:AB_1236471;
Cat#118216

Rat monoclonal anti-CD45 APC [30-F11,
BD]

Thermo Fisher Scientific; Cat#BDB559864

Rat monoclonal anti-Ki67 [SolA15] Thermo Fisher Scientific;
RRID:AB_10854564; Cat#14-5698-82

Rat monoclonal anti-Ly-6A/E (Sca1)
APC/Cy7 [D7]

Thermo Fisher Scientific;
RRID:AB_1727552; Cat#560654

2.4 Chemicals, reagents, consumables, enzymes, media components

Table 4
Product Company and Identifier
Basic fibroblast growth factor (bFGF) R+D Systems; Cat#3139-FB/CF
Bleomycin Sulfate Sigma-Aldrich; Cat#B2434
Bovine pituitary extract Invitrogen; Cat#13028-014
Cell Strainer, 40 µm Fisher Scientific; Cat#352340
Cell Strainer, 100 µm Fisher Scientific; Cat#352360
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Cholera Toxin Sigma-Aldrich; Cat#C8052
Citrate-based antigen unmasking solution Vector Laboratories; Cat#H-3300-250
Collagenase/Dispase Roche; Cat#10269638001
Dispase Corning; Cat#CB-40235
DMEM-Ham’s F12 Thermo Fisher Scientific; Cat#11330032
DNAse Sigma-Aldrich; Cat#D4527
EGF Invitrogen; Cat#53003-018
Fetal Bovine Serum (FBS) Corning; Cat#35-016-CV
Formalin, 10% neutralized buffer Thermo Fisher Scientific; Cat#23245685
Growth factor reduced (GFR) Matrigel Corning; Cat#356231
Hepes Invitrogen; Cat#15630-080
HistoGel™ Thermo Fisher Scientific; Cat#

HG-4000-012
Hoechst 33342 Thermo Fisher Scientific; Cat#62249
Insulin Sigma Aldrich; Cat#I3146
Insulin/transferrin/selenium VWR; Cat#45001-090
L-glutamine Thermo Fisher Scientific; Cat#25030149
LysoTracker™-Red DND-99 Invitrogen; Cat#L7528
Penicillin-streptomycin Invitrogen; Cat#15140122
Transwell, 24-well plate format Corning; Cat#3470
Transwell, 96-well plate format Corning; Cat#7369
Tribromoethanol (Avertin) Sigma-Aldrich; Cat#T48402
Trypsin EDTA, 0.25% Invitrogen; Cat#25200072

2.5 Small molecules

Table 5
Small molecule Company and Identifier
ALW-II-41-27 MedChemExpress; Cat#HY-18007
GSTO1-IN-1 MedChemExpress; Cat#HY-111530
Talniflumate Sigma-Aldrich; Cat#SML1710
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2.6 Critical Commercial Assays

Table 6
Critical commercial assay Company and Identifier
Apsolutely RNA Microprep kit Agilent Technology; Cat#400805
Chromium™i7 Multiplex Kit, 96 rxns 10X Genomics; Cat#120262
Chromium™Single Cell 3’ Library + Gel
Bead Kit v2, 16 rxns

10X Genomics; Cat#120237

Chromium™Single Cell A Chip Kit, 48 rxns 10X Genomics; Cat#120236
KAPA Library Quantification Kit Roche; Cat#07960140001
Qubit™dsDNA HS assay kit Invitrogen; Cat#Q32851

2.7 Software and Algorithms

Table 7
Software or Algorithm Source
CellRanger 3.0.0 10x Genomics;

https://support.10xgenomics.com/single-cell-gene-
expression/software/pipelines/latest/installation

Enrichr in gseapy 0.9.13 Kuleshov et al. (2016); https://github.com/zq-
fang/GSEApy/blob/master/docs/index.rst

FACSDiva™version v9.0 Becton and Dickinson
FlowJo version 10.5.3 Becton, Dickinson + Company;

https://www.flowjo.com/
GraphPad Prism for MacOS
version 8.2.1

GraphPad Software;
https://www.graphpad.com/scientific-software/prism/

ImageJ Schneider et al. (2012); https://imagej.nih.gov/ij/
Markov Affinity-based Graph
Imputation of Cells (MAGIC)
1.5.5

van Dijk et al. (2018);
https://github.com/KrishnaswamyLab/MAGIC

Matplotlib 3.0.2 Hunter (2007); https://matplotlib.org/index.html
1.4.4 Wolf et al. (2018); https://github.com/theislab/scanpy
scVelo 0.1.25 Theis lab; https://github.com/theislab/scvelo
Seaborn 0.9.0 https://seaborn.pydata.org/#
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VDisseelocyto 0.17.16 Theis lab; https://github.com/theislab/scvelo
VIPER snakemake pipeline Cornwell et al. (2018)

2.8 Equipment

Table 8
Equipment Company
10X Chromium Controller 10X Genomics, Pleasanton, CA, USA
FACSAria II Becton Dickinson, Franklin Lakes, NJ, USA
Evos™ FL Auto 2 imaging system Thermo Fisher Scientific, Waltham, MA,

USA
Illumina NextSeq500 Illumina, San Diego, CA, USA
LSR II Flow Cytometer Becton Dickinson, Franklin Lakes, NJ, USA
Nikon eclipse 90i digital microscope Nikon, Tokyo, Japan
Tapestation 2200 Agilent, Santa Clara, CA, USA
Qubit Fluorometric Quantification Thermo Fisher Scientific, Waltham, MA,

USA
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3 Methods

3.1 Mouse work

3.1.1 Mouse husbandry

KrasLSL−G12D/+ (K) and KrasLSL−G12D/+; Trp53fl/fl (KP) mice were crossed to Rosa26 LSL-
YFP mice to obtain KrasLSL−G12D/+; Rosa26 LSL-YFP (KY) and KrasLSL−G12D/+; Trp53fl/fl;
Rosa26 LSL-YFP (KPY) strains. Rosa26 LSL-YFP (Y) littermates of KY mice were used as a
control. Mice were maintained in virus-free conditions. All mouse experiments were approved
by the Boston Children’s Hospital Animal Care and Use Committee, accredited by the Asso-
ciation for Assessment and Accreditation of Laboratory Animal Care International, and were
performed in accordance with relevant institutional and national guidelines and regulations.

3.1.2 Preparation of murine lung tissue

To dissect lung tissue, mice were anesthetized with tribromoethanol (Avertin), the rib cage
was opened, and the lungs were perfused by administering 10 ml phosphate-buffered saline
(PBS) into the right heart ventricle. Lungs were inflated by injecting 2 ml dispase (Corning)
through the trachea. Then, inflated lungs were dissected out of the mouse. Working on ice,
single lobes were separated from the trachea, bronchi, and remaining connective tissue. The
lung lobes were minced using scissors, and incubated in 3 ml PBS per lung containing 25 U/ml
DNAse (Sigma Aldrich) and 2 mg/ml collagenase/dispase (Roche) for 45 min at 37 ◦C while
rotating. After the incubation, the tissue was filtered through 100 µm and 40 µm cell strainers
(Fisher Scientific), and the flow-through was centrifuged for 5 min, at 1000 rpm and 4 ◦C. The
supernatant was discarded and the pelleted cells were resuspended in red blood cell lysis buffer
(0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) for 105 sec. The reaction was quenched
with DMEM-Ham’s F-12 (Gibco), cells were spun down 5 min at 1000 rpm and 4 ◦C, and
finally resuspended in PBS containing 10% FBS (PF10) at 1 million cells per 100 µl.

3.1.3 Obtaining primary lung AT2 cells with fluorescence-activated cell sorting

After obtaining single cell suspensions from murine lungs as described in section 3.1.2, AT2
cells were isolated using fluorescence-activated cell sorting (FACS). For staining, cells were in-
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cubated on ice at a concentration of 10 Mio cells per ml for a duration of 10 min with 1 µg/ml
4’,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) as a viability dye and a combination of
the following antibodies: anti-CD31-APC, anti-CD45-APC, anti-Ly6A/E-APC/Cy7 (stem cell
antigen 1; SCA1) (all Thermo Fisher Scientific), and anti-CD326-PE/Cy7 (EPCAM; Biole-
gend) (1:100 dilutions for all antibodies). Single antibody staining controls and fluorophore
minus one (FMO) controls were included for each experiment. FACS was performed on a
FACSAria II with BD FACSDiva™ software, and subsequent analysis was done with FlowJo
software.

3.1.4 Intratracheal transplantation of organoid-derived cells

For organoid transplantation studies, 8-10 weeks old athymic nude mice were used as re-
cipients. To facilitate cell engraftment, the lungs of the mice were injected with 1.5 U/kg
bleomycin sulfate (Sigma-Aldrich) intratracheally one day before transplantation. For trans-
plantation assays, single cell suspensions were obtained from 14 - 21 days old organoid cultures
as described in section 3.2.3. To ensure administration of equal cell numbers across samples,
YFP+ cells were counted under a fluorescence microscope and 33,000 - 130,000 YFP+ cells
in a volume of 45 µl PBS were injected into the lungs of the recipient mice through the tra-
chea, as described elsewhere (DuPage et al., 2009). For Y-CRE, KY-CRE, KPY-CRE derived
cells the numbers of mice transplanted were 4, 6, and 4, respectively. After four weeks, mice
were sacrificed, and lungs were fixed by administering 10% neutral-buffered formalin (Thermo
Fisher Scientific) intratracheally. Fixed lungs were then embedded in paraffin and stained with
hematoxylin and eosin (H+E). Histological evaluation was performed by the histopathologist
Dr. Roderick Bronson at the Rodent Histopathology core at Harvard Medical School.

3.1.5 In vivo induction and preparation of tumors in the KY mouse model

The GEMM work presented in this thesis was done by Dr. Aaron Moye and detailed methods
can be found in Dost et al. (2020). Briefly, to induce tumors, eight-week-old KY mice were
infected with 2.5x107 particle forming units (PFU) AdCMV-Cre virus by intratracheal instil-
lation as described elsewhere (DuPage et al., 2009). A 1:1 ratio of male and female mice
was used. After seven weeks, lungs were dissected as described in section 3.1.2 and tissue
was prepared for FACS as described in section 3.1.3. DAPI-/CD31-/CD45-/EPCAM+/YFP-
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control cells and DAPI-/CD31-/CD45-/EPCAM+/YFP+ KRAS G12D expressing cells were
sorted and processed for scRNA-Seq.

3.2 Organoid work

3.2.1 In vitro induction of AT2 cells with subsequent organoid culture

FACS isolated murine lung CD31-/CD45-/EPCAM+/SCA1- cells (see sections 3.1.2 and 3.1.3)
were, dependent on the experiment, split into equal aliquots, or not split, and spun down for
12 sec at 12,000g. The cell pellet was resuspended in 100 µl MTEC+ media (table 9)
containing 6 × 107 PFU/ml of AdCMV-Cre or Ad5CMV-Empty adenovirus, or no virus in
100 µl per 100,000 cells. It followed an incubation step of 1 h at 37 ◦C and 5% CO2 in
tubes. After incubation, cells were pelleted for 12 sec at 12,000g and resuspended in PBS.
This step was repeated twice more for a total of three washing steps. Live cells were counted
using tryptan blue dye to stain dead cells, pelleted for 12 sec at 12,000g, and resuspended
in 3D media (table 9) at a concentration of 5,000 live cells per 50 µl. As supporting cells,
neonatal mesenchymal cells were isolated from mice as described elsewhere, and cultured in
2D conditions for 5-6 passages (Lee et al., 2014). At the day of the organoid culture set-up,
the supporting mesenchymal cells were trypsinized from the plate, spun down for 5 min at
1,000 rpm and resuspended in growth factor reduced (GFR) Matrigel at a concentration of
50,000 cells per 50 µl. The cells resuspended in 3D media and the supporting mesenchymal
cells in GFR Matrigel were mixed in equal volumes and 100 µl of the cell mix was pipetted
onto the membrane of a transwell (24-well-plate format, Corning). To let the Matrigel solidify,
transwell plates were incubated for 20 min at 37 ◦C and 5% CO2. Lastly, 500 µl of 3D media
was added to the bottom of the transwell-containing well, and the media was changed every
two to three days.
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Table 9
MTEC+ media 3D media

DMEM-Ham’s F-12 DMEM-Ham’s F-12
10% FBS 10% FBS

4 mM L-glutamine 4 mM L-glutamine
1x penicillin/streptomycin 1x penicillin/streptomycin

5 µg/ml ITS 5 µg/mL ITS
10 µg/ml insulin 1 µM HEPES

0.1 µg/ml cholera toxin
25 ng/ml EGF
25 ng/ml bFGF

30 µg/ml bovine pituitary extract

3.2.2 Staining of tissue slides from organoid cultures

To fix organoid cultures, transwells were submerged in 10% neutral-buffered formalin overnight
at room temperature. The next day, transwells were rinsed with PBS and the Matrigel plug
was removed from the transwell and immobilized by embedding it first in HistoGel™ (Thermo
Fisher Scientific), then in paraffin. Paraffin blocks were cut into sections (5 µm) and adhered
to glass slides. To prepare the slides for staining, they were deparaffinized using xylene,
and rehydrated using 100%, 95%, and 70% ethanol successively. Slides were then stained
with H+E, or further processed for immunofluorescence (IF) staining. Antigen retrieval was
achieved by incubating slides in citrate-based antigen unmasking solution (Vector Laboratories)
for 20 min at 95 ◦C. It followed three washing and permeabilization steps with PBS containing
0.2% Triton-X (PBS-T). For blocking, slides were incubated for 1 h at room temperature
using 10% normal donkey serum. Slides were then incubated in a humidified chamber at
4 ◦C overnight with a combination of antibodies for KI67 (EBioscience, 1:100), YFP (Abcam,
1:400), SPC (Abcam, 1:1,000), NKX2-1 (Abcam, 1:250), HMGA2 (GeneTex, 1:200), Vimentin
(Abcam, 1:250), and E-Cadherin (BD Biosciences, 1:100). After three more washing steps
with PBS-T, secondary antibodies were added and included donkey anti-rat Alexa 594, donkey
anti-goat Alexa 488/647, donkey anti-rabbit Alexa 488/594, donkey anti-mouse Alexa 647 (all
Invitrogen, 1:200). After three more washing steps with PBS-T, coverslips were mounted onto
slides using Prolong Gold with DAPI (Invitrogen).

35



3 Methods

3.2.3 Preparation of single cell suspensions and FACS staining

To dissolve the Matrigel, 100 µl dispase (Fisher Scientific) was added to the transwells and
incubated for 1 h at 37 ◦C and 5% CO2. The organoids were washed out of the transwell
with PBS and transferred into 15 ml conical tubes. Then, organoids were pelleted at 300 g
for 5 min, and resuspended in 37 ◦C preheated trypsin EDTA (0.25%, Invitrogen). Organoids
were incubated in trypsin for 7-10 min at room temperature with occasional pipetting up and
down, to obtain a single cell suspension. Lastly, trypsin was quenched by adding PF10. To
stain the cells for subsequent FACS, the suspensions were incubated with 1 µg/ml DAPI and
EPCAM-PE/Cy7 (Biolegend) at a dilution of 1:100 for 10 min on ice. A single stain DAPI
sample served as the FMO control for PE/Cy7. After the incubation period, the cells were
spun down for 12 sec at 12,000 g, resuspended in PF10, and filtered into FACS tubes. FACS
was performed using BD FACSDiva™ software on a FACSAria II. Subsequent analysis was
done using FlowJo.

3.2.4 LysoTracker™ and Hoechst staining in organoid culture and FACS

LysoTracker™-Red and Hoechst 33342 were added to the media of 14 days old organoid
cultures in 50 nM and 10 µM concentrations, respectively. After an incubation time of 60 min,
wells were imaged using the Evos™ FL Auto 2 Imaging System. For LysoTracker™-Red
staining in FACS samples, 14 days old organoids were made into single cell suspensions as
described in 3.2.3. Cells were incubated with 50 nM of LysoTracker™-Red at a concentration
of 250,000 cells per ml for 30 min at 37 ◦C. For the last 10 min of incubation time, 1 µg/ml
DAPI was added. After, cells were spun down, resuspended in PF10, and analyzed on a LSR 2
Flow Cytometer. Cells were gated on single, DAPI-, YFP+ cells.

3.2.5 Treatment of organoid cultures with small molecules

Organoids were obtained as described in section 3.2.1. However, a 96-well-plate Transwell
(Corning) format was used, changing the cell numbers and volumes as indicated (table 10).
Right after plating of organoids, small molecules were added to the media at concentrations
indicated in the respective figures. All small molecules were dissolved in dimethyl sulfoxide
(DMSO). The final DMSO concentration for all conditions, including the DMSO control, was
0.1%. Media and small molecules were renewed every other day. Number of replicates is
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indicated in figure legends. For biological replicates, experiments were done on different days,
using different mice. For technical replicates, multiple wells were plated for each condition.
Figures show representative images. Wells were imaged using the Evos™ FL Auto 2 Imaging
System.

Table 10
Format Transwell

surface
area

number of
epithelial

cells

number of
MECCs

total
volume in
transwell

media
volume in

well
24-well plate 0.33 cm2 5,000 50,000 100 µl 500 µl
96-well plate 0.14 cm2 2,000 20,000 40 µl 200 µl

3.3 RNA Sequencing: Preparation and computational analysis

3.3.1 Organoid preparation for bulk RNA-Seq

To prepare samples for the RNA-Seq data, cells of three mice were pooled for each geno-
type. Cells were subsequently infected with virus and plated in organoid culture as described
in section 3.2.1. For each of the 3-4 biological replicates, at least 10 wells of organoids were
pooled and EPCAM+ cells were obtained from organoid cultures as described in section 3.2.3.
RNA was extracted using the reagents and instructions of the Absolutely RNA Microprep Kit
(Agilent). After RNA extraction, all downstream quality control steps, library preparation,
sequencing, and differential gene expression analysis was performed by the Molecular Biology
Core Facilities at Dana-Farber Cancer Institute (DFCI) in Boston, MA, USA. Briefly, from
2 ng of RNA starting material, complementary DNA (cDNA) was synthesized using Clontech
SmartSeq v4 reagents. The full length cDNA was then fragmented to a mean size of 150 base
pairs (bp) using a Covaris M220 ultrasonicator. From 2 ng sheared cDNA, Illumina libraries
were prepared using Takara Thruplex DNAseq reagents according to the protocol of the man-
ufacturer. To quantify the finished double strand DNA libraries, Qubit™ fluorometer, Agilent
TapeStation 2200, and quantitative reverse transcription PCR (RT-qPCR) using the Kapa
Biosystems library quantification kit were used. Uniquely indexed libraries were combined in
equimolar ratios and finally sequenced at the DFCI Molecular Biology Core Facilities, using an
Illumina NextSeq500 run with single-end 75 bp reads .
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3.3.2 Computational analysis of bulk RNA-Seq

The computational analysis of the RNA-Seq data was performed by the Molecular Biology Core
Facilities at DFCI in Boston, MA, USA. Briefly, sequenced reads were aligned to the UCSC hg19
reference genome assembly, and gene counts were quantified using STAR (v2.5.1b) (Dobin
et al., 2013). Differential expression (DE) analysis was performed with DESeq2 (v1.10.1)
(Love et al., 2014) and normalized read counts (Fragments Per Kilobase of transcript per
Million mapped reads) were calculated using cufflinks (v2.2.1) (Trapnell et al., 2010). Finally,
downstream analysis was performed using the VIPER snakemake pipeline (Cornwell et al.,
2018).

3.3.3 Organoid preparation for scRNA-Seq

To prepare samples for the KY scRNA data, and the Y and KPY time course data, cells of three
mice were pooled for each genotype. Cells were subsequently infected with virus and plated in
organoid culture as described in section 3.2.1. At the indicated time points, 5 - 35 organoid
wells were pooled for each genotype, and single cells were obtained as described in section 3.2.3.
For the KY day 7 data, EPCAM+ cells were used. For the Y and KPY timecourse data, YFP+
and YFP-/EPCAM- cells were sorted. The cells were encapsulated using the 10X Genomics
Chromium Controller Instrument and the Chromium Single Cell A Chip Kit. The following
steps containing cell encapsulation, reverse transcription of RNA, amplification of cDNA, and
library preparation were prformed using reagents from the Chromium Single Cell 3’ Library and
Gel Bead Kit v2, following the protocol of the manufacturer without modification (chromium
single cell 3 reagent kits user guide v2 chemistry). Briefly, single cells were resuspended in
PF10 at a concentration of 1,000 cells per µl for encapsulation. Total cDNA amount and
quality following amplification and clean-up steps were determined using a Qubit™ dsDNA
HS assay kit and the Agilent TapeStation High Sensitivity D5000 ScreenTape System. Prior to
sequencing, the quality of the libraries was determined using Agilent TapeStation and qPCR,
performed by the Biopolymers Facility at Harvard Medical School. Libraries were sequenced
using an Illumina NextSeq500 using paired-end sequencing with single indexing (Read 1 = 26
cycles, Index (i7) = 8 cycles, and Read 2 = 98 cycles).
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3.3.4 Computational analysis of scRNA-Seq

The computational analysis of the scRNA-Seq data for the GEMM and organoid experiments
were performed by Dr. Aaron Moye (GEMM, KY, Y and KPY YFP+ epithelial data) and
Dr. Preetida Bhetariya (Y and KPY YFP-/EPCAM- mesenchymal data). Sequencing reads
were aligned to the mm10 reference genome and the count matrices were generated using
CellRanger3.0.0 software (10X Genomics). Then, count matrices were read into the Python
single cell analysis environment Scanpy (v 1.4.4) (Wolf et al., 2018). For quality control
purposes, cells with > 10% mitochondrial content were removed. High mitochondrial content
generally correlated with low read counts. The data was normalized, logarithmized, and the
significant number of principle components was determined using the in-built Scanpy func-
tions. To de-noise the data, the data diffusion tool Markov Affinity-based Graph Imputation
(v 1.5.5) was used with the following settings: Genes to return = all, k = 3 (KY, Y, KPY),
k = 5 (EPCAM-/YFP-), t = 3 (KY), t = 5 (Y and KPY), t = auto (EPCAM-/YFP-)
(van Dijk et al., 2018). Gene Ontology enrichment analysis was performed using the Enrichr
tool and the GSEAPY (v 0.9.13) python wrapper (Kuleshov et al., 2016). In order to filter
results by TFs, a list from the Animal Transcription Factor Database was used (Hu et al.,
2019). Gene signatures were taken from various sources, including the TRRUST database,
the Panglao database, and publications (Han et al., 2018; Franzén et al., 2019; Barbie et al.,
2009; Bild et al., 2006). Data was visualized using the in-built Scanpy plotting functions
Seaborn (v0.9.0) and Matplotlib (v 3.0.2) (Hunter, 2007).

To perform trajectory analysis with RNA-Velocity, Velocyto (0.17.16) was run on the
CellRanger output files, using the run10X shortcut and the mm10 genome annotation file
provided with the CellRanger pipeline (La Manno et al., 2018). The resulting Loom files were
then concatenated into an anndata object. In order to visualize velocity on the original Uniform
Manifold Approximation and Projection for Dimension Reduction (UMAP) embedding, the
velocity and original anndata objects were merged using the utils.merge() function in scVelo
(0.1.25). Using the merged anndata object, velocity was calculated using in-built velocity
functions.
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3.4 Obtainment and analysis of human patient data

The human patient data presented in this thesis was obtained and analyzed by the Dr. Jane
Yanagawa and Dr. Steven Dubinett groups at University of California Los Angeles (UCLA);
scRNA-Seq analysis was performed by Dr. Linh Tran. Detailed methods can be found in Dost
et al. (2020). Samples of two patients with the diagnosis stage IA LUAD were obtained and
analyzed. One patient was 74 years old, female, with a KRAS G12F mutation identified as
driver mutation. The second patient was 77 years old, female, with a KRAS G12V mutation.
The patients provided written informed consent and the studies were approved by the UCLA
institutional review board. Briefly, resected tumor samples and matched healthy tissue was
processed to single cell suspensions. For the scRNA-Seq preparation, the 10X Genomics
platform was used. The bioinformatic analysis was performed using the Seurat pipeline (Stuart
et al., 2019).

3.5 Statistical analysis and definition of replicates

The methods section and figure legends contain the number of biological or technical replicates
used for each experiment. For biological replicates of organoid experiments, different mice
were used to obtain organoid cultures on different days. For technical replicates, multiple
organoid wells were analyzed for each biological replicate. Statistical testing was performed
using GraphPad Prism or Scipy 1.3.0 statistical functions (scipy.stats). The tests used to
determine statistical significance are quoted in the appropriate figure legends. P values are
indicated in the figures. P values < 0.05 were considered significant. Not significant (n.s.)
p≥0.05; *p < 0.05; **p < 0.005; ***p < 0.0005.
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4 Results

4.1 Establishment and characterization of in vitro transformed lung
cancer organoids

To facilitate the study of KRAS-driven lung cancer, I sought to develop an in vitro model
to recapitulate LUAD progression in a controlled environment. In order to partially recreate
in vivo conditions, I chose an organoid air liquid interphase (ALI) co-culturing system with
supporting mesenchymal cells, previously developed for 3D lung stem cell cultures in our lab.

4.1.1 Lung cancer organoids can be generated by transforming AT2 cells in vitro

In order to generate organoids, I isolated AT2 cells from three different genetic backgrounds.
For the generation of cancer organoids, I made use of the K; Rosa26 LSL-YFP (KY) and KP;
Rosa26 LSL-YFP (KPY) GEMMs that contained a Cre-inducible yellow fluorescence protein
(YFP) reporter (for more information on the GEMMs see section 1.2.3). For control alveolar
organoids, I used Rosa26 LSL-YFP (Y) mice that were litter mates of the KY mice. Using
adult mice older than eight weeks old, I dissected the lungs and isolated AT2 cells using
an established FACS strategy. Briefly, lungs were digested and single cell suspensions were
prepared. After a red blood cell lysis step, the remaining cells were stained and sorted using
FACS. I excluded dead cells (DAPI), blood cells (CD45), and endothelial cells (CD31), then
gated on epithelial cells using epithelial cell adhesion molecule (EPCAM), and enriched for AT2
cells which are mostly found in the stem cell antigen-1 (SCA1) negative population (henceforth,
DAPI-/CD45-/CD31-/EPCAM+/SCA1- cells will be referred to as SCA1- or AT2 cells) (Kim
et al., 2005; Lee et al., 2014). I then infected the SCA1- cells with AdCMV-Cre virus in
vitro (henceforth, infected cells will be indicated by -CRE labeling). The expression of Cre-
recombinase lead to expression of YFP in Y, KY and KPY samples, to the expression of
KRAS G12D in KY and KPY samples, and to the homozygous loss of Trp53 in the KPY
sample. After the virus infection, I mixed the cells with supporting primary mesenchymal
cultured cells (MECCs) in a 1:10 ratio in 50% GFR Matrigel, and plated the co-culture into a
3D ALI transwell system as described elsewhere (figure 9) (Lee et al., 2014, 2017).
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Figure 9: Workflow for the generation of AT2-derived organoids
Experimental strategy to isolate AT2 cells, enriched in the SCA1- population, from different mouse
models using FACS. SCA1- cells were infected with AdCMV-Cre virus in vitro, and grown in air
liquid interphase (ALI) organoid co-cultures with supporting mesenchymal cultured cells (MECCs)
in growth factor reduced (GFR) Matrigel.

4.1.2 Oncogenic KRAS expressing organoid cells display hallmarks of cancer

In order to characterize alveolar and cancer organoids morphologically and histologically, I an-
alyzed whole organoids and cells within organoids using microscopy. After 14 days of organoid
culture, brightfield (BF) and fluorescence whole-well microscopy revealed that the majority
of control and cancer organoids expressed the YFP color reporter, indicative of a high Cre-
induction efficiency (figure 10 A). To determine organoid forming efficiencies (OFE), I quan-
tified the number of YFP positive organoids and divided them by the epithelial cell number
that was plated per well. Y-CRE and KY-CRE derived cells had comparable OFEs of 2.3%
and 2.1%, respectively. In contrast, KPY-CRE derived cells had a higher OFE of 4.7% (fig-
ure 10 B). In order to assess if expression of KRAS G12D and loss of Trp53 caused histological
changes, I prepared sections of organoids on different time points and stained the slides with
H+E (figure 10 C). Cells in the Y-CRE control organoids maintained normal nuclei in size
and shape. In contrast, nuclei of KY-CRE and KPY-CRE organoids appeared enlarged and
some nuclei were pleomorphic, a hallmark of cancer cells. Furthermore, giant, multinucleated
cells were visible in the KPY-CRE organoids. The increased nuclear pleomorphism and the
appearance of giant cells were reminiscent of the observed phenotypes in the K and KP mouse
models, indicating that the organoids recapitulated in vivo tumor progression histologically
(figure 5) (Jackson et al., 2001, 2005).
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Figure 10: Morphological and histological analysis of control and cancer organoids
(A) Representative brightfield (BF) and YFP-channel images of whole wells on day 14 of organoid
culture. (B) Organoid forming efficiency in %. One dot represents one biological replicate (Y-CRE:
n=5, KY-CRE: n=6, KPY-CRE: n=6). The values of the biological replicates are the mean of 3-5
technical replicates. P values were calculated using an unpaired t-test. (C) Representative H+E
stained organoid slides at indicated time points of organoid culture. Arrows: pleomorphic cells.
Arrowheads: giant, multinucleated cells. Scale bar = 25 µm.

4.1.3 Oncogenic KRAS causes increased proliferation in cancer organoids

Because an increase in growth is usually observed in cancer cells, I next investigated if the
KRAS G12D expressing cells were more proliferative. For this purpose, I stained day 7 and
day 14 organoid sections for the nuclear proliferation marker KI67. Seven days after Cre-
induction, there was no significant difference in the percentage of KI67+ cells per organoid
between Y-CRE control (median 43%) and KY-CRE (median 35%) organoids. In contrast,
KPY-CRE organoids contained a median of 56% KI67+ cells, a 1.3 fold and 1.6 fold increase
compared to Y-CRE and KY-CRE, respectively (figure 11 A+B). 14 days after Cre-induction,
Y-CRE organoids contained almost no KI67+ cells (median 0%), while both KY-CRE (median
14%) and KPY-CRE (median 27%) still contained proliferating cells (figure 11 C+D). Thus,
organoids from all three genotypes had high numbers of proliferating KI67+ cells on day 7,
but while control alveolar organoids had stagnated in growth by day 14, cells in organoids with
KRAS G12D expression continued to proliferate.
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Figure 11: Proliferation marker staining and quantification in organoids
(A)+(C) Representative images of IF staining for DAPI (nuclei), KI67 (proliferating cells), YFP
(Cre-induced cells), and merged channels on indicated days of organoid culture. Scale bar = 25 µm.
(B)+(D) Quantifications of percentage of KI67+ cells per organoid field. One dot represents one
organoid. Data is visualized using violin plots. P values were calculated using the Mann-Whitney
rank test.
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4.1.4 Cancer organoids initiate lung tumors in orthotopic transplantation assays

The KRAS G12D expressing organoid cells showed features of cancer cells, such are increased
pleomorphisms and proliferation. To test if the cells were able to initiate tumors in vivo, I
transplanted organoid-derived cells into lungs of recipient athymic nude mice. In order to
enhance the engraftment of cells, I injected the chemical bleomycin intratracheally one day
before transplantation, as often done in the lung field (Weiner et al., 2019). The next day, I
prepared single-cell suspensions from Y-CRE control, KY-CRE, and KPY-CRE organoids and
administered the cells intratracheally into the lungs of the recipient mice. Four weeks after
transplantation, I dissected the lungs and prepared tissue slides for histological evaluation by a
histopathologist. In all three conditions, there were pockets of infiltrating lymphocytes typical
for inflammation caused by bleomycin administration. However, there was no sign of tumor
formation or aberrant epithelial cell growth in the lungs of the mice that received Y-CRE
derived cells (figure 12 A). In contrast, mice that were transplanted with KY-CRE and KPY-
CRE derived cells had tumors that were categorized as LUAD. In the KPY-CRE condition, the
tumors contained pleomorphic cells and giant, multinucleated cancer cells comparable to the
organoid cultures and the KPY GEMM in vivo phenotype (figure 12 A, 10 C, and 5). IF staining
for YFP confirmed that the observed tumor lesions were comprised of the organoid-derived
transplanted cells (figure 12 B). Overall, lungs with KY-CRE and KPY-CRE transplanted cells
had tumor lesions that contained pleomorphic cells comparable to a grade 3 tumor, as defined
for the KP model (Jackson et al., 2005). Hence, I successfully transformed AT2 cells to cancer
cells using in vitro induction and an organoid culture system. When transplanted orthotopically,
cells derived from the cancer organoids formed tumors within four weeks, dramatically reducing
the time required to model advanced stage lung cancer compared to traditional GEMMs.

4.2 Study of KRAS induced tumorigenesis with focus on early
progression

The early steps of how KRAS transforms an epithelial cell into a cancer cell is poorly understood
and difficult to study in vivo. Therefore, I decided to study the transcriptional landscape of
early cancer progression in vitro using the new organoid model.

45



4 Results
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Figure 12: Orthotopic transplantation of organoid-derived cells
(A) Representative H+E images of recipient mouse lungs that were transplanted with organoid-
derived cells. Number of transplanted mice: Y-CRE: n=4, KY-CRE: n=6, KPY-CRE: n=4. Scale
bar low magnification = 100 µm; scale bar insets = 25 µm. (B+C) IF staining for DAPI (nulei) and
YFP (transplanted cells) of lungs of recipient mice, confirming that the tumor lesions were comprised
of organoid-derived cells. Scale bar low magnification = 50 µm; scale bar insets = 25 µm.
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Figure 13: Workflow for the preparation of samples for RNA-Seq
Experimental strategy to prepare AdCMV-Emp, AdCMV-Cre, or no virus in vitro induced organoid
cultures derived from SCA1- AT2 cells. After 7 days in culture, organoids were sorted for EPCAM+
cells and prepared for RNA-Seq. MECCs = mesenchymal cultured cells.

4.2.1 KRAS causes transcriptional downregulation of AT2 marker genes

In order to understand the early transcriptional changes that follow KRAS G12D expression,
I performed bulk RNA-Seq on cells derived from the organoid cultures. There were two
considerations in order to achieve comparable results between control and cancer organoids
and to reduce background noise in the data. Firstly, I changed the controls to make them more
comparable to the cancer samples. In detail, after FACS enrichment of KY- and KPY-derived
AT2 cells, I split the cells into three arms that received either AdCMV-Cre (-CRE), AdCMV-
Empty (-Emp, control), or no virus (no_virus, control). By using these controls instead of Y-
CRE, the three arms were generated from the same pool of cells, reducing noise from differences
in the genetic background. I then plated the infected cells in organoid culture as described
before (figure 13). Secondly, I chose a time point at which proliferation was observed in all
organoid conditions, 7 days after induction, mitigating the noise of transcriptional proliferation
signatures (figure 11). At day 7 of culture, organoids were processed to single cell suspensions
and enriched for epithelial cells by FACS sorting for EPCAM+ cells, removing supporting
MECCs (figure 13). In the KY-CRE and KPY-CRE samples, 87% (+/- 7%) and 95% (+/- 2%)
of the EPCAM+ cells, respectively, were YFP+, while the -Emp samples had 0% YFP+ cells,
confirming high Cre induction efficiency (figure 14). After cell sorting, I extracted RNA from
EPCAM+ cells and performed RNA-Seq on 3-4 biological replicates per condition.
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Figure 14: FACS strategy to enrich for epithelial cells for RNA-Seq
Representative FACS plots of organoid-derived cells. Cells were sorted for EPCAM+ cells before being
processed for RNA-Seq. Percentage of YFP+ cells from EPCAM gate is shown to highlight the high
Cre induction efficiency in the Cre samples. Fluorophore minus one (FMO) control is depicted to
show specificity of the gate.

Sample-sample-correlation analysis revealed that all control samples clustered together, in-
dicating high transcriptional similarity between the control samples regardless of origin (fig-
ure 15). In contrast, KY-CRE and KPY-CRE clustered closely together but were distinct
from the control samples, indicating high transcriptional similarity between the -CRE samples
but low correlation between the -CRE samples and the control samples (figure 15). Because
there was very little transcriptional difference between the -Emp and no_virus control sam-
ples, downstream DE analysis was done comparing the -CRE samples to their respective -Emp
control samples (KY-CRE compared to KY-Emp, henceforth: KY-Dif; KPY-CRE compared to
KPY-Emp, henceforth: KPY-Dif). In order to find genes that were altered by the expression of
oncogenic KRAS G12D, I looked for overlapping differentially expressed genes between KY-Dif
and KPY-Dif and found that 1206 genes were shared upregulated and 1464 genes were shared
downregulated (figure 16). To narrow down the list of genes to follow up on, I decided to
focus on the overlap of the top 100 up- and downregulated genes for KY-Dif and KPY-Dif.
Strikingly, among the shared downregulated genes were the well-known AT2 marker genes
Cd74 and Lyz2. Conversely, the lung developmental genes Hmga2 and Sox9 were amongst
the shared upregulated genes, as was the lung progenitor marker Ly6a (SCA1) (figure 17 A+B;
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Figure 15: Correlation heatmap for RNA-Seq samples
Sample-sample-correlation heatmap of the organoid samples analyzed by bulk RNA-Seq. Each group
had 3-4 biological replicates. All control samples clustered together and distinct from the CRE
samples.
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Figure 16: Overlap of differentially expressed genes in RNA-Seq analysis
Venn diagram depicting the number of genes uniquely and shared upregulated (left) and downregu-
lated (right) in KY-CRE and KPY-CRE samples compared to their respective -Emp controls (KY-Dif
and KPY-Dif).

table 14, appendix). Looking for the expression values of other well-known AT2 marker genes,
I found that also Sftpc (SPC), and Nkx2-1 were significantly downregulated both in KY-CRE
and KPY-CRE compared to their respective controls (figure 17 B). These results indicated
that upon KRAS G12D expression, AT2 cells lost the expression of genes associated with AT2
identity and acquired markers associated with the developing lung and progenitor cells.
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Figure 17: Differentially expressed genes in RNA-Seq data
(A) Number of top 100 genes uniquely and shared downregulated (left) and upregulated (right) in
KY-CRE and KPY-CRE samples compared to their respective -Emp controls (KY-Dif and KPY-Dif),
plotted as a Venn diagram. (B) Change in expression levels of selected genes as determined by bulk
RNA-Seq analysis. P values were calculated as part of the RNA-Seq DESeq2 pipeline (Love et al.,
2014).

4.2.2 Expression of AT2 and developmental markers in cancer organoids is
heterogeneous

Transcriptional analysis revealed that KRAS G12D expressing AT2 cells downregulated dif-
ferentiation markers and upregulated development and progenitor cell markers. However,
transcriptional changes do not always translate to changes on protein level. Therefore, I val-
idated the findings using IF staining of organoid slides. On day 7 of organoid culture, the
median percentage of SPC+ cells per organoid slide field was 100% in the Y-CRE control
organoids, while the KY-CRE and KPY-CRE organoids had a 6.7-fold (median=15%) and 20-
fold (median=5%) decrease, respectively (figure 18). On day 14, the same trend was observed,
albeit more subtle, with a 1.1-fold decrease in KY-CRE and a 1.6-fold decrease in KPY-CRE
compared to the Y-CRE control organoids (medians: Y-control=100%, KY-CRE=93%, KPY-
CRE=61%) (figure 18). YFP staining was used to distinguish organoids from MECCs. SPC
is the most commonly used marker for AT2 cells. However, SPC expression alone does not
indicate if the AT2 cell is mature and functional. In order to test for mature AT2 cells, I
used the live dye LysoTracker™ that stains acidic organelles such are lysosomes, which are
frequent in AT2 cells (Van der Velden et al., 2013). Cells in cancer organoids had lower inten-
sity staining for LysoTracker™ in organoid culture (figure 19 A). In order to rule out that the
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Figure 18: SPC stainings and quantifications
(A)+(C) Representative images of IF staining for DAPI (nuclei), SPC (AT2 marker), YFP (Cre-
induced cells), and merged channels on indicated days of organoid culture. (A) Scale bar = 100 µm.
(B) Scale bar = 50 µm. (B)+(D) Quantifications of percentage of SPC+ cells per organoid field.
One dot represents one organoid. Data is visualized using violin plots. P values were calculated using
the Mann-Whitney rank test.
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Figure 19: LysoTracker analysis of organoid cells
(A) Hoechst (nuclei), YFP (Cre reporter), and LysoTracke fluorescent images of whole, live organoid
wells. (B) FACS histogram of LysoTracker fluorescence intensity. Cells were derived from organoids
and processed to single cell suspensions before staining. Cells were gated on live, YFP+ cells. (C)
Quantifications of LysoTracker mean fluorescence intensity as determined by FACS, gated on live,
YFP+ cells. Biological replicates n=2.

lower staining intensity was due to differences in organoid size and number, I stained organoid-
derived single cell suspensions and analyzed the fluorescence intensity using flow cytometry.
There was a clear trend of reduced LysoTracker™ signal in the cancer organoid-derived cells
compared to control cells, indicating that the cancer organoids contained fewer mature AT2
cells (figure 19 B+C).

Next, I stained for the AT2 and lung epithelial marker NKX2-1 and the development marker
HMGA2, found to be transcriptionally downregulated and upregulated, respectively. I found
that organoids stained heterogeneously for those markers. Some of the cancer organoids had
high expression of NKX2-1 and low or no expression of HMGA2, while others had low NKX2-1
levels and high HMGA2 levels (figure 20). Staining of those proteins seemed to be negatively
correlated within a cell, an observation that had been published previously (Winslow et al.,
2011). The stainings confirmed that AT2 cells lost differentiation markers and upregulated
developmental markers as an early response to KRAS G12D activation; however, staining
patterns were heterogeneous.
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Figure 20: NKX2-1 and HMGA2 stainings in organoids
Representative images of immunofluorescence staining for DAPI (nuclei), YFP (Cre-induced cells),
NKX2-1, HMGA2, and merged channels on indicated day of organoid culture. Scale bar = 25 µm.

4.2.3 Single cell transcriptional analysis of cancer organoids shows cell
heterogeneity

While there was a general trend for dowregulation of AT2 differentiation genes and upregula-
tion of developmental genes, staining revealed that the expression of those markers in cancer
organoids was heterogeneous. To understand the transcriptional changes in early cancer pro-
gression better, I decided to characterize the transcriptional landscape of KY-CRE organoids
with single cell resolution. As described before, I focused on day 7 EPCAM+ cells from KY-
CRE and KY-Emp organoids (figure 21). ScRNA-Seq was performed using the 10xGenomics
platform and the computational analysis was done using scanpy (Wolf et al., 2018). After
filtering of cells with low read count and high percentage of mitochondrial genes, the data
was imputed using the AT2 markers Sftpc and Lyz2 as an example for restored correlation
(figure 22). The cells were then clustered using the UMAP algorithm. Clusters (C) from
the KY dataset will be indicated by a CKY nomenclature. With the chosen resolution, three
clusters were identified, CKY0, CKY1, and CKY2 (figure 23 A). CKY1 mostly contained cells
that were derived from the KY-Emp sample (this cluster will be referred to as control cluster),
while CKY0 and CKY2 mostly contained KY-CRE cells (these clusters will be referred to as
Cre-clusters) (figure 23 B+C). The small overlap between the control and the Cre clusters
confirmed that KRAS G12D expressing AT2 cells had a distinct transcriptional profile from
normal AT2s, an observation that was also made in the previous bulk RNA-Seq data (fig-
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Figure 21: Workflow for preparation of samples for KY scRNA-Seq
Experimental strategy to prepare AdCMV-Emp and AdCMV-Cre in vitro induced organoid cultures
derived from SCA1- AT2 cells from KY mice. After 7 days in culture, organoids were sorted for
EPCMA+ cells and prepared for scRNA-Seq. MECCs = mesenchymal cultured cells.

Figure 22: Filtering and imputation of KY scRNA-Seq data
(A) Correlation between read count and mitochondrial genes to total genes ratio depicted before and
after filtering of cells with >10% mitochondrial genes. (B) Correlation between the two AT2 genes
Sftpc and Lyz2 after t rounds of data diffusion (van Dijk et al., 2018). T=3 was selected because
of the restored correlation between the two selected genes.
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Figure 23: Clustering of KY organoids
(A) UMAP representation of scRNA-Seq data of KY organoids colored by Louvain clusters. Three
clusters were identified. (B) Cells are colored by sample identity. KY-Emp represents control sample.
(C) Bar graph representation of sample contributions to Louvain clusters and number of cells in each
cluster.

ure 15). First, we checked if the cancer organoids had similar pathway activation to reported
LUAD in vivo signaling. For this purpose, we used gene signatures from the literature known
to be upregulated in LUAD (figure 24). Unsurprisingly, the two Cre clusters CKY0 and CKY2
had an increased Kras signature score, confirming high expression levels of Kras downstream
targets (Bild et al., 2006). A NF-κB signature was low in CKY2 and high in CKY0 compared
to the control cluster CKY1, indicating that only one of the Cre clusters had activated the
NF-κB pathway (Han et al., 2018). Strikingly, the proliferation signature showed the oppo-
site trend and was only upregulated in CKY2, despite a higher Kras activation score in CKY0
(Travaglini et al., 2020). This showed that activation of oncogenic KRAS had transcriptional
effects on the cell state that went beyond activation of proliferation. Next, we checked the
Hallmark_Wnt_beta_catenin_signaling signature, indicative of activated Wnt signaling, and
found that CKY0 had transcriptional activation of the Wnt pathway (Subramanian et al., 2005;
Liberzon et al., 2015). Lastly, an AT2 signature was downregulated in both Cre clusters, con-
firming the bulk RNA-Seq results and the observations using IF staining (figure 24) (Franzén
et al., 2019).

In order to analyze the scRNA-Seq data unbiasedly, we performed DE analysis on the three
clusters (table 15, appendix). To get a broader picture of the transcriptional changes within the
clusters, differentially expressed genes were filtered for TFs and co-factors. Strikingly, control
cluster CKY1 had elevated expression of Etv5, a TF known to be important for maintenance
of AT2 identity (figure 25) (Morrisey and Hogan, 2010; Zhang et al., 2017b). This finding
provided further evidence that while the control organoid cells maintained their AT2 identity,
KRAS G12D expressing cells downregulated genes associated with AT2s. In contrast, both
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Figure 24: Expression of transcription signatures associated with LUAD
Z-scores of indicated previously published transcription signatures in each Louvain cluster. Dashed
line marks median expression of control cluster CKY1. Data is represented using violin plots. P values
were calculated using the Mann-Whitney rank test.

Figure 25: Differentially expressed transcription factors and co-factors
Heatmap depicting expression levels of differentially expressed TFs in the three Louvain clusters
identified in the KY scRNA-Seq data. CKY1 represents control cluster.

Cre clusters had high expression of Foxq1, a TF found to be increased in NSCLC tumor tissue
compared to paired adjacent tissue (Li et al., 2020). Cre cluster CKY2 had increased expression
of Id1, which was shown to promote NSCLC cell proliferation and metastasis, and correlated
with worse outcome in patients (Antonângelo et al., 2016; Cheng et al., 2011; Pillai et al.,
2011). In contrast, CKY0 had elevated levels of Sox9, an important lung development TF
that was also identified in the bulk RNA-Seq analysis. Furthermore, Trp53 and Smad7 were
upregulated in the same cluster, indicative of Tgfb and p53 signaling, respectively. In agreement
with the decreased AT2 signature and the reduced expression of the AT2 maintenance TF
Etv5, the AT2 markers Lyz2, Sftpc, and Nkx2-1 were also downregulated in both Cre clusters
(figure 26). In contrast, expression of the developmental gene Hmga2 was elevated, confirming
previous bulk RNA-Seq and staining results.

Gene Ontology (GO) classifies genes and annotates them to terms to facilitate the analysis
of large gene lists. GO analysis of the organoid clusters revealed that terms enriched in the
CKY1 control cluster were connected to lipid, cholesterol, and alcohol metabolism pathways,
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Figure 26: AT2 marker and lung development gene expression
Gene expression values of selected genes in the three Louvain cluster. Data is represented as violin
plots. Dashed line marks median expression of control cluster CKY1. P values were calculated using
the Mann-Whitney rank test.

indicating that these pathways play a role in AT2 function (table 16, appendix). In contrast,
CKY0 was enriched for “Regulation of I-κkinase/NF-κB signaling”, consistent with the elevated
NF-κB signature in this cluster (figure 24), and “ERBB signaling”, which has been shown
to be involved in KRAS G12D lung cancer tumorigenesis elsewhere (Kruspig et al., 2018).
Enriched pathways in CKY2 were related to mRNA processing, G1/S transition, and translation,
likely connected to increased proliferation in this cluster as seen by the proliferation signature
(figure 24)

4.2.4 Oncogenic KRAS causes cell transition to a less differentiated state

Transcriptional analysis of KY-CRE organoids on day 7 of organoid culture revealed that
KRAS G12D expressing AT2 cells split into two trancriptionally distinct clusters. CKY2 had a
high proliferation score and expressed TFs connected to early-stage LUAD. In contrast, CKY0
was marked by a low proliferation signature and by high expression levels of developmental
genes, such as Sox9 and Hmga2. Previous studies have shown that these developmental genes
correlate with high stage, metastasis, and worse survival in LUAD patients and GEMMs (Jiang
et al., 2010; Zhou et al., 2012; Winslow et al., 2011). To test if the organoids model cancer
progression from early- to late-stage transcriptional states, we analyzed the data using RNA-
velocity, a computational pipeline that infers cell trajectories based on the ratio of unspliced
to spliced mRNA transcripts (La Manno et al., 2018). This pseudotime analysis indicated the
direction of cell transitions by vectors on the UMAP plot. There was a clear transition from
the proliferative CKY2 to the developmental-like CKY0 state in the Cre-clusters (figure 27 A).
Visualization of Sox9 expression levels revealed that the vectors followed a Sox9 gradient,
indicating that the TF might drive this transition (figure 27 B). To further evaluate if Sox9
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Figure 27: Cell trajectory analysis with RNA-velocity
(A) UMAP showing Louvain clusters with velocity indicated by vectors on the plot. (B) Sox9
expression levels are highlighted on velocity plot. (C)+(D) Expression levels of (C) Sox9 and
(D) Sox9 target activation signature in each Louvain cluster. Dashed line marks median of control
cluster CKY1. Data is represented using violin plots. P values were calculated using the Mann-
Whitney rank test.

was active in CKY0, we checked the expression of Sox9 target genes using a published gene
signature (Han et al., 2018). Although Sox9 itself was significantly upregulated in both Cre-
clusters, only CKY0 had an elevated target gene activation signature, indicating that Sox9
downstream targets were only activated in CKY0 (figure 27 C+D). These data suggested
that AT2 cells transitioned from a more proliferative, differentiated state to a quiescent, less
differentiated state upon oncogenic KRAS induction.

To test if lineage infidelity could be observed, we checked the expression of lineage genes
for club cells (Scgb1a1, Scgb3a2), BASCs (Ly6a), ciliated cells (Foxj1), AT1 cells (Pdpn,
Aqp5), and AT2 cells (Etv5, Lyx2, Sftpc) (figure 28). As expected, control cells (CKY1) had
high expression of AT2 markers, and some expression of AT1 markers in a subset of cells.
In contrast, CKY0 and CKY2 had very low expression of those markers, confirming previous
observations. Strikingly, the expression of Ly6a (SCA1), a BASC and cancer stem cell (CSC)
marker, was upregulated, as were club and ciliated cell markers in a subset of cells (figure 28)
(Kim et al., 2005; Curtis et al., 2010). This indicated that KRAS G12D expression in AT2
cells caused the expression of markers of other cell lineages, corroborating findings from human
LUAD (Laughney et al., 2020)

4.2.5 Loss of AT2 identity occurs in vivo and in patient samples

After only seven days of organoid culture, I found a significant downregulation of AT2 marker
genes in the KRAS G12D expressing cancer organoid cells. To rule out that this observation
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Figure 28: Analysis of lineage infidelity in organoids
ScRNA-Seq data presented as correlation heatmap of individual cells (x-axis) and gene expression
values of indicated lineage genes (y-axis). Cells are ordered based on correlation distance calculation.
Louvain clusters were color annotated for reference. CKY1 represents the control cluster.

was an artifact of organoid culture conditions, I corroborated my findings with in vivo and
patient data. In collaboration with Dr. Aaron Moye, we analyzed early-stage lesions in the
KY GEMM. Briefly, mice were infected with an AdCMV-Cre virus intratracheally as described
elsewhere (DuPage et al., 2009). After seven weeks, small hyperplastic areas with clusters
of YFP+ cells could be observed in the alveolar region (figure 29 A). At this time point,
scRNA-Seq was performed on YFP- and YFP+ epithelial cells. Using the same AT2 signature
as used previously, we found that control YFP- AT2 cells had higher expression of AT2 marker
genes compared to oncogenic KRAS-expressing YFP+ AT2 cells (figure 29 B).

To test if loss of AT2 differentiation could also be observed in patients, we set up a collaboration
with Drs. Jane Yanagawa and Steven Dubinett from University of California Los Angeles.
Through this collaboration, we obtained scRNA-Seq data from two patients with stage IA
LUAD lesions and matched normal tissue. Both patients harbored oncogenic KRAS mutations.
Multiple epithelial and stromal cell types were identified in the dataset; however, only AT2 cells
formed a transcriptionally distinct cluster depending on their sample identity (figure 30 A+B).
When we checked for levels of the AT2 signature, we found that AT2 cells derived from stage IA
lesions had a lower score compared to their normal AT2 counterparts (figure 30 C).

These results showed that the loss of AT2 differentiation genes early after oncogenic KRAS
expression was not unique to organoid culture, but could also be observed in mice in vivo, and
in stage IA LUAD patient samples.
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Figure 29: Analysis of AT2 lineage identity in early-stage lesions in vivo
Analysis of early-stage LUAD lesions in the KY mouse model seven weeks after AdCMV-Cre induction
in vivo. Figure was adapted from Dost et al. (2020). (A) Representative IF image of a lung with an
early-stage lesion stained with DAPI (nuclei), YFP (Cre expression), and SPC (AT2 cells). Depicted
is a normal alveolar region (red box) and a hyperplastic region with clusters of YFP+ cells (green
box). Scale bar low magnification = 100 µm. Scale bar insets = 25 µm. (B) AT2 signature score
of control AT2 cells (YFP-) and KRAS G12D expressing AT2 cells (YFP+), taken from scRNA-Seq
dataset.

Figure 30: Analysis of AT2 lineage identity in early-stage lesions in patients
ScRNA-Seq analysis of two patients with stage IA KRAS-driven LUAD lesions and matched healthy
tissue. Figure was adapted from Dost et al. (2020). (A) tSNE plot colored by Louvain clusters.
Alveolar type 1 (AT1), alveolar type 2 (AT2), AT2 stage IA, ciliated cells, club cells, endothelial
cells, and fibroblasts were annotated. (B) tSNE plot colored by sample identity. Cells were derived
from stage IA LUAD lesions and matched normal tissue. (C) AT2 signature expression in annotated
Louvain clusters. The AT2 stage IA cluster had a lower z-score than the AT2 normal cluster.
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4.2.6 Cancer organoids can be used to identify and functionally validate targets

To test if the organoids can be used to find cancer targets, I made use of the transcriptional
data to find commonly deregulated genes. I reasoned that genes upregulated in all organoid
datasets were important for the first steps of cancer progression. I used the DE analysis
for KY-CRE organoids and compared the bulk RNA-Seq and the two CRE Louvain clusters
CKY0 and CKY2 of the scRNA-Seq analysis. I selected genes that were upregulated in all
three datasets, excluding TFs, which are difficult to target with small molecules (figure 31).
From the remaining 42 genes, I selected three targets with readily available small molecule
inhibitors. Glucosaminyl N-Acetyl Transferase 3 (Gcnt3) is a core enzyme of mucin-synthesis
that plays a role in KRAS driven pancreatic cancer; the enzyme can be inhibited selectively by
the compound Talniflumate (Gupta et al., 2020; Rao et al., 2016). Glutathione S-Transferase
Omega 1 (Gsto1) is an enzyme involved in the metabolism of xenobiotics and carcinogenes
that is overexpressed in several cancers; it was shown to be inhibited by the small molecule
GSTO1-IN-1 (Ramkumar et al., 2016). Ephrin type-A receptor 2 (Epha2) encodes a member
of the ephrin receptor family, known to be deregulated in a variety of cancers, including NSCLC
(Ieguchi and Maru, 2019; Brannan et al., 2009b). This family of receptor tyrosine kinases can
be inhibited by the small molecule ALW-II-42-27 (Choi et al., 2009; Song et al., 2017).

Gcnt3
Gsto1
Epha2

KY-Dif

CKY0 CKY2

TFs

Figure 31: Venn diagram of upregulated genes in KY cancer organoids identified in tran-
scriptional analysis
Overlap of genes upregulated in KY-CRE organoids compared to their respective controls, identified
in bulk RNA-Seq (KY-Dif) and in the two Louvain clusters CKY0 and CKY2 of the scRNA-Seq analy-
sis. Transcription factors (TFs) were also included in the Venn diagram. The shaded area highlights
the overlap between the bulk RNA-Seq analysis, and both scRNA-Seq analysis clusters, excluding
TFs. The three genes Gcnt3, Gsto1, and Epha2 were picked for further analysis.
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Figure 32: Treatment of cancer organoids with small molecules
Representative images of cancer organoids that were treated with DMSO (control) or three differ-
ent concentrations of indicated small molecules from day 0 of organoid culture. Media and small
molecules were replaced every other day for 14 days. Whole well images were taken in the YFP
channel on day 14 of organoid culture. Biological replicates n=1. Technical replicates n=4.

To test if any of the small molecules could reduce or abolish cancer organoid formation, I
plated KY-CRE and KPY-CRE organoids as described before and added the small molecules
in different concentrations on day 0 of organoid culture, renewing them every other day for
14 days. Images of the wells on day 14 of organoid culture revealed that Talniflumate had no
visible effect on organoid formation (figure 32). GSTO1-IN-1 abolished organoid formation
at 5 µM in KY-CRE, and at 10 µM in KPY-CRE organoids. ALW-II-42-27 reduced organoid
formation visibly at 1 µM and 5 µM in KY-CRE and KPY-CRE, respectively.

Because ALW-II-42-27 was the most promising candidate, having a visible effect on organoid
growth at a concentration of 1 µM, I repeated the experiment including nanomolar concentra-
tions of the small molecule. Moreover, I added Y-CRE control organoids to test if the effect on
organoid growth was cancer cell specific, or due to general cell toxicity. Strikingly, at 100 nM
both KY-CRE and KPY-CRE cancer organoids had a visible reduction in organoid size, while
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Figure 33: Treatment of organoids with the small molecule ALW-II-42-27
Representative images of organoids that were treated with DMSO (control) or four different concen-
trations of ALW-II-42-27 from day 0 of organoid culture. Media and small molecules were replaced
every other day for 14 days. Whole well images were taken in the YFP channel on day 14 of organoid
culture. Biological replicates n=2. Technical replicates n=4.

no effect was observed in the Y-CRE control cells up to 1 µM. This result indicated that the
inhibition of the ephrin receptor family selectively targeted KRAS-driven lung cancer cells, but
not their healthy epithelial cell counter-parts, at nanomolar concentrations.

4.3 Time course analysis of organoid progression with single cell
resolution

The cancer organoids displayed histological and transcriptional hallmarks of cancer cell pro-
gression and were used to identify a target essential for cancer organoid growth. While the
previous studies focused on the establishment of the system and the transcriptional changes
of early steps of oncogenic KRAS driven cell transformation, I next sought to understand the
whole transcriptional landscape of control and cancer organoid progression, including the role
of co-cultured MECCs.
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Figure 34: Workflow of sample preparation for scRNA-Seq time course
Experimental strategy to prepare organoid samples for Y and KPY scRNA-Seq time course. Day (d)0
epithelial cell samples represent SCA1- AT2 cells before virus infection. D0 mesenchymal cultured
cells (MECCs) control samples represent MECCs from 3D monocultures, isolated at d4. D4, d7, d10,
and d14 samples were taken from organoid cultures and either sorted for YFP+ cells (infected AT2
cells), or YFP-/EPCAM- cells (MECCs) from co-cultures. ScRNA-Seq for all samples was performed
on the same day to avoid technical variation.

4.3.1 Transcriptional time course reveals differences in progression of alveolar and
cancer organoids

Cancer progression is a complex process that involves increased proliferation, cell state changes,
and the accumulation of mutations. While AT2-derived cells with an activating KRAS mutation
were used to model the early steps of cancer progression, KRAS alone does not cause advanced
tumors in GEMMs, but additional mutations such as the deletion of Trp53 are required.
Therefore, in order to study the whole range of cancer progression, I performed a scRNA-Seq
time course using Y-CRE and KPY-CRE organoids. As described previously, I generated AT2
derived organoids from Y or KPY mice in vitro. On day 4, 7, 10, and 14 of organoid culture,
I sorted YFP+ cells using FACS. In addition to the YFP+ epithelial cells, I also collected
YFP-/EPCAM- MECCs that had been co-cultured as supporting cells (figure 34). To obtain
a origin cell reference point, I additionally prepared samples of sorted AT2 cells before virus
infection (day 0 control), and of MECCs that had been kept in 3D mono-culture for four
days (day 0 MECCs control). As before, scRNA-Seq was performed using the 10xGenomics
platform and analyzed using the scanpy environment (Wolf et al., 2018). After filtering of low
quality and contaminating cells, the data was imputated and 29,933 epithelial cells and 41,319
MECCs remained for analysis, with all time points represented (figure 35, 36 A+B).
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Figure 35: Filtering and imputation of scRNA-Seq time course data
(A) Correlation between read count and mitochondrial genes to total genes ratio. Red lines mark
cut-offs: Cells with read counts < 200 and > 8000, and mitochondrial genes to total gene ratio
< 0.2 were removed. (B) Correlation between the two AT2 genes Sftpc and Lyz2 after t rounds of
data diffusion (van Dijk et al., 2018). T=5 was selected because of the restored correlation between
the two selected genes.

Figure 36: Clustering of all cells in scRNA-Seq time course data
UMAP representation of primary epithelial and organoid derived epithelial YFP+ cells, and mes-
enchymal cultured cells (MECCs) colored by (A) cell type with cell numbers indicated, or (B) time
point.
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To facilitate the analysis, we first re-clustered the epithelial cells without MECCs. As expected,
day 0 cells from Y-CRE and KPY-CRE samples overlapped in the UMAP plot (figure 37 A).
Day 0 cells represented FACS sorted AT2 cells before Cre induction and were therefore not
expected to be distinct between the two genotypes. Despite the overlapping day 0 cells of the
two samples, all other organoid time points split by sample origin with very little overlap (fig-
ure 37 B). Most strikingly, day 4 cells of Y-CRE and KPY-CRE samples clustered distinct from
each other, indicating that oncogenic KRAS expression and loss of Trp53 caused a significant
transcriptional change within the first 4 days after induction (figure 37 A-C). Both organoid
types underwent a transition over the 14 day time period, indicated by the mostly distinct
transcriptional states at day 14 and the little overlap with the other time points. Because the
previous KY-CRE organoid data revealed downregulation of AT2 differentiation genes (Lyz2,
Sftpc, Nkx2-1, Etv5) and upregulation of lung developmental genes (Sox9, Hmga2) upon
oncogenic KRAS expression, I next checked if those genes were also differentially expressed
in the time course data-set. Strikingly, AT2 differentiation genes were expressed more highly
in day 0 and in Y-CRE derived cells, while developmental genes were exclusively present in
KPY-CRE organoid derived cells, confirming previous observations (figure 37 D).

4.3.2 Alveolar organoid cells follow AT1 and AT2 differentiation trajectories

The epithelial cell data pointed out transcriptional differences in KPY-CRE cells compared to
Y-CRE cells in all analyzed time points. In order to understand the different progressions of
the two organoid types, I first focused on understanding the cell dynamics in Y-CRE control
organoids. For this purpose, we subset and re-clustered the control samples using ForceAtlas2
(FA2), to better visualize cell lineages (figure 38 A) (Jacomy et al., 2014). As seen before, day 0
cells clustered distinct from the organoid-derived cells, indicating that the difference between
in vivo and in vitro environments caused a transcriptional shift in the cells. Interestingly,
on the FA2 projection it became clear that the organoid-derived cells split into two different
trajectories, represented by the two day 14 tips of the plot. To understand the dynamics of
cell transition better, we checked expression levels of the AT2 signature used before (Franzén
et al., 2019). As expected, day 0 cells had strong expression of AT2 genes, confirming the
enrichment of AT2 cells in the SCA1- fraction (figure 38 B). Interestingly, day 4 organoid
cells had a reduction in AT2 signature gene expression compared to day 0 cells, but the cells
re-acquired the AT2 signature along one of the transition tips. Because AT2 cells are known
to differentiate into AT1 cells in vivo and in organoid culture, we checked an AT1 signature
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Figure 37: Clustering and gene expression of epithelial cells
UMAP representation of scRNA-Seq time course data of FACS sorted Y and KPY SCA1- cells (day 0),
and Y-CRE and KPY-CRE organoid cells (day 4 - day 14) colored by (A) time point, (B) sample
origin, and (C) Leiden clusters. (D) Gene expression levels of selected AT2 differentiation and lung
developmental genes visualized on UMAP plots.
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Figure 38: Clustering of time points and gene signature expression of Y control epithelial
cells
FA2 representation of scRNA-Seq time course data of FACS sorted Y SCA1- cells (day 0), and Y-CRE
organoid cells (day 4 - day 14) colored by (A) time point, (B) AT2 signature, (C) AT1 signature,
and (D) Sox9 expression.

Figure 39: Clustering and selected clusters of Y control epithelial cells
FA2 plots of Y control sample. (A) 15 Leiden clusters were identified. (B) Five clusters, the root
CY3, the tip clusters CY1 and CY6, and the branch clusters CY5 and CY7 were selected for further
downstream analysis.

composed of genes associated with AT1 cell identity (Franzén et al., 2019). Unsurprisingly, cells
that formed the non-AT2 tip of the plot had high expression of the AT1 signature (figure 38 C).
This indicated that AT2 cells initially downregulated AT2 signature genes in organoid culture,
then bifurcated and differentiated into AT2 and AT1 lineages. Because Sox9 was a gene highly
expressed in the KY-CRE organoid data and is known to play a crucial role in lung development,
we checked Sox9 expression in the Y-CRE control samples (figure 38 D). As expected, Sox9
expression was very low, indicating that the control cells did not dedifferentiate to a more
developmental-like state, as was previously observed in the KY-CRE cancer organoids.

To further delineate the factors that drove the two observed lineage trajectories, we used the
Leiden algorithm to divide the cells into transcriptionally similar clusters; 15 Leiden clusters
were identified (figure 39 A). In order to understand the trajectories better, we selected specific
clusters to focus on. Clusters from the Y dataset will be indicated by a CY nomenclature. CY3
represented the cluster furthest from the day 14 AT1 and AT2 tips and was mainly comprised
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Figure 40: Gene expression in root, tip, and branch point clusters in alveolar organoids
Violin plot representation of expression levels of selected genes and transcription factors in root (CY3),
AT1 branch point (CY5), AT1 tip (CY6), AT2 branch point (CY7), and AT2 tip (CY1) clusters of
Y-CRE organoids. Plots are ordered by AT1 and AT2 states, bifurcating from the center root cluster.

of day 4 and day 7 organoid cells; I therefore termed it ”root” cluster. CY6 and CY1 built the
two day 14 trajectory ”tips” and had high expression of AT1 and AT2 signatures, respectively.
They appeared to be the most differentiated clusters in the control organoid data-set. CY5 and
CY7 were situated at the trajectory ”branch” point of the AT1 and AT2 tips, respectively, most
likely comprising transitioning cells (figure 38 B+C and 39 B). We reasoned that analyzing
the root, tip, and branch clusters might give insights into genes that drive the fate decisions
of the respective trajectories. Therefore, we performed DE analysis of genes and TFs on the
five selected clusters (table 17, appendix; table 11). In the AT1 trajectory clusters CY5 and
CY6, we identified Hopx, a TF known to drive AT1 fate trajectory and highly expressed in
AT1 cells (table 11; figure 40). The top differentially expressed gene in the AT1 tip cluster
CY6 was Ager, a known marker for AT1 identity (Chung and Hogan, 2018). Interestingly,
the branch CY5 had elevated expression of the Activator protein-1 (AP-1) TF components
Jun, Junb, and Jund, indicating that they might play a role in AT1 differentiation. The AT2
tip and branch clusters CY1 and CY7 had high expression of Etv5, known to be important
for AT2 identity maintenance (table 11; figure 40). CY1 had high expression of the AT2
genes Sftpc and Lyz2, but also expressed Id2, an important gene during lung development
(Rawlins et al., 2009a). Interestingly, the AT2 branch CY7 had elevated expression of Hypoxia-
inducible factor 1-alpha (Hif1a), a gene that has recently been shown to be important for AT1
differentiation (Choi et al., 2020). The root CY3 had very low expression of Hopx and Igfbp2,
a terminally differentiated AT1 marker, and Etv5 and Sftpc (figure 40). This cluster might
therefore represent an uncommitted progenitor cell state. TFs highly expressed in the root
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cluster included Ybx1, Ybx3, Foxq1, and Id1, indicating that those factors might play a role
in maintaining a bipotent progenitor cell state (table 11; figure 41).

Figure 41: Transcription factors expressed in Y root cluster
FA2 representation of scRNA-Seq time course data of Y control cells. Cells are highlighted based
on gene expression levels of indicated genes. All genes shown represent transcription factors highly
expressed in the root cluster CY3.

Table 11: Top 10 upregulated transcription factors in Y control scRNA-Seq time course clusters.
CY3 represents the root cluster, CY5 the AT1 transitioning cluster, CY6 the AT1-like cluster, CY7
the AT2 transitioning cluster, and CY1 the AT2-like cluster.
rank CY1 CY3 CY5 CY6 CY7
1 Etv5 Ybx1 Zfp36l1 Hopx Ybx1
2 Epas1 Ybx3 Jund Tead1 Ssrp1
3 Id2 Foxq1 Sox4 Nkx2-1 Ybx3
4 Cebpa Id1 Junb Cux1 Smarcc1
5 Rbpjl Dnajc2 Runx1 Tfdp2 Lyar
6 Srebf1 Lyar Foxq1 Mxd4 Purb
7 Elf5 Ahr Ahr Foxn3 E2f1
8 Tfcp2l1 Sox2 Jun Scx Hif1a
9 Foxp1 Ssrp1 Hopx Creb3l2 Nfic
10 Tsc22d3 Hmga1 Arid5b Tef Dnajc2

4.3.3 Cancer organoids transition to dedifferentiated state

In order to understand how the lineage trajectory of the control cells compared to cancer cells,
we analyzed the KPY-CRE sample derived cells using FA2 projection. As seen previously, day 0
cells clustered distinct from all organoid-derived cells (day 4 to day 14) (figure 42 A). In contrast
to the control cells, day 4 cells clustered separate from the other time points, suggesting that
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Figure 42: Clustering of time points and gene signature expression of KPY epithelial cells
FA2 representation of scRNA-Seq time course data of FACS sorted KPY SCA1- cells (day 0), and
KPY-CRE organoid cells (day 4 - day 14) colored by (A) time point, (B) AT2 signature, (C) AT1
signature, and (D) Sox9 expression.

there were significant transcriptional changes between day 4 and day 7 of cancer organoid
culture. Furthermore, contrary to the control organoid trajectory, the transition of the cancer
cells appeared to be unidirectional. Expression levels of the AT2 signature showed that day 0
cells had high expression of AT2 markers, while day 4, day 7, and day 10 cells had no or very low
AT2 signature expression (figure 42 B). On day 14, the AT2 signature was partially reacquired
by some cells at the tip of the plot. In stark contrast to the control cells, the cancer cells did
not have an AT1 trajectory, indicated by the absence of the AT1 signature (figure 42 C). In
accord with this observation and our previous observations in the KY organoids, the cancer
cells had high expression levels of the developmental gene Sox9, especially at time points
day 10 and day 14 (figure 42 D).

To focus our analysis, we selected five clusters, similar to our previous analysis of the control
cells (figure 43 A+B). Clusters from the KPY dataset will be indicated by a CKPY nomen-
clature. CKPY4 was made up almost exclusively of day 4 cells and therefore represented the
”root” cluster. CKPY2 and CKPY5 contained mostly day 14 cells and were therefore termed
”late-stage” clusters, while CKPY0 and CKPY8 contained day 10 cells and represented ”transi-
tioning” clusters. Similar to before, we performed unbiased DE analysis on the five clusters
and focused on TFs (table 18, appendix; table 12). Surprisingly, the root cluster CKPY4 had
elevated expression of similar TFs as the root control cluster, namely Ybx1, Ybx3, and Id1,
indicating that similar transcriptional programs were activated in both root clusters (figure 44).
However, the cancer root cluster additionally had increased expression levels of the well-known
TF Krüppel Like Factor 4 (Klf4), one of the four factors essential for inducing pluripotency
(Takahashi and Yamanaka, 2006). Interestingly, CKPY8 and CKPY5 expressed Sftpc, Etv5, and
Id2, similar to the control AT2 tip cluster (table 18, appendix; table 12). This is in line with
the observed re-acquisition of an AT2 program in those clusters (figure 42 B). In contrast,
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CKPY2 expressed Hopx and AP-1 TF components such as Junb and Fos, similar to the AT1
transitioning cluster in the control data. However, in contrast to the control data, an AT1 pro-
gram was not observed in any of the clusters (figure 42 C). CKPY0 expressed some of the TFs
observed in the root clusters, such as Foxq1 and Ybx1. Moreover, the lung development factor
Hmga2 was upregulated, as was Sox4, known to play a role in cancer cell stemness, EMT, and
metastasis (Lourenço and Coffer, 2017; Moreno, 2020). Although no clear branching points
were visible in the KPY time course data, transcriptional analysis revealed that CKPY5 and
CKPY8 partially reacquired an AT2 program, while CKPY0 represented a cluster with increased
expression of developmental and EMT genes that are associated with high-grade cancer. To
test if EMT could be observed in KPY organoid cells, I stained day 14 organoid slides for the
mesenchymal marker vimentin. Indeed, single YFP+ cells had a round appearance and looked
detached from the other organoid cells, untypical for epithelial cells. Those cells expressed
vimentin protein, indicating that they might be undergoing EMT (figure 45).

Table 12: Top 10 upregulated transcription factors in KPY scRNA-Seq time course clusters. CKPY4
represents the root cluster, CKPY0 and CKPY8 transitioning clusters, and CKPY2 and CKPY5 late-stage
clusters.
rank CKPY0 CKPY2 CKPY4 CKPY5 CKPY8
1 Sox4 Bhlhe40 Ybx1 Cebpa Id2
2 Gtf3a Maff Ybx3 Epas1 Etv5
3 Carhsp1 Junb Fosl1 Etv5 Cebpa
4 Hmga2 Mxi1 Id1 Nkx2-1 Rbpjl
5 Onecut3 Hopx Lyar Srebf1 Foxp2
6 Tead2 Tsc22d1 Zfp36l2 Rbpjl Mbd3
7 Smarcc1 Fos Ppard Zfp467 Hhex
8 Foxq1 Elf3 Dnajc2 Id2 Sp5
9 Dnajc2 Aff4 Klf4 Elf5 Elf5
10 Ybx1 Ddit3 Ssrp1 Nfia Yeats4
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Figure 43: Clustering and selected clusters of KPY epithelial cells
FA2 plots of KPY samples. (A) 12 Leiden clusters were identified. (B) Five clusters, the root
CKPY4, the late-stage clusters CKPY2 and CKPY5, and the transitioning clusters CKPY0 and CKPY8
were selected for further downstream analysis.

Figure 44: Transcription factors expressed in KPY root cluster
FA2 representation of scRNA-Seq time course data of KPY cells. Cells are highlighted based on gene
expression levels of indicated genes. All genes shown represent transcription factors highly expressed
in the root cluster CKPY4.

Figure 45: Vimentin stainings in KPY-CRE organoid culture
KPY-CRE day 14 organoids were stained for DAPI (nuclei), vimentin (mesenchymal marker) and
YFP (Cre-expressing cells). Arrow points to a cell co-expressing YFP and vimentin. Arrowhead
points to MECCs expressing vimentin but not YFP. Scale bar = 25 µm.
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4.3.4 Direct comparison of root clusters reveals their differences

The root clusters of both Y-CRE and KPY-CRE organoids displayed transcriptional similarities.
Firstly, both clusters had lower expression of AT2 signature genes compared to day 0 cells and
compared to cells that later reacquired AT2 features. In order to test if the loss of AT2 signature
was equal between the two root clusters, we compared them directly. We determined from the
clustering shown in figure 37 A-C that C10 and C8 represented the control Y and the KPY
root clusters, respectively. In a direct comparison, we found that C8 had a decreased AT2
signature compared to C10, indicating that the loss of AT2 identity was more severe in the
cancer cell context (figure 46).

Secondly, similar TFs were elevated in the root clusters compared to their respective later
time point clusters, including Ybx1, Ybx3, and Id1. Therefore, we decided to do a direct
transcriptional comparison of C10 and C8 using DE analysis of TFs (table 13). We found
that Ybx1, Ybx3 and Id1 were more highly expressed in the KPY root cluster compared to Y.
Furthermore, Klf6 and Klf4 had elevated expression levels in KPY, the latter being important
for pluripotency. In the control cells, Foxq1 was the top differentially expressed TF, followed
by Trp53, which was knocked out in the KPY sample. Moreover, the AT1 TF Hopx was
upregulated, as was Nkx2-1, an important lung identity TF. Surprisingly, Sox2, a TF usually
expressed in airway cells, also had elevated expression. Despite obvious similarities of the two
root clusters, a direct comparison emphasized their transcriptional differences and highlighted
factors that might drive tumorigenesis.

Figure 46: Comparison of AT2 signatures in Y and KPY root clusters
Violin plot representation of AT2 signature level in root clusters 10 (Y) and 8 (KPY). Refer to
figure 37 for clustering. Dotted line marks z-score = 0.
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Table 13: Top 10 upregulated transcription factors in Y and KPY root clusters. Cluster 10 represents
the Y control root cluster in the scRNA-Seq time course data, while cluster 8 represents the KPY
root cluster.
rank Y root cluster 10 KPY root cluster 8
1 Foxq1 Ybx1
2 Trp53 Fosl1
3 Hopx Ybx3
4 Sox2 Ppard
5 Ehf Klf6
6 Nkx2-1 Tsc22d1
7 Zfp36l1 Foxp1
8 Hmga1 Klf4
9 Tcf4 Atf4
10 Pbx1 Id1

4.3.5 A proposed working model for alveolar and cancer organoid progression

Considering the transcriptional time course analysis of the Y-CRE control and KPY-CRE cancer
organoids, I developed a working model for alveolar and cancer cell progression (figure 47).
Because this model is solely based on the TF analysis, it requires future functional validation.
The upper part of the schematic represents the progression of the control cells, while the lower
part shows the cancer cell progression. In both cases, the cell of origin are AT2 cells. Taking
stem cells out of their organ environment and putting them into organoid culture as single cells
is similar to an organ injury. Therefore, it is not surprising that the first response of the cells
was similar between the two genotypes; the TFs Ybx1, Ybx3, and Id1 were upregulated. In the
control cells, Foxq1 also had elevated expression. In contrast, the cancer cells downregulated
the lung identity TF Nkx2-1 and upregulated the pluripotency factor Klf4, resulting in a cell
state that was less differentiated than the control cell state. The control cells were in a state of
a bipotent progenitor, and split into two distinct trajectories. On one trajectory, Etv5 and Id2
were upregulated and cells adapted an AT2-like transcriptional state. On the second trajectory,
Hopx was increasingly expressed, resulting in an AT1-like state. In contrast, the cancer cells
did not follow two clear trajectories. After the initial dedifferentiation, Sox9 was expressed in
almost all cells. Even though transcriptionally distinct cell states were less obvious compared
to the control cells, the progression could be split into two paths. Some cells reacquired an
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Figure 47: Working model for alveolar and cancer cell progression
This working model is based on the transcriptional time course analysis of Y-CRE and KPY-CRE
organoids focused on the differential expression analysis of transcription factors. The arrows indicate
if a gene is upregulated or downregulated. The upper part shows the cell transition in alveolar
organoids; the lower part shows the transition in cancer organoids. In both cases, the initial cell
state is a primary AT2 cell. After plating the AT2 cell in organoid culture, there is an initial shared
injury response in both samples (box). However, already at this time point there are differences in
the expression of TFs that lead to different transcriptional states. The control cells become bipotent
progenitor cells that differentiate into AT2-like and AT1-like cells; in contrast, the cancer cells become
dedifferentiated and transition to an AT2-like cancer state, and a development/ EMT-like state.
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AT2-like program with increased Etv5 and Id2 levels. However, these cells did not express AT2
signature genes to the same extent as the control cells. Furthermore, they had high expression
of Sox9, emphasizing their developmental-like cancer state. On the second path of the cancer
cell progression, Sox4 and Hmga2 were upregulated, and the cells adapted a cell state distinct
from any of the control states. They had high developmental gene expression, and expressed
TFs associated with EMT and late-stage cancer. Overall, even though we observed parallels
between the control and cancer cell progression, the transcriptional landscape and the cell
trajectories were vastly different.

4.3.6 Supporting mesenchymal cells have distinct transcriptomes depending on
the type of co-cultured epithelial cells

Because organs have complex environments, it is difficult to study the contributions of stromal
cell populations on tumor progression in vivo. Organoids allow for the study of cell-cell-
interactions in a simplified 3D environment. To test if the co-cultured MECCs interacted
with cells in cancer organoid culture, I stained for the mesenchymal marker vimentin (Vim),

Figure 48: Staining for mesenchymal cells in cancer organoid cultures
Mesenchymal cells interact with organoids in various ways. Upper row: KY-CRE and KPY-CRE
day 7 organoids. Lower row: KY-CRE and KPY-CRE day 14 organoids. Slides were stained for
DAPI (nuclei), E-cadherin (Ecad, epithelial marker), vimentin (Vim, mesenchymal marker), YFP
(Cre expression). Scale bar = 50 µm
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Figure 49: Cell type marker expression in mesenchymal co-cultured cells
UMAP representation of expression level of selected mesenchymal, endothelial, and epithelial markers
in mesenchymal co-cutured cells.

the epithelial marker E-cadherin (Ecad), and YFP. Organoids displayed different levels of
interactions with MECCs (figure 48). Some organoids were completely surrounded by MECCs,
some had MECCs integrated into the organoid structure, while others did not seem to be closely
associated. This observation emphasized the organoid heterogeneity when it comes to stromal
cell interactions.

To test if MECCs changed their transcriptional landscape in organoid culture over time and
if their transcriptomes were different when co-cultured with cancer cells, we analyzed the
MECCs scRNA-Seq data separate from the epithelial data. First, I checked expression levels of
commonly used mesenchymal markers (Vim, Col1a2, Col3a1), an endothelial marker (Pecam1),
and epithelial markers (Cdh1, Epcam). Gene expression analysis confirmed that the co-cultured
cells were indeed of mesenchymal nature (figure 49). Next, we used Louvain clustering to
identify transcriptionally distinct clusters. Clusters from the MECCs dataset were indicated by a
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Figure 50: Clustering of mesenchymal cultured cells
Plots of mesenchymal cells co-cultured with Y-CRE or KPY-CRE epithelial cells. Samples were
collected on days (d) 4-14 of organoid culture, or from 3D monoculture (d0 control). (A) UMAP
plot colored by sample identity. (B) UMAP plot colored by Louvain clusters at a resolution of 0.5.
8 clusters were identified. (C) Percentage of cells per Louvain cluster colored by sample identity.

CM nomenclature. Control day 0 MECCs represented cells that were kept in a 3D monoculture;
they did not overlap with the other time points, indicating that the transcriptomes of MECCs
cultured by themselves were distinct from MECCs that were in co-culture with epithelial cells
(figure 50 A). Day 4 MECCs from Y and KPY samples mostly overlapped; the transcriptome
of MECCs co-cultured with healthy epithelial cells was comparable to the ones co-cultured
with cancer cells at this time point. Interestingly, at the later time points (day 7 to 14), the
cells split into distinct clusters depending on their co-cultures (figure 50 A). This indicated
that MECCs co-cultured with cancer cells had a different transcriptome compared to MECCs
co-cultured with non-cancerous cells.

Using unsupervised clustering, we divided the data into eight Louvain clusters (figure 50 B).
Interestingly, CM2 comprised cells of every single sample, including the day 0 control time
point, indicating that two different types of mesenchymal cells might be present in the MECCs
(figure 50 C). In order to further delineate the different mesenchymal cell populations, we per-
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formed DE analysis on all clusters (table 19, appendix). Genes associated with myofibroblasts
such as Transgelin (Tagln), Smooth muscle actin alpha 2 (Acta2), and Myosin light chain 9
(Myl9) came up as highly differentially expressed in CM2, identifying this cluster as a myofibrob-
last population (figure 51). To identify the other mesenchymal cell clusters present, I checked
for genes that have been described in the literature as markers for different lung mesenchyme
populations. The cells expressed only low levels of the pericyte markers Melanoma Cell Ad-
hesion Molecule (Mcam), Chondroitin sulfate proteoglycan 4 (Cspg4), and Desmin (Des)
(figure 51) (Xu et al., 2017). Furthermore, no expression of Leucine-rich repeat-containing
G-protein coupled receptor 5 and 6 (Lgr5 and Lgr6), and Wnt2 was observed, markers of dif-
ferent mesenchyme subpopulations described in the literature (figure 51) (Zepp et al., 2017;
Lee et al., 2017). Both platelet-derived growth factor receptor alpha and beta (Pdgrfa and
Pdgrfb) were ubiquitously expressed (figure 51) (Zepp et al., 2017). Interestingly, a small sub-
set of cells that was part of CM1, mainly comprised of day 10 and day 14 Y-CRE co-cultured
cells, expressed Axin2, an important Wnt target gene that marks several distinct mesenchymal
populations (figure 50 A and 51) (Zepp et al., 2017). Even though some of the markers de-
scribed in the literature were present in the MECCs dataset, it is difficult to make conclusions
regarding the exact identity of the clusters. The MECCs used in this study were derived from
neonatal mice and cultured in vitro for multiple passages, which makes a comparison to the
adult mesenchymal subpopulations described in the lung in vivo challenging.
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Figure 51: Marker expression of mesenchymal cell types
UMAP representation of expression level of selected mesenchymal markers, including markers for
myofibroblasts, pericytes, and miscellaneous populations.

81



5 Discussion

5 Discussion

KRAS is the most commonly mutated oncogene in epithelial cancers. Understanding how
oncogenic KRAS alters cell states is crucial in order to develop new therapies. The LUAD
organoid system introduced in this thesis presents a new tool to study KRAS-driven lung cancer
in vitro. Instead of only causing increased proliferation, I showed that oncogenic KRAS changed
the cellular state to a more dedifferentiated phenotype within a few days. Using transcriptional
analysis with single cell resolution, I compared cancer cell progression to healthy counterparts,
and provided TFs and genes that were upregulated during different stages of tumorigenesis.

5.1 Evaluation of the organoid system: research applications and
limitations

The cancer organoid system presented in this thesis can be used for many different applications
and to address a variety of questions. However, as with every tool there are limitations that
need to be considered. In this section, I will discuss research areas that could be explored using
this organoid system. I will point out the advantages, disadvantages, and the limitations of
the system.

5.1.1 Organoid forming efficiency and the cell of origin for cancer

The organoids described in this thesis all came from the SCA1- population which is highly
enriched in AT2 cells. A multitude of studies provided evidence that AT2 cells, the stem
cells of the alveoli, are the cell of origin for LUAD (see section 1.2.5) (Mainardi et al., 2014;
Sutherland et al., 2014; Xu et al., 2012; Desai et al., 2014; Sainz de Aja et al., 2020). It
should be noted that only a fraction of the isolated AT2 cells formed organoids both in the
control and in the cancer setting. In previous work, it was shown that organoids are clonal,
indicating that the number of organoids correlates with the number of cells with organoid
forming potential present when plating (Lee et al., 2014). A cell that can form an organoid
has stem or progenitor cell properties, or is a cancer initiating cell or CSC (Wang et al., 2019).
In theory, a pure stem cell population would reach a OFE of close to 100%. Therefore, it can
be concluded that indeed, not every AT2 cell has stem cell properties or the ability to initiate
a tumor. There are multiple possible explanations for the observed low OFE in this organoid
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system.

Firstly, it is possible that the tissue preparation, FACS, and virus infection caused significant
cell death. Even though cell numbers plated referred to live cells after virus infection, apoptosis
might have been induced after plating, so that only a fraction of cells survived and formed
organoids. This could also explain why cells with Tpr53 deletion, an important inducer of
apoptosis, had a higher OFE. To rule out that a low OFE is due to cell death, a Rho-associated
protein kinase (ROCK) inhibitor could be added to the culture in order to prevent apoptosis.
Indeed, many AT2 cell culture protocols contain an anti-apoptotic compound (Weiner et al.,
2019; Katsura et al., 2020).

A second possibility is that there are intrinsic differences within the AT2 population, and only a
sub-population with increased stem or progenitor function is able to initiate organoid formation.
Those differences could be subtle, or of epigenetic nature, which is not captured by scRNA-
Seq. Indeed, in recent years subsets of AT2 cells with increased stem cell properties have been
described, and it was speculated that those AT2 subpopulations might represent the cell of
origin for LUAD (see section 1.1.2) (Nabhan et al., 2018; Zacharias et al., 2018). In order to
test if enrichment for those subpopulations leads to a higher OFE in the control and cancer
organoids, FACS sorting strategies developed by other labs could be tested. For instance,
Zacharias et al. described a Wnt-responsive AT2 sub-population that can be isolated using
the surface marker TM4SF1. It was found that this population had a higher OFE compared
to the rest of the AT2 cells, indicating that it was enriched in AT2 stem cells (Zacharias
et al., 2018). To test if this sub-population also has a higher OFE compared to the bulk
AT2 cells in a cancer setting, the same FACS strategy could be applied to KY and KPY mice
and the cells could be transformed using the same in vitro infection strategy as presented
here. This could provide evidence that progenitor-like subsets of AT2 cells are more prone to
KRAS-driven transformation and give insight into the cell of origin of LUAD. Furthermore, it
could be tested if the transformation of different AT2 subpopulations results in cancer cells
with different properties, such as more invasive phenotypes, or cells more prone to proliferation
or EMT

The third option is that stochastically, some AT2 cells are exposed to niches better suited to
initiate an alveolar or cancer organoid. Niches in the organoid culture could be made up of the
ECM scaffold, supporting MECCs, and other epithelial cells. Indeed, a revised CSC hypothesis
states that each cell within a tumor can transition to a CSC in the presence of the right niche
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signals (Batlle and Clevers, 2017). In order to assess this possibility, the niche within the
organoid culture could be manipulated by using different ECM components, supporting cells,
or by manipulating the supporting cells to produce signals shown to be relevant for AT2 and
LUAD cancer cells, such as secreted Wnt pathway components (Nabhan et al., 2018).

5.1.2 Modeling KRAS-driven early-stage lung cancer

Finding new treatments for early-stage cancer is of increasing importance due to ever improv-
ing detection methods that now allow for the identification of pre-cancerous and early-stage
lesions (Heuvelmans et al., 2017; De Koning et al., 2020). Here, we used the cancer organoid
system to study the transcriptional landscape of oncogenic KRAS-driven AT2 cells without any
other mutational drivers, seven days after transformation. The organoids grew in a controlled
and simplified microenvironment, lacking many external signals usually present in vivo. There-
fore, we had the unique opportunity to study the intrinsic changes that occur in a primary
epithelial cell as a result of oncogenic KRAS expression. We found that KRAS signaling did
not simply increase proliferation early on, but that a more severe reprogramming of the cells
occurred. We observed a striking loss of AT2 marker expression and an upregulation of de-
velopmental markers, indicating that KRAS signaling caused AT2 cells to transition to a more
dedifferentiated state. The cells that appeared to be most dedifferentiated also displayed high
Wnt signaling, indicating that the Wnt pathway might already play an important role early on
in tumorigenesis. Furthermore, we found that genes from other epithelial cell lineages of the
lung were upregulated. Both the loss of identity and lineage infidelity are processes known to
occur at a later stage in lung cancer; however they have not been described for early-stage
lesions thus far (Winslow et al., 2011; Laughney et al., 2020). To ensure that this observation
is not an artifact of organoid culture, we confirmed our findings with in vivo data. Although
a similar trend could be observed in the KY GEMM and in human stage IA patient samples,
the phenotype was more pronounced in the cancer organoids (Dost et al., 2020). There are
multiple plausible explanations for this discrepancy.

Firstly, it is possible that the organoid setting allows for the enrichment of CSCs. Similar to
stem cells, CSCs can self-renew and are therefore important for the long-term sustenance of
the tumor. They are thought to be resistant to many cancer therapies and can cause relapse
locally or at distant metastatic sites even years after treatment of the primary tumor. CSC are
often rare subpopulations of cells, but can sometimes make up the bulk of the tumor (Clevers,
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2011; Batlle and Clevers, 2017). Organoids are formed by stem or progenitor cells of normal
tissue; therefore, it is conceivable that in a cancer setting, only CSCs are capable of forming and
propagating cancer organoids. This might provide a unique opportunity to study the biology of
CSCs and to find vulnerabilities of this difficult to treat cell population. The gold standard to
test for the presence of CSC populations are serial transplantation assays in vivo. In future, it
could be tested if transplanted cancer organoids can give rise to secondary and tertiary tumors.
If this is the case, it would be evidence that CSCs are present in the organoids. Genes found
to be upregulated in cancer organoids would therefore provide potential new therapy targets
and could be examined experimentally using knock out studies, to test if tumor formation was
ablated.

Secondly, it is possible that the timeline of cancer progression in organoid culture compared to
in vivo is accelerated. Cancer cells in organoid culture have more space to expand faster than
transformed cells inside of an epithelium. Because of the simplified microenvironment, they
might lack inhibitory signals from other epithelial or stromal cell types. Most notably, there
are no immune cells in organoid cultures that could recognize and eliminate transformed cells
and keep their growth in check. Further studies will be necessary to precisely determine the
alignment of organoid and in vivo early LUAD development timelines, and to what extent the
cancer organoids recapitulate early-stage LUAD. One approach could be to compare the rate
of cell division in the organoid culture to early-stage in vivo tumors.

5.1.3 The study of epithelial to mesenchymal transition and metastasis

Treatment of cancer that has metastasized is one of the most challenging parts of oncology.
Therefore, the prevention and treatment of metastasis rightly receives a lot of attention.
However, the study of metastasis in vivo is challenging and cell lines lack a physiologically
relevant environment. Therefore, organoids might provide an in vitro tool to study metastasis-
relevant processes, such as EMT (Mittal, 2018). When transplanted orthotopically, both KY-
CRE and KPY-CRE derived cancer organoid cells formed tumors. However, we used a lung
injury model and immunocompromised mice to facilitate the engraftments of the cells. In
future, it should be tried to transplant the cancer organoids into the lungs of syngenic mice
without injury. If tumor seeding is successful in the lung, it would provide evidence that
the cancer organoids contain cells that are capable of spontaneous metastasis, describing the
process of forming a tumor in the tissue of origin of the cancer cells (Price, 2014). In contrast,
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models for experimental metastasis test the ability of tumor cells to extravasate, the process
of leaving the circulatory system to enter a tissue, and to form tumors subsequently (Price,
2014). EMT is a cell feature often connected to metastases (Yang and Weinberg, 2008).
We showed that important EMT-driving TFs such as Sox4 were upregulated in the cancer
organoids (Lourenço and Coffer, 2017). Furthermore, the mesenchymal marker vimentin was
detected at the protein level in organoid cells, indicating that single cells were transitioning
to a more mesenchymal state in culture. One experiment often used to test if cells have
metastatic potential is the tail vein assay (Elkin and Vlodavsky, 2001). In order to do this
assay, cancer organoid-derived single cell suspensions could be injected into the tail vein of
an immunocompromised mouse. If the cells survive the blood stream and are capable of
extravasion, they will form tumors at distant sites, often in the lungs.

If the proposed experiments show that the organoids indeed contain cells capable of metastasis,
the organoid system would provide a convenient platform to further study this process. EMT
was observed after only 14 days in KPY-CRE organoid culture, compared to 30 weeks in the
KP mouse model, reducing the time of experiments to study EMT dramatically (Marjanovic
et al., 2020). Furthermore, manipulation of the organoids is easier than manipulation of
GEMMs and could be followed by one of the previously mentioned metastasis assays to obtain
in vivo validation.

5.1.4 Studying the mutational landscape of lung adenocarcinoma

Lung tumors have high numbers of somatic mutations (Wheeler and Wang, 2013). Defining
the role of driver and passenger mutations on cell signaling and therapy success is one of the
key challenges of lung cancer oncology. Therefore, it is crucial to understand the molecular
changes that follow mutations in key oncogenes and tumor suppressors in a controlled manner,
using GEMMs or in vitro systems. In the KP mouse model, protein-altering mutations are
infrequent; however, copy number alterations are common (Chung et al., 2017). This raises
the question if mutations or other genetic alterations accumulate in the cancer organoid model,
and how this process shapes the cancer cell heterogeneity. Even within a very short time frame
of 14 days, cancerous AT2 cells underwent significant transcriptional and phenotypical changes.
Especially in the KPY-CRE organoids, cells became pleomorphic and some cells appeared to
be multinucleated. To test if genetic alterations occur in the organoid model, whole genome
sequencing could be performed on organoid-derived cells. This study could give insights into
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the process by which genetic alterations are acquired in KRAS-driven cancers, and improve our
understanding about the connection between cancer drivers and cancer cell heterogeneity.

5.1.5 Improving the versatility of the organoid system

There are many applications and advantages of the organoid system presented here. However,
there are ways to further increase the versatility of the tool. For instance, the focus of this
work was on modeling and analyzing LUAD progression initiated by oncogenic KRAS G12D
expression. However, even though G12D is the most common variant in never-smokers, G12C
and G12V are more common in patients (Dogan et al., 2012; Haigis, 2017). Because GEMMs of
all three mentioned variants exists, the organoid system could be used to study the differences
between the variants, and to directly compare therapy strategies.

Another way to improve the organoid system as a tool is to add temporal control over the
genetic alterations, so that KRAS mutations act as the cancer initiating event, and loss of
Trp53 as a later event, as often observed in patients (Chen et al., 2019; Nakanishi et al.,
2009). Temporal control in this system could be achieved by combining the Cre/loxP with
another system such as Flp/FRT or Dre/rox, ideally with an inducible recombinase (Rodríguez
et al., 2000; Anastassiadis et al., 2009). With such a system it would be possible to first grow
alveolar organoids, then induce oncogenic KRAS only in a fraction of cells. This would more
closely recapitulate in vivo tumor growth and would enable the study of cell-cell-interactions
between healthy and transformed epithelial cells.

However, even with these improvements there are limitations that need to be considered. The
cancer organoid system as presented in this thesis requires a Cre inducible GEMM such as
the KY or KPY models used here. This has multiple advantages: Cre inducible GEMMs
allow for the use of a Cre-carrying adenovirus to infect the cells. In contrast to a lentivirus,
adenoviruses do not integrate into the cell genome, allowing for transient infection without
causing off-target effects. Furthermore, infection efficiency with adenoviruses is usually high,
rendering cell selection unnecessary. This makes it possible to study cell state alterations that
occur early after the induction of an oncogene, such as KRAS. However, being dependent on
already existing GEMMs limits the variety of mutations that can be studied, or would require
lengthy mouse model generation to study different genotypes of interest. Using techniques
such as CRISPR/Cas9 allows for the introduction or knock out of any mutation or gene and
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therefore provides a more versatile tool. Of course, there are also drawbacks to this approach.
Introducing a large protein such as Cas9 into cells can be challenging and the process is often
inefficient, making it necessary to add selection steps in order to obtain the desired genotype
(Drost et al., 2015; Matano et al., 2015). Hence, there is a trade-off between versatility and
practicality, and the best system will depend on the research question studied.

5.2 Molecular mechanisms of alveolar and cancer organoid growth

In this thesis, I used the organoid model for extensive study of the transcriptional landscape of
healthy alveolar organoids and their cancerous counterparts. Using pseudotime analysis and
a time course, I described the molecular changes in alveolar regeneration and KRAS-driven
tumorigenesis.

5.2.1 Organoids as a model for regeneration

The AT2-derived control organoids used in this study showed a clear bifurcating trajectory
in the transcriptional time course data, representing AT2 and AT1 trajectories. Even though
it was known that AT2 cells differentiate to AT1 cells in organoid culture, this is the first
scRNA-Seq time course analysis of this process. A surprising finding was that at the earliest
time point (day 4), AT2 cells had a low AT2 signature that was reacquired along the AT2
trajectory. The exact identity of the day 4 root cells is therefore not clear. In a recent paper,
Choi et al. presented single cell transcriptional data of comparable organoid cultures from a
late time point (day 21) and only detected two populations, AT2 cells and AT1 cells (Choi
et al., 2020). However, in the same paper they described different AT2 cell states that only
occurred after lung injury in vivo. Those ”primed AT2” cells and ”damage-associated transient
progenitors” (DATPs) had lower expression of AT2 marker genes and were shown to give rise
to AT1 cells. This is reminiscent of the findings in this thesis. It is possible that the organoid
culture is comparable to an injury model. Stem cells are taken from their native environments
and put into an ECM scaffold with sparse supporting mesenchymal cells. Not sensing other
epithelial cells in close proximity likely causes an injury response in the stem cells that is aimed
at regenerating the epithelium (Nabhan et al., 2018). Therefore, it is plausible that the root
cells represent a regenerating AT2 cell state that is similar to the DATPs observed in vivo
(Choi et al., 2020). During regeneration, the cells then split into the AT1 trajectory, and into
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an AT2 trajectory that is more representative of a homeostatic AT2 cell state.

The concept of organoids as a model for regeneration could also explain the shared response
of control and cancer organoids early in organoid culture. As summarized in figure 47, many
TFs changed expression levels in both day 4 samples, which was accompanied by a reduction
in AT2 signature genes. One of those TFs was Id1. Id proteins are upregulated in multiple
types of cancer and have been described as oncogenes and tumor markers because of their role
in cellular processes connected to tumorigenesis (Hasskarl and Munger, 2002; Lyabin et al.,
2014). They inhibit differentiation and induce proliferation through various mechanisms. For
instance, Id proteins have been shown to inhibit nucleoprotein complex formation by binding
TFs that contain an ETS domain, such as ETV5 (Yates et al., 1999). Since ETV5 is an
important TF for AT2 identity, it can be speculated that the reduction in AT2 marker gene
expression is a result of the interactions between ID1 and ETV5. Additional shared upregulated
genes in day 4 organoid cultures were Ybx1 (YB1) and Ybx3. YB proteins are involved in many
cellular processes, including proliferation (Lyabin et al., 2014). In lung cancer, YB1 was found
to be overexpressed in human NSCLC lesions and correlated with poor prognosis (Zhao et al.,
2016; Zheng et al., 2019). Our data suggest that it might also play a role in AT2 regeneration.
Delineating the differences between normal regeneration responses and early tumorigenesis will
be important to understand unique features of early-stage cancer cells better in future.

5.2.2 Early loss of AT2 identity as an advantage for cancer cells

Even though there was a striking overlap of genes upregulated in early organoid formation,
the control and cancer cells did not cluster together, indicating that there were substantial
transcriptional differences. For one, Nkx2-1 was only downregulated in the cancer organoids,
indicating that there was a more severe loss of AT2 identity in the cancer setting compared
to the control. This might explain why the cancer cells appeared more dedifferentiated when
directly compared to the control cells. However, if oncogenic KRAS caused downregulation of
Nkx2-1 directly or indirectly still needs to be determined. In contrast, a TF found upregulated
in the cancer organoids was Klf4. Klf4 became famous as one of the factors used to induce
pluripotency in differentiated cells (Takahashi and Yamanaka, 2006). In cancer, Klf4 has
both been described as an oncogene and tumor suppressor, indicating its complex functions
in tissue-specific contexts (Ghaleb and Yang, 2017). In lung cancer, Klf4 was generally found
to be decreased in tumors compared to normal tissue (Hu et al., 2009; Fadous-Khalifé et al.,
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2016). However, normal tissue analyzed in patients is usually homeostatic and contains all
cell types present in the biopsy. A direct comparison between Klf4 expression levels in normal
and transformed AT2 cells has not been done. In a K; Klf4fl/fl mouse model, it was shown
that the lung tumor burden was higher compared to the K model (Yu et al., 2016). However,
this experiment only determined the role of Klf4 in tumor initiation in the K model and it
did not assess if Klf4 deletion had an effect on tumor stages. The role of Klf4 in early
tumor progression, especially in a Trp53 deficient background, has not been assessed yet.
Therefore, if Klf4 plays a functional role in the observed dedifferentiation phenotype needs to
be determined by further functional studies.

There are multiple explanations why a cancer cell would downregulate AT2 markers early after
transformation. It could simply be that in order to proliferate at a higher rate, the cells cease
to transcribe genes connected to a differentiated phenotype. Even though this could also
explain why the initial response of the control cells showed the same trend, it does not explain
the extent of the differences between control and cancer organoids. For instance, at day 7 of
organoid culture close to 100% of the control cells stained positive for SPC, while less than
20% expressed the protein in the cancer organoids, despite comparable numbers of proliferating
cells. Another explanation is that the dedifferentiated phenotype allows for more plasticity of
the cancer cells. From a less differentiated state, cell subpopulations can turn on different
transcriptional programs, resulting in lineage infidelity, as was observed in the cancer organoid
system and also in human LUAD (Laughney et al., 2020). A higher diversity of subclones
increases the likelihood that the tumor contains cells with immune evasive properties, chemo-
resistance, metastatic potential, or other CSC properties. The reason for the high incidence of
KRAS mutations in cancer could therefore be its ability to reprogram the cell of origin quickly,
creating enough cell diversity to evade immune-surveillance, while at the same time containing
clones with high proliferative potential.

5.2.3 Comparison of alveolar regeneration and cancer progression

Some similarities between the control alveolar organoids and the cancer organoids go beyond
the day 4 time point. After the initial downregulation of AT2 genes, an AT2 signature was
reacquired by a subset of cells in both samples over time, but more strongly in the control
organoids. The control cells likely followed a regeneration response, recovering the depleted
AT1 and AT2 cells; in contrast, the cancer cells modeled tumor progression. Comparing
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regeneration to tumorigenesis in this organoid model may have important advantages. It is a
long-held notion that tumors are wounds that do not heal; indeed, cancer and injury response
have striking parallels (Dvorak, 1986; Arwert et al., 2012). In both cases, cells increase
proliferation at the expense of differentiation. However, while the regeneration response is
transient, cancers often hijack the same signals to expand in an unchecked manner, sometimes
indefinitely (Ge et al., 2017). In the lung, EGFR-KRAS signaling has been shown to be
important during AT2 renewal; both genes are also the most common oncogenic drivers in
LUAD (Desai et al., 2014; Collisson et al., 2014). The observation that the majority of
KRAS G12D expressing AT2 cells reacquired AT2 markers transcriptionally, and SPC on protein
level, could explain why human LUAD generally stains positive for AT2 markers (Jin et al.,
2018; Ye et al., 2011; Zhan et al., 2015). Because the very early steps of the transformation
process usually occur before detection of the tumor, it is not well understood if the initial
cellular response is a loss of those same markers. We were able to show only recently that
in human LUAD, AT2 markers were indeed downregulated transcriptionally at an early stage
(Dost et al., 2020). One reason for the partial reacquisition of the AT2 program could be that
the cells maintained their AT2 memory after the initial downregulation of the AT2 program,
and entered a regeneration response to replenish AT2 cells. Another possibility is that they
follow their developmental trajectories, as has been proposed for human LUAD progression
(Laughney et al., 2020). As outlined in figure 2, Sox9 is an important driver of the distal fate
trajectories during lung development and marks the bipotent progenitor cells that give rise to
AT2 and AT1 cells. Instead of completing their trajectories, it is conceivable that the cells get
stuck at this stage.

Apart from the re-acquisition of AT2 markers, the transcriptional trajectory of the cancer cells
differed greatly from the control cells. In the cancer organoids, the lung developmental TF
Sox9 was expressed by the majority of cells after day 7, and the AT1 trajectory was completely
lost, indicating a lasting reprogramming of the cells. Furthermore, the lung TF Hmga2 and
the EMT factor Sox4 were gained in a subset of cells, indicating ongoing dedifferentiation to a
more mesenchymal cell state, as was confirmed by stainings. The presence of AT2-like cancer
cells and developmental-like or EMT-like cancer cells highlights the heterogeneity of tumors and
is in line with published in vivo data (Winslow et al., 2011; Marjanovic et al., 2020; Laughney
et al., 2020; LaFave et al., 2020). However, the emergence of such cell states, like the HPCS
population described by Marjanovic et al. (2020) (see section 1.2.6) usually takes weeks to
emerge in vivo, compared to only days in organoid culture. If a population with increased
CSC features exists in the organoid cultures needs yet to be tested experimentally. The CSC
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hypothesis describes a tumor cell hierarchy similar to stem cells in normal tissue (Clevers,
2011). CSC are often less proliferative than the bulk of the tumor, but can replenish the
whole tumor after ablation of the bulk cells by chemotherapy or other treatments. Therefore,
it is possible that a similar hierarchy exists in the cancer organoids. To test this hypothesis,
the transcriptional data could be used to identify cell surface receptors that are specific for
either the AT2-like or the developmental-like cancer cells. Those markers could then be used
to isolate the respective cell clusters using FACS sorting. If a population is enriched in CSCs,
it should have a higher OFE and give rise to all the subtypes of cells observed in the parent
organoid generation.

5.2.4 The role of tumor stromal cells on organoid progression

The tumor microenvironment, or tumor stroma, is an important driving factor of tumori-
genesis (Micke and Östman, 2005; Pietras and Östman, 2010). It contains non-neoplastic
hematopoietic, endothelial, and mesenchymal cells that provide signals to the cancer cells
or remodel the ECM. Especially immune cells play an important role in shaping cancer cell
niches. For instance, the concept of cancer cell attraction to specific tissue sites is a long-held
notion also referred to as inflammatory oncotaxis (DerHagopian et al., 1978). In this non-
random process, metastatic cells establish colonies in specific niches, which are often created
by inflammation-causing immune cells (Mendoza and Khanna, 2009). Another abundant cell
type of the tumor stroma are cancer-associated fibroblasts (CAFs). CAFs are distinct from
their fibroblast counterparts by their perpetually activated state and their expression of myofi-
broblast markers (Sugimoto et al., 2006; Micke and Östman, 2004). In lung cancer, multiple
studies have looked at the prognostic value of CAFs. While studies that relied on a single
marker for staining of tissue slides were often inconclusive, studies that used more compre-
hensive gene expression profiling showed that their CAF gene signatures had prognostic value
(Paulsson and Micke, 2014). Furthermore, in vitro and in vivo studies have connected CAF
activity to altered lung cancer cell metabolism, enhanced chemoresistance, and increased can-
cer cell plasticity (Cruz-Bermúdez et al., 2019; Shintani et al., 2016; Xiang et al., 2020; Sung
et al., 2019; Alguacil-Núñez et al., 2018). While targeting CAFs in cancer therapy sounds like
a viable option in theory, it has proven to be a difficult task and clinical therapies are yet to
be developed (Chen and Song, 2019).

The supporting stromal cells used in this thesis were of mesenchymal nature. We revealed that
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they split into two populations when cultured by themselves, one of them being transcriptionally
similar to myofibroblasts. Identifying the other population remains challenging. In an attempt
to annotate the cells, I analyzed expression levels of marker genes published in the literature.
MECCs did not express pericyte markers, or Lgr5 and Lgr6, markers of distinct mesenchymal
subpopulations in the murine lung (Xu et al., 2017; Lee et al., 2017). The majority of cells
expressed Pdgfra and Pdgfrb, described to mark mesenchymal alveolar niche cells (MANCs)
and Axin2 myofibrogenic progenitor (AMP) cells, respectively (Zepp et al., 2017). However,
both of these cell populations have been reported to co-express Axin2, which was not expressed
in the control MECCs cells in our dataset. Most of the markers described in the literature
mark distinct mesenchyme populations in the adult murine lung. However, the mesenchymal
cells used in the organoid co-cultures were isolated from neonatal mice, then cultured in 2D
conditions for multiple passages. It is likely that the gene-expression profile of the cells does
not match with the adult mesenchymal cells, making the annotation of the cells difficult.
Nevertheless, we were able to show that the supporting cells co-cultured with cancer cells
became transcriptionally distinct from the cells co-cultured with healthy AT2 cells over time.
In future experiments, it needs to be determined if this observed change is due to more crowded
wells in the cancer organoid setting or by direct alteration of the non-cancerous mesenchyme
by secreted factors from cancerous AT2 cells. To achieve this, fewer cells should be seeded for
the cancer organoids, so that the density of cells in the well is comparable to the control, also
at later time points. If the transcriptional differences still hold up, an in-depth analysis of the
potential interactions between the epithelial cells and stromal cells should be conducted. For
instance, factors secreted by MECCs could be identified and blocked to test if they influence
the way cancer organoids grow. Computational tools, such as CellPhoneDB, can be used to
analyse cell-cell interactions mediated by receptor-ligand complexes (Efremova et al., 2020).
Briefly, the scRNA-Seq datasets of the control epithelial and mesenchymal cells, and the cancer
epithelial and mesenchymal cells can be analyzed for the expression of receptor-ligand pairs.
If for instance the cancer cells start expressing a receptor not present on the control cells,
and the matching ligand is expressed by the mesenchymal cells, it could be evidence that
new communication occurs between the cancer cells and their MECCs. The communication
networks present in the cancer setting, but not in the control setting, could provide new
therapeutic targets specific to the tumor stroma.
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5.2.5 Ephrin receptors as targets for LUAD

One receptor identified as upregulated in the cancer organoid cells was the ephrin receptor
Epha2. One of the many advantages of organoid systems compared to in vivo studies is that
they provide a convenient platform to test small molecules. I found that inhibition of the ephrin
receptor family ablated organoid formation at nanomolar concentrations of the inhibitor, while
having no effect on the control cells. Ephrin receptors and their ligands are overexpressed or
downregulated in a multitude of cancer types (Pasquale, 2010). Their signaling is complex
and their role in cancer is puzzling and often contradictory. For instance, EPHA2 is frequently
overexpressed and correlates with poor prognosis in NSCLC (Brannan et al., 2009a,b). How-
ever, a study that was focused on stage I NSCLC found that high expression of EPHA2 and
of its ligand ephrin-A1 predicted favorable outcome of cancer patients (Ishikawa et al., 2012).
Indeed, the interaction between ephrin receptors and their ligands is complex and can have
both positive and negative effects on tumor progression (Ieguchi and Maru, 2019). While
ephrin receptors do not pose a completely new target for LUAD, the identification of Epha2
in the transcriptional data is evidence that the cancer organoids are valuable tools in finding
relevant targets for cancer therapy. A commonly used small molecule inhibitor corroborated
the relevance of ephrin receptors in cancer organoid progression, while having no effect on
the control cells. In future assays, it should be confirmed that the observed phenotype is not
due to off-target effects of the inhibitor. One way to show this is to use other compounds
that target the receptor, such as the ephrin-A1 ligand or an EPHA2 agonist such as doxazosin
mesylate (Petty et al., 2012). A caveat of this approach is that it is possible that compounds
added to the media will also have an effect on the MECCs population. One way to avoid this
is to knock out Epha2 only in the epithelial cells using shRNAs or CRISPR/Cas9 technology.
Furthermore, it should be assessed which cell population produces the ligands that bind the
receptor. If the same phenotype is observed when knocking out the potential ligands in the
MECCs population, it would provide evidence that signaling from the stromal cells is crucial
for cancer oganoid progression. The organoid system provides a tool to delineate the cell
communication networks and to further study the complex roles that the ephrin receptors and
their ligands play in tumorigenesis.
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5.3 Outlook

New organoid culturing methods and improvements in single cell omics technology are ad-
vancing quickly and will facilitate the study of cancer biology in the years to come. The work
presented in this thesis has the potential to be part of future discoveries that will ultimately
lead to better cancer treatments. One approach to finding new therapies, using the herein
described organoid system, is to set up a screen for new targets in the organoid culture. The
transcriptional anaysis presented in this thesis provided a multitude of genes that were upreg-
ulated in cancer cells, many of which can be targeted with small molecules. Using the 96-well
transwell setting, a small drug screen could be set up to test for new potential treatments for
LUAD. In addition, a CRISPR/Cas9 screen could give further insight into vulnerabilities of the
cancer cells.

The combination of organoid technology and scRNA-Seq provided insights into the transcrip-
tional states of AT2 cells following KRAS G12D expression. Even though the cancer organoids
were all generated from AT2 cells, heterogeneity was observed already after a few days in cul-
ture. One of the outstanding questions in cancer biology is how cancer cell heterogeneity arises,
and the organoid system provides a tool to study this process in a controlled environment. In
future, the transcriptional data could be complemented with other recently established single
cell technologies. Multimodal single cell measurements allow for the profiling of more than
one aspect of a cell state with single cell resolution, for instance mRNA and DNA sequences
(Stuart and Satija, 2019). Integrating single cell DNA-Sequencing (scDNA-Seq) and scRNA-
Seq could provide insights into how genetic alterations shape the transcriptional landscape of
cells and cause cancer cell heterogeneity (Macaulay et al., 2015). Similarly, single cell com-
binatorial indexing chromatin accessibility and mRNA (sci-CAR) combines epigenetic profiling
with scRNA-Seq and could give insights into the role of epigenetics in cancer progression (Cao
et al., 2018). To get a better understanding of how different cancer cell lineages evolve, sin-
gle cell lineage tracing technologies can be integrated with the transcriptional analysis (Raj
et al., 2018; Alemany et al., 2018; Spanjaard et al., 2018). In order to better understand the
interactions between cancer cells and stromal cells, single cell spatial analysis combined with
scRNA-Seq could provide insights into the spatial relationships between cells, including the
mesenchymal cells co-cultured with the cancer organoids (Wang et al., 2018a; Moffitt et al.,
2018).

In future, slowly increasing the complexity of the simplified organoid system by adding other
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stromal cell types, in combination with the single cell analyses introduced above, will provide
further valuable information about cell-cell interactions between cancer cells and other cell
types. For instance, adding different types of immune cells will enable the study of immune
evasion mechanisms in KRAS-driven cancers, and the role of inflammation in tumor progression
(Gomes et al., 2014; Muenst et al., 2016). The presence of endothelial cells in the culture
could provide insights into the angiogenesis process, or the role of endothelial cell signaling in
EMT (Ramamoorthy et al., 2019).

Eventually, a similar system as presented here could be established using human cells. How-
ever, human data is often difficult to interpret. There are many genomic variations in the
human genome, such as single nucleotide polymorphisms (SNPs) and other genetic alter-
ations. Therefore, it is best to start with a simpler model, such as an inbred mouse strain as
used here, to then slowly build up the complexity of the system.

This is indeed an exciting time for cancer research. New tools such as organoid cultures
in combination with ever improving single cell technologies now provide new platforms to
tackle old questions regarding cancer biology. Eventually, our increasing understanding of the
molecular changes in cancer cells will lead to new therapy discoveries, with the ultimate goal
to not treat, but to cure cancer.
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6 Summary

6.1 Summary (English)

Lung cancer is the leading cause of cancer-related death word-wide. To date, there is no
approved targeted therapy for lung cancer driven by KRAS, the most frequently altered onco-
gene in epithelial cancers. Despite the high incidence of KRAS-driven lung adenocarcinoma
(LUAD), the underlying mechanisms that cause tumor progression are not well understood.
Especially the early steps of tumorigenesis have not been studied extensively, as the research
focus has been on advanced stage cancer. With early detection methods improving, it will be-
come more important to understand the molecular changes directly following oncogenic KRAS
expression, to develop targeted therapies particularly for KRAS-driven early-stage LUAD. New
technologies, such as organoid cultures and single cell RNA-Sequencing, now facilitate the
modeling and study of tumorigenesis in primary cells.

For this reason, I developed an organoid system to faithfully model LUAD in vitro. I showed
that transformed alveolar type 2 (AT2) cell-derived cancer organoids recapitulated LUAD pro-
gression histologically. When transplanted orthotopically, the cancer organoids gave rise to
tumors in vivo. I characterized the transcriptional landscape of oncogenic KRAS expressing
cells early after transformation. Most notably, I found that oncogenic KRAS alone was suffi-
cient to reprogram the cells to a more dedifferentiated phenotype, with reduced AT2 identity
and increased expression of development genes. Using the transcriptional data, I identified
and confirmed the ephrin receptor Epha2 as a potential target for early-stage LUAD.

To further characterize the molecular changes that occur during tumor progression, I per-
formed a time course analysis of the transcriptional landscape of alveolar organoids and
cancer organoids with single cell resolution. I found that the alveolar organoids followed
a regeneration response; the cells transitioned to alveolar type 1 (AT1) and AT2 cells in
culture, similar to their differentiation trajectories in vivo. In contrast, cancer organoid cells
had lost the alveolar differentiation trajectories and instead expressed transcription factors
connected to pluripotency and development, early after oncogene initiation. Even though the
cancer cells partially recovered AT2 identity markers at a later time point, they remained in a
dedifferentiated state.
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Overall, I developed a new organoid tool that can be used for an array of applications. I
characterized the system and explored the transcriptional changes that occured during cancer
progression. I showed that oncogenic KRAS expression caused a lasting dedifferentiation
response early after initiation. Delineating the molecular mechanisms that lead to this response
will help understand KRAS biology, and provide new avenues for targeted treatments.
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6.2 Zusammenfassung (Deutsch)

Lungenkrebs ist weltweit die häufigste krebsbedingte Todesursache. Bisher gibt es keine zuge-
lassenen zielgerichteten Therapien für Lungenkrebs, der durch KRAS verursacht wird, dem
am häufigsten veränderten Onkogen in Karzinomen. Trotz der hohen Inzidenz von KRAS-
gesteuerten Lungenadenokarzinomen ist unser Verständnis der zugrunde liegenden Mechanis-
men, die Tumorprogression verursachen, bescheiden. Insbesondere die ersten Schritte der
Tumorentstehung wurden nicht ausführlich untersucht, da der Forschungsschwerpunkt bislang
auf den fortgeschrittenen Krebsstadien lag. Auf Grund der sich verbessernden Früherken-
nungsmethoden wird es immer wichtiger, auch die molekularen Veränderungen direkt nach der
onkogenen KRAS-Expression zu verstehen und neue zielgerichtete Therapien vorallem für die
frühen Krebsstadien zu entwickeln. Neue Technologien, wie Organoidkulturen und Einzelzell-
RNA-Sequenzierung, können nun die Modellierung und Untersuchung des Fortschreitens von
Krebs in Primärzellen erleichtern.

Aus diesem Grund habe ich ein Organoid-System entwickelt, das die Lungenadenokarzinom-
Progression modelliert. Ich konnte zeigen, dass Krebsorganoide, die aus transformierten alve-
olären Typ 2 (AT2) Zellen hergestellt wurden, die Tumorprogression histologisch nachahmten.
Bei orthotopischer Transplantation führten die Krebsorganoide zu Tumoren in vivo. Ich charak-
terisierte die Transkriptionslandschaft von Zellen, früh nach der Transformation durch onko-
genes KRAS. Insbesondere fand ich heraus, dass onkogenes KRAS allein ausreichte, um die
Zellen auf einen dedifferenzierten Phänotyp mit reduzierter AT2-Identität und erhöhter Expres-
sion von Entwicklungsgenen umzuprogrammieren. Unter Verwendung der Transkriptionsdaten
identifizierte und bestätigte ich den Ephrinrezeptor Epha2 als potenzielles Ziel für Lungenade-
nokarzinome im Frühstadium.

Um die molekularen Veränderungen, die während der Tumorprogression auftreten, weiter
zu charakterisieren, führte ich eine Zeitverlaufsanalyse der Transkriptionslandschaft von
Alveolar- und Krebsorganoiden mit Einzelzellauflösung durch. Ich fand heraus, dass die
Alveolarorganoide einer Regenerationsreaktion folgten. Die Zellen differenzierten in Kultur
zu alveolären Typ 1- (AT1) und AT2-Zellen, ähnlich ihrer Differenzierungsverläufe in vivo.
Im Gegensatz dazu hatten Krebsorganoid-Zellen die alveolären Differenzierungswege verloren
und exprimierten stattdessen Transkriptionsfaktoren, die mit Pluripotenz und Entwicklung
zusammenhängen, früh nach der Initiierung des Onkogens. Obwohl die Krebszellen zu einem
späteren Zeitpunkt teilweise AT2-Identitätsmarker wiedererlangten, blieben sie in einem
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dedifferenzierten Zustand.

Zusammenfassend lässt sich festhalten, dass ich ein neues Organoid-System entwickelt habe,
das für eine Reihe von Anwendungen verwendet werden kann. Ich charakterisierte das Sys-
tem und untersuchte die Transkriptionsänderungen, die auf die Krebsentstehung folgten. Ich
zeigte, dass die onkogene KRAS-Expression früh nach der Initiierung eine anhaltende De-
differenzierungsreaktion hervorrief. Die Beschreibung der molekularen Mechanismen, die zu
dieser Reaktion führten, wird zum Verständnis der KRAS-Biologie beitragen und neue Wege
für ziegerichtete Behandlungen eröffnen.
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Table 14: Commonly down- and upregulated genes in RNA-Seq data
Genes that were within the top 100 down- and upregulated gene lists of KY-Dif and KPY-Dif and
shared between the two, as determined by RNA-Seq.

Commonly downregulated Commonly upregulated
Sec14l3 Procr
Gsta3 Ecm1
Kcnk2 F2r
Nkd1 Hnf4a
Cd74 Emp1
Nrep B4galt6
Gstt1 Anxa2
Ldhb Phgdh
Lyz2 Prss22
S100g Slc2a1
Ces1g Tpi1
Cyp4b1 Pfkl
Mlc1 St8sia6
Gas6 Ldha
Aox3 Errfi1
Itm2a Ero1l

Mettl7a1 Pglyrp1
2610028H24Rik Fabp5

Creg1 Spp1
H2-Eb1 Ptges
H2-Aa Msln
Cytip Tnfrsf23

Serpinb9 Hmga2
Tppp3 Sox9
Galnt18 Ly6a
Gsap F3
Sepp1 Kcnq1
Scnn1b Lad1
Ak1 Pthlh
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Hnmt Itga6
Adcy7 Aqp3
H2-Ab1 Tigit
Tspan11 Krt7
Ptn Slc16a3

Cyp4v3 Adss
Tmem116 B3gnt3
Pmp22 Fam107b
Ces1d Tubb6

Cyp2b10 Mcpt2
Lgi3
Mme
Scnn1g
Dynlrb2
Akr1c14
H2-DMb1
Ppp2r2b
Fgf1
Ddo

Col6a1

Table 15: Top 100 upregulated genes in KY scRNA-Seq clusters
CKY1 represents the control cluster, CKY0 and CKY2 the Cre clusters. Genes are ranked by p values
with lower values ranked higher.
rank CKY0 CKY1 CKY2
1 Fn1 Sftpc Ldha
2 Rtn4 Cd74 Psca
3 Krt8 Scd1 Fabp5
4 Clu Ager Pkm
5 Krt18 Lpcat1 Ybx1
6 Lgals1 Napsa Tpi1
7 Tmsb10 H2-Aa Gapdh
8 Nupr1 H2-Ab1 Krt7
9 Cldn4 Sftpa1 Pglyrp1
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10 Actn1 Wbp5 Tff1
11 Rdh10 Slc34a2 2200002D01Rik
12 S100a10 H2-Eb1 Phgr1
13 Pdlim7 Sftpd Aqp5
14 Ly6e Ppp1r14c Sec61g
15 Ctsl Dram1 Mal
16 S100a11 Gde1 Anxa2
17 Ptgs2 Cadm1 Il33
18 Tnfrsf12a Sfta2 Rps8
19 S100a6 Ctsc Mif
20 Cdkn2a Cxcl15 Ly6d
21 Plin2 Chchd10 Rpl27a
22 Thbs1 Sparc Tma7
23 Fam107b Ptprf Rps2
24 Tpm1 Tmem243 Pgam1
25 Morc4 Lamp3 Rps21
26 Cnn3 Fth1 Glrx
27 Msn Scd2 Wfdc2
28 Marcks Mgst1 Rpl36al
29 Sox4 Lyz2 Areg
30 Pmepa1 Npc2 Psat1
31 F3 Egfl6 Gsto1
32 Cd44 Elovl1 Rps27a
33 Basp1 Sftpb Rpl14
34 Cdkn2b Mpc1 Rpl41
35 Ktn1 Lgi3 Pthlh
36 Tgif1 Sepp1 Sec61b
37 Msln Scp2 Cltb
38 Sfn Tgoln1 Ly6a
39 Tnfrsf23 Fasn Rpl18
40 Btg1 S100g Lgals3
41 Epcam Brd7 Aldoa
42 Spp1 Dpysl2 Rpsa
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43 Myl12a Cd36 Fgfbp1
44 Ccnd2 Creg1 Fam162a
45 Gadd45a Nrp1 Gm8730
46 Ddah1 Tmem30a Rpl8
47 F2r Nkx2-1 Rps6
48 Litaf Oat Tspan8
49 Ly6a Cldn18 Sprr2a3
50 Emp1 H2-K1 Rpl31
51 Ier3 Abca3 2810417H13Rik
52 Flna Col4a1 Ptges
53 Perp Slco2a1 Tmsb4x
54 Arl4c Aldh2 Hmgb2
55 S100a14 Tmbim6 Krt19
56 St13 Alcam Golm1
57 Tes Npw Rps13
58 Cdk6 Etfb Ywhaz
59 Igf1r H2-DMb1 Synpr
60 Lurap1l Atp11a Id1
61 Marcksl1 Acsl4 H2afz
62 Cald1 Bex4 Higd1a
63 Hsp90ab1 Timp3 Ereg
64 Arpc1b H2-D1 Anxa10
65 Rps5 Ndufa3 Birc5
66 Fhl2 Ngfrap1 Nhp2
67 Ano1 Mylk Cks1b
68 Ctgf Chil1 Rpl11
69 Clic1 Emb Bnip3
70 Serpine2 Zdhhc3 Tuba1b
71 Anxa1 Lcn2 S100a14
72 Mtpn Cyb5r3 Rps18
73 Epb41l2 Cd200 Ffar4
74 Myof Cbr2 Manf
75 Igfbp7 Oxct1 Ube2c
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76 Chic2 App Rps10
77 Vmp1 Retnla Rps23
78 Mast4 H3f3a Hsd17b11
79 Zak Psme1 Slc7a11
80 Krt19 Cmtm8 Il4ra
81 Rhoc Ifi27 Rps17
82 Sat1 Nckap5 Rps11
83 Cd81 Mettl7a1 Npm1
84 Cdkn1a Lamp1 Slc35d1
85 Ctse Rnaset2a Rpl26
86 Arpc5 Bex2 Rpl29
87 Ecm1 Icam1 Rpl13
88 Hn1 Atp1b1 Rplp1
89 Ltbp1 Abcd3 Rps15
90 Rps27l Cebpa Rps12
91 Phactr4 Ucp2 Eif5a
92 Gnai2 Ndufb11 Ran
93 Flnb Sepw1 Sdf2l1
94 Phgdh Ces1d Rplp2
95 Cd2ap Prnp Ube2s
96 Cfl1 Maob Mgst3
97 Rpl7 Gstm1 Eef1g
98 Ddit4 Matn4 Rpl28
99 Rpl22l1 Soat1 Sftpb
100 Rpl18a Gstt1 Cenpa

Table 16: Top 50 upregulated Gene Ontology terms in KY scRNA-Seq clusters
CKY1 represents the control cluster, CKY0 and CKY2 the Cre clusters. GO terms are ranked by p
values with lower values ranked higher.
rank CKY0 CKY1 CKY2
1 regulation of apoptotic

process (GO:0042981)
mitochondrial ATP
synthesis coupled electron
transport (GO:0042775)

translational termination
(GO:0006415)
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2 regulation of cell
migration (GO:0030334)

respiratory electron
transport chain
(GO:0022904)

translational elongation
(GO:0006414)

3 negative regulation of
apoptotic process
(GO:0043066)

mitochondrial electron
transport, NADH to
ubiquinone (GO:0006120)

mitochondrial
translational elongation
(GO:0070125)

4 regulation of cell
proliferation
(GO:0042127)

mitochondrial respiratory
chain complex assembly
(GO:0033108)

mitochondrial
translational termination
(GO:0070126)

5 positive regulation of
transcription,
DNA-templated
(GO:0045893)

NADH dehydrogenase
complex assembly
(GO:0010257)

mitochondrial translation
(GO:0032543)

6 positive regulation of
gene expression
(GO:0010628)

mitochondrial respiratory
chain complex I
biogenesis (GO:0097031)

RNA splicing, via
transesterification
reactions with bulged
adenosine as nucleophile
(GO:0000377)

7 positive regulation of
angiogenesis
(GO:0045766)

mitochondrial respiratory
chain complex I assembly
(GO:0032981)

mRNA processing
(GO:0006397)

8 positive regulation of
vasculature development
(GO:1904018)

mitochondrial ATP
synthesis coupled proton
transport (GO:0042776)

mRNA splicing, via
spliceosome
(GO:0000398)

9 vascular endothelial
growth factor receptor
signaling pathway
(GO:0048010)

fatty acid beta-oxidation
(GO:0006635)

DNA metabolic process
(GO:0006259)

10 positive regulation of
transcription from RNA
polymerase II promoter
(GO:0045944)

cellular respiration
(GO:0045333)

establishment of protein
localization to
mitochondrion
(GO:0072655)
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11 cellular protein
modification process
(GO:0006464)

ATP synthesis coupled
proton transport
(GO:0015986)

regulation of ubiquitin
protein ligase activity
(GO:1904666)

12 negative regulation of
protein ubiquitination
(GO:0031397)

ATP biosynthetic process
(GO:0006754)

ribosomal large subunit
assembly (GO:0000027)

13 actin filament
organization
(GO:0007015)

cristae formation
(GO:0042407)

glycolytic process through
glucose-6-phosphate
(GO:0061620)

14 regulation of transcription
from RNA polymerase II
promoter (GO:0006357)

purine ribonucleoside
triphosphate biosynthetic
process (GO:0009206)

canonical glycolysis
(GO:0061621)

15 extracellular matrix
organization
(GO:0030198)

aerobic respiration
(GO:0009060)

glucose catabolic process
to pyruvate
(GO:0061718)

16 regulation of angiogenesis
(GO:0045765)

inner mitochondrial
membrane organization
(GO:0007007)

nucleobase-containing
small molecule
interconversion
(GO:0015949)

17 positive regulation of
cellular amide metabolic
process (GO:0034250)

peptide metabolic process
(GO:0006518)

nuclear transport
(GO:0051169)

18 positive regulation of cell
aging (GO:0090343)

secondary alcohol
biosynthetic process
(GO:1902653)

nucleocytoplasmic
transport (GO:0006913)

19 regulation of I-kappaB
kinase/NF-kappaB
signaling (GO:0043122)

iron ion homeostasis
(GO:0055072)

histone exchange
(GO:0043486)

20 regulation of protein
ubiquitination
(GO:0031396)

fatty acid biosynthetic
process (GO:0006633)

centromere complex
assembly (GO:0034508)

21 negative regulation of
cellular process
(GO:0048523)

cellular iron ion
homeostasis
(GO:0006879)

negative regulation of
ubiquitin protein ligase
activity (GO:1904667)
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22 positive regulation of
apoptotic signaling
pathway (GO:2001235)

regulation of cholesterol
biosynthetic process
(GO:0045540)

G1/S transition of mitotic
cell cycle (GO:0000082)

23 positive regulation of viral
life cycle (GO:1903902)

cellular transition metal
ion homeostasis
(GO:0046916)

RNA export from nucleus
(GO:0006405)

24 regulation of cell-matrix
adhesion (GO:0001952)

mitochondrial electron
transport, cytochrome c
to oxygen (GO:0006123)

regulation of mitotic cell
cycle phase transition
(GO:1901990)

25 positive regulation of
intracellular signal
transduction
(GO:1902533)

glutathione metabolic
process (GO:0006749)

mitotic sister chromatid
segregation
(GO:0000070)

26 epiboly involved in wound
healing (GO:0090505)

fatty acid metabolic
process (GO:0006631)

nuclear export
(GO:0051168)

27 positive regulation of
apoptotic process
(GO:0043065)

glutathione derivative
biosynthetic process
(GO:1901687)

glycolytic process
(GO:0006096)

28 protein stabilization
(GO:0050821)

glutathione derivative
metabolic process
(GO:1901685)

anaphase-promoting
complex-dependent
catabolic process
(GO:0031145)

29 cell-matrix adhesion
(GO:0007160)

cholesterol metabolic
process (GO:0008203)

ATP generation from
ADP (GO:0006757)

30 negative regulation of
protein modification by
small protein conjugation
or removal (GO:1903321)

organonitrogen
compound biosynthetic
process (GO:1901566)

protein targeting to
mitochondrion
(GO:0006626)

31 platelet aggregation
(GO:0070527)

fatty-acyl-CoA
biosynthetic process
(GO:0046949)

DNA
replication-independent
nucleosome assembly
(GO:0006336)
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32 positive regulation of
cellular biosynthetic
process (GO:0031328)

energy coupled proton
transport, down
electrochemical gradient
(GO:0015985)

chromatin remodeling at
centromere
(GO:0031055)

33 regulated exocytosis
(GO:0045055)

purine ribonucleotide
biosynthetic process
(GO:0009152)

cell cycle G1/S phase
transition (GO:0044843)

34 positive regulation of
cellular senescence
(GO:2000774)

regulation of cholesterol
metabolic process
(GO:0090181)

termination of RNA
polymerase II
transcription
(GO:0006369)

35 negative regulation of
intracellular signal
transduction
(GO:1902532)

acetyl-CoA metabolic
process (GO:0006084)

nucleic acid metabolic
process (GO:0090304)

36 positive regulation of cell
migration (GO:0030335)

fatty acid oxidation
(GO:0019395)

regulation of cell cycle
process (GO:0010564)

37 negative regulation of cell
proliferation
(GO:0008285)

regulation of lipid
metabolic process
(GO:0019216)

kinetochore organization
(GO:0051383)

38 cell junction assembly
(GO:0034329)

regulation of protein
binding (GO:0043393)

regulation of
ubiquitin-protein ligase
activity involved in
mitotic cell cycle
(GO:0051439)

39 Ras protein signal
transduction
(GO:0007265)

fatty acid beta-oxidation
using acyl-CoA
dehydrogenase
(GO:0033539)

positive regulation of
ubiquitin protein ligase
activity (GO:1904668)

40 transmembrane receptor
protein tyrosine kinase
signaling pathway
(GO:0007169)

lipid biosynthetic process
(GO:0008610)

CENP-A containing
nucleosome assembly
(GO:0034080)
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41 actin cytoskeleton
reorganization
(GO:0031532)

regulation of steroid
biosynthetic process
(GO:0050810)

CENP-A containing
chromatin organization
(GO:0061641)

42 positive regulation of
mitochondrial outer
membrane
permeabilization involved
in apoptotic signaling
pathway (GO:1901030)

lytic vacuole organization
(GO:0080171)

pyruvate metabolic
process (GO:0006090)

43 Rho protein signal
transduction
(GO:0007266)

very long-chain fatty acid
metabolic process
(GO:0000038)

regulation of mitotic
nuclear division
(GO:0007088)

44 positive regulation of
response to stimulus
(GO:0048584)

chemical homeostasis
within a tissue
(GO:0048875)

positive regulation of
ubiquitin-protein
transferase activity
(GO:0051443)

45 release of cytochrome c
from mitochondria
(GO:0001836)

surfactant homeostasis
(GO:0043129)

mRNA export from
nucleus (GO:0006406)

46 homotypic cell-cell
adhesion (GO:0034109)

fatty acid catabolic
process (GO:0009062)

DNA-templated
transcription, termination
(GO:0006353)

47 negative regulation of
proteolysis involved in
cellular protein catabolic
process (GO:1903051)

negative regulation of
protein binding
(GO:0032091)

protein import into
mitochondrial matrix
(GO:0030150)

48 positive regulation of
JNK cascade
(GO:0046330)

lysosome organization
(GO:0007040)

positive regulation of
ubiquitin-protein ligase
activity involved in
regulation of mitotic cell
cycle transition
(GO:0051437)

145



Appendix

49 viral life cycle
(GO:0019058)

positive regulation of
peptidase activity
(GO:0010952)

positive regulation of cell
cycle process
(GO:0090068)

50 regulation of spindle
assembly (GO:0090169)

glycogen metabolic
process (GO:0005977)

mRNA-containing
ribonucleoprotein
complex export from
nucleus (GO:0071427)

Table 17: Top 100 upregulated genes in Y control scRNA-Seq time course clusters
CY3 represents the root cluster, CY5 the AT1 transitioning cluster, CY6 the AT1-like cluster, CY7
the AT2 transitioning cluster, and CY1 the AT2-like cluster. Genes are ranked by p values with lower
values ranked higher.
rank CY1 CY3 CY5 CY6 CY7
1 Scd1 Rps2 Clu Ager Cks1b
2 Sftpc Ybx1 Zfp36l1 Sparc Ptma
3 Lyz2 Npm1 Tmem176b Cldn18 Rpl13a
4 Fasn Rplp1 Sat1 Emp2 Prdx4
5 Slc34a2 Ly6a Tspo Hopx Ran
6 Chil1 Rpl14 Tmem176a Clic5 Tubb5
7 Lamp3 Rpsa Btg2 Cryab Rpl5
8 Hc Rps23 Jund Prdx6 H2afz
9 Rnase4 Rpl12 H3f3a Akap5 Stmn1
10 Sepp1 Ran S100a11 Ahnak Calr
11 Sfta2 Krt7 Cd24a Crip2 Dtymk
12 Cxcl15 Rplp2 Cldn4 Hs2st1 Ybx1
13 Elovl1 Rps14 Ctsl Col4a4 Rpl12
14 Lrg1 S100a6 Ubb Col4a3 Rps6
15 Lcn2 Rpl7 Ier3 Fbln5 Hspd1
16 Scp2 Rpl27a Ly6e Ndnf Rplp1
17 Abca3 Rps18 Qsox1 Pmp22 Hsp90aa1
18 Acoxl Ybx3 Ffar4 Bcam Ranbp1
19 Sftpa1 Rps17 Sox4 Fam174b Hsp90b1
20 Napsa Erh Arl4c Igfbp7 Tuba1b
21 Lrp2 Rps12 Fn1 Clic3 Txnrd1
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22 Tmem243 Rpl5 Anxa1 Myl12a Prdx1
23 Npc2 Rps6 Tspan1 Timp3 Spc24
24 S100g Krt19 Btg1 Sec14l3 Siva1
25 Lgi3 Ptma Myh9 Sep15 Rps2
26 Soat1 Eif5a Lurap1l Qk Tpm4
27 Dram1 Rpl17 Myl12b Dag1 Rps25
28 Fabp5 Snrpd1 Pmepa1 Cd81 Rps15
29 Sftpb Homer2 Gadd45b Msn Hnrnpab
30 Lpcat1 Rbm3 Krt18 Pdgfa Acot7
31 Nrp1 Ddx39 Mfge8 Icam1 Cbr3
32 Acly Ppp1r14b Neat1 Vegfa Ppp1r14b
33 Rps28 Rpl13 Malat1 Myh14 Hmgb1
34 Etv5 Rps13 Epcam Gsn Rpl23a
35 Rps29 Gnb2l1 Basp1 Sema3e Rps18
36 Scd2 Rps25 Fxyd3 Myo1b Rps14
37 Tmprss4 Rps10 Por Ppp3ca Eif4a1
38 Slco4c1 Rps15 AW112010 Malat1 Manf
39 Bex2 Set Junb Aqp5 Rps17
40 Atp6v1g1 Wfdc2 Krt19 Fam189a2 Nme1
41 Muc1 H2afz Laptm4a Ppic Gsr
42 Car8 Rps16 Slc4a4 Gprc5a Rps8
43 Cpm Rps11 Itgb6 Pdlim2 Rpl17
44 Mid1ip1 Snrpe Vill Slco3a1 Sec61b
45 Gm10076 Emp1 Prdx2 Gramd2 Erh
46 Tgoln1 Ranbp1 Runx1 Lrpap1 Cdc20
47 Ppp1r14c Areg Cdkn1a Samhd1 Ckap4
48 Lbp Lsm6 Vmp1 Vamp8 Snrpd1
49 Epas1 S100a14 Cyba Slc44a2 Sdf2l1
50 Trf Rpl22 Pnrc1 Myl12b Rpsa
51 Mien1 Foxq1 Serpinb9 Lmo7 Tma7
52 Rpl21 Rpl32 Rhoc Ehd2 Arpc2
53 Mtch1 Ppa1 Cd81 Scnn1a Cks2
54 Rps27 Rps8 Srsf5 Serpinh1 Ube2s
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55 Acsl4 Psca Dusp1 Fads3 Pdia6
56 Mt1 Ffar4 Mmp14 mt-Cytb Mylk
57 Lrrk2 Krt18 Thbs1 Sptbn1 Hint1
58 Acsl5 Rps20 Calm1 Rtkn2 Lsm6
59 Ifi30 Hsp90ab1 Foxq1 Cnn2 Tagln2
60 H2afj Nap1l1 H3f3b Myl6 Cdk1
61 Ang Nme1 Ifitm3 Tmem37 2810417H13Rik
62 Rpl38 Ywhaz Hp Anxa3 Hsp90ab1
63 Col6a1 Rpl26 Tnfaip8 Agrn Smc2
64 Tmem30a Ncl Ube2b Asah1 Kdelr2
65 Atox1 Msln Psca Hck Pfn1
66 Hdc Rps15a Serpinb6b Scnn1g Anp32b
67 Tspan11 Rpl13a Gsto1 Gng5 Nucks1
68 Adam19 Pfn1 Ly6c1 Dpysl2 Slc25a4
69 Tc2n Gsto1 Cd44 Serpinb9 Rpl14
70 Atp11a Btf3 Anxa5 Ano1 Ak2
71 H2-Aa Hspd1 Ctnnb1 Mmp11 mt-Nd1
72 Rps21 Gpx2 Mmp23 Cd9 Ccnd1
73 Id2 Uchl3 Sdc1 Laptm4a Mki67
74 Secisbp2l Mal Rras Magi3 Ppa1
75 Cat Fam107b S100a6 Tspan15 Cd36
76 Rbms3 Hnrnpab Sorcs2 Cav2 Fen1
77 Egfl6 Rpl9 Luzp1 App Set
78 Abcd3 Esd Cxcl17 Galnt18 Gclc
79 Tmem164 Eif4a1 Msn Cdkn2b Cldn3
80 Ank3 Mgst3 Hsp90ab1 Anxa5 Ptgr1
81 Uba52 Utp11l Ptprs Npnt Hnrnpa2b1
82 Itpr2 Cct8 Spint2 Tmem59 Ywhaz
83 Aldh2 Rpl23 Pdgfa Rhoa Atp2a2
84 Cebpa Txn1 Glul Serf2 Smc1a
85 Azin1 Krt8 Arpc3 Limch1 Rps16
86 Cd74 Hmgb1 Il18r1 Crlf1 Banf1
87 Mt2 Eef1b2 Gnas Scnn1b Rplp2
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88 Fgfr2 Rpl23a Ahr Bsg Ndufa4
89 Cd36 Odc1 Aqp4 Dapk2 Gpx2
90 Pi4k2b Rpl7a Ier5 Cav1 Prc1
91 Dpp4 Srsf3 Ano1 Ypel3 Dut
92 Nucb2 Serbp1 Map1lc3b Mthfd1 Ptges3
93 Spg21 Anxa1 Msln Tmbim6 Tyms
94 Scamp1 Eif1ax mt-Atp6 Nedd9 Birc5
95 Fdps Nhp2 Vamp5 Zfyve21 Tubb4b
96 Lcp1 Cct2 Ppic Ndst1 Knstrn
97 Cd302 Rpl4 Mtus1 Cadm1 Dnmt1
98 Rbpjl Snrpf Nupr1 Timp2 Rangap1
99 Atp6v0d1 Phgdh mt-Co3 Tead1 Rpl32
100 Zdhhc3 Anxa8 Rtn4 Epb41l5 Lsm2

Table 18: Top 100 upregulated genes in KPY scRNA-Seq time course clusters
CKPY4 represents the root cluster, CKPY0 and CKPY8 transitioning clusters, and CKPY2 and CKPY5
late-stage clusters. Genes are ranked by p values with lower values ranked higher.
rank CKPY0 CKPY2 CKPY4 CKPY5 CKPY8
1 Clu Malat1 Ybx1 Scd1 Cxcl15
2 Ppia Bsg Ppp1r14b Slc34a2 Sftpd
3 Spp1 Fau Plaur Lcn2 Sftpc
4 Chchd2 Rps27 Rplp2 Sftpc Prdx4
5 Prdx2 Rpl38 Pfn1 Ppp1r14c Phgr1
6 Igfbp7 Rps28 Rplp1 Lrg1 Wbp5
7 Tspo Bnip3 Hdgf Dram1 Ngfrap1
8 Basp1 Aldoa Hnrnpab Lpcat1 Dbi
9 Krt7 Vegfa Ywhaz Lamp3 Ctsh
10 Krt18 Ero1l Hspd1 Fasn Ager
11 Hn1 Rpl37 S100a6 Napsa Napsa
12 Cdkn2a Emp2 Snrpf Atp11a Slc34a2
13 Pmepa1 Rbm39 Rpl5 Cxcl15 Siva1
14 Erh Epb41l4aos Ran Elovl1 Ppia
15 Lgals1 Rpl36 Set Scp2 Trf
16 Tmsb4x Hcfc1r1 Pcbp1 Acsl4 Lpcat1
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17 Tmsb10 Rpl39 Mal Tgoln1 Sftpa1
18 Igfbp4 Neat1 Ybx3 Lbp Tmem213
19 Fn1 Ypel3 Eif4a1 Lyz2 Dram1
20 Epcam P4ha2 Ddx39 Abca3 Pdia6
21 Rpsa Eif4a2 Slc7a11 Sftpa1 Hdc
22 Prss22 Rps21 Ncl Npc2 Lamp3
23 Park7 Rpl37a mt-Nd1 Fgfr2 Rgcc
24 Ctse Gpi1 Lmna mt-Co1 Fasn
25 Arl4c F3 Eif4g2 Tmem243 Cldn3
26 Pfdn1 Rps29 Akr1b8 Map1lc3a Icam1
27 Hint1 Bhlhe40 Rps12 Nrp1 Atp5g1
28 Ly6a Npepps Actb Tmem30a Elovl1
29 Nedd8 Lamp2 Ptma Trf Scd1
30 Msln Psap Alyref Mgst1 Sftpb
31 Sox4 Rpl35a mt-Nd3 Ptprf Ssr2
32 Edf1 Itm2b Tuba4a Cd74 Sec61b
33 Pdlim7 Rpl24 Nap1l1 Secisbp2l Sparc
34 Tnfrsf12a Bnip3l Ranbp1 Dbi Psmb6
35 Hmgn1 Txnip Hsp90aa1 Gstt1 Rpl36al
36 Psmb5 Ctsd Rpl14 Atp5e Bex4
37 Fam213a Nupr1 Mgst3 Lgi3 Hsp90b1
38 Rpl19 Tpm2 Rps6 Brd7 Avpi1
39 Cfl1 Ndufa6 Npm1 Cebpa Snx7
40 Arpc1b Cd81 Ccnd1 Soat1 Tmem37
41 Eif5a Rras Odc1 Cox6c Hmgn1
42 H3f3b Cystm1 Ppa1 Mpc1 Ppib
43 Ctsl Ube2b Txn1 Aox3 Atp6v1g1
44 Rpl10a Ndrg1 Emp1 Cpm Scd2
45 Dad1 Egln3 Serbp1 Lrrk2 Abca3
46 Rps5 mt-Co1 Srsf2 Atp6v1c2 Pmvk
47 Cdc42ep5 Rpl28 Cltb Nkd1 Etfb
48 Ly6c1 Gapdh Rps27l Tfrc H2afz
49 Cks1b Sec62 Rps15a Trp53inp2 Atox1
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50 Chic2 Nsa2 Tubb5 Rps27 Sec11c
51 Calm1 Fndc3a Lsm6 Lrp2 Lbp
52 Snrpd1 Cdkn1a Gsn Ptgs1 Ifi30
53 2700094K13Rik Rabac1 S100a10 Sfta2 Ostc
54 Rpl3 Maff Mbnl1 Etfb Id2
55 Cdk4 Junb Sfpq Sepp1 Sel1l
56 Prdx1 Rpl18a Anxa2 Atp1b1 Fbp2
57 Ier3 Rpl35 Ier5 PISD Atp5o
58 Swi5 Mif Ptgs2 Muc1 Krtcap2
59 H2afz Ndnf Rps14 Sftpb Chchd2
60 Cyba Tmem59 Rpl13a H2-D1 Oaz1
61 Clic1 Gng5 Itga6 Cd36 Lsm4
62 Nhp2 Pfkp Procr Rgcc Lrg1
63 Sumo2 Gabarap Ddx21 Chil1 Tuba1b
64 Abracl Rpl22 Ptges3 Rnase4 Fkbp2
65 Fkbp1a Ankrd37 Gls Tcn2 Ctsc
66 Krt8 Mxi1 Rps17 Abcd3 Mydgf
67 Pomp Serpine1 Ndufa4 Me1 Ptma
68 Anxa5 Eif3h Rab21 Ifi27 1110008F13Rik
69 Taf10 Rbpms Pgd Atp6v1g1 Psmb3
70 Rnaseh2c Clic5 Gpx2 Arg2 Atp5f1
71 Nme1 Btg1 Hnrnpa2b1 Tc2n Nme1
72 Cox5a Ptges Psat1 Rab27a Cd74
73 Psmb6 Aldoc Epha2 Scd2 Ppp1r14c
74 Eif6 Morf4l1 Nasp Dpp4 Cmtm8
75 Stmn1 P4ha1 Nme1 Slco4c1 Fkbp4
76 Rps3 Mfge8 Eef1g Zdhhc3 Mgst1
77 Cnn3 Por Cers2 Atp1a1 Tmem30a
78 Snrpd3 Rpl34 Prkar2a Ces1d Gm42418
79 Gsto1 Ctsb S100a11 Dcxr Ndufb9
80 Rbm3 Zfos1 Hsp90ab1 Epas1 Atp5b
81 Gnas 1810037I17Rik Lmo7 Ndufa3 Tgoln1
82 Ndufab1 Fam162a Hnrnph1 Lgals3bp Ndufab1
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83 Phgdh Paip2 Cycs Prnp Pqlc1
84 Anxa3 Ly6e Anp32b Pi4k2b Isyna1
85 Bok Pdgfa Eif5 Sftpd Fabp5
86 Ran Uba52 Rps15 Cat Psmb5
87 Ranbp1 Aplp2 Bzw1 S100g Prnp
88 Tmem176b Lgals3 Eif4g1 Car8 Mpc1
89 Ssx2ip Rps27rt Nolc1 Psmb8 Spcs2
90 Sumo1 Rpl23 Car2 Tmem213 Rpl29
91 Dynll1 Rnf186 Slc35d1 Lamp1 Tubb2a
92 Rhoc Mbnl2 Rps2 Tmbim6 Lcp1
93 Rps2 Pgk1 Tspan8 Pmvk Npc2
94 Gzme Phlda1 Cmpk1 Itga9 Lcn2
95 S100a11 Rpl36a Rpl12 Chchd10 Atp5g3
96 Psmd8 Igf1r Il33 Acly Hspa5
97 Gtf3a Pttg1ip Cap1 Mtch1 Ssr4
98 Srsf3 Tspan2 Rrad Rps29 Psmb4
99 Ckb Hilpda Mboat1 Ndufa1 Etv5
100 Pfn1 Hopx Tomm20 Etv5 Cdc20

Table 19: Top 50 upregulated genes in mesenchymal scRNA-Seq time course clusters
Genes are ranked by p values with lower values ranked higher.
rank CM0 CM1 CM2 CM3
1 mt-Co3 Fth1 Thbs1 Mgp
2 Mme Cst3 Tmsb4x Spp1
3 Ptn C1ra Tpm1 Cfh
4 mt-Nd1 Uba52 Tagln Ctsl
5 Tpt1 Cp Marcks Mt2
6 Sned1 Gm10076 Fbln2 Rpl13a
7 mt-Nd4 C1s1 Lox Mt1
8 Rps14 Nrp1 Ddah1 Timp1
9 mt-Atp6 C3 Fbln5 Pmepa1
10 H3f3a Cd302 Col12a1 Rpl12
11 Malat1 Sparc Mfap5 Rpl17
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12 Zfp36l1 Igfbp7 Anxa3 Rbp1
13 Ptma Rpl35 Myl12a Mpp6
14 Igfbp4 Igfbp4 Sfrp1 Igfbp7
15 mt-Nd3 Cfh S100a6 Tmem176a
16 Aplp2 Ptgfr Acta2 Fam20c
17 Efemp1 Gas6 Tpm2 Gnb2l1
18 Hsp90ab1 Tmem176b Crim1 Pi15
19 Id1 Lum Cald1 Rps6
20 Gstm1 Tmem176a S100a11 Gpi1
21 Tubb5 Ltbp2 Myl9 Tmem176b
22 Prdx1 Mmp2 Ogn Colec12
23 Plac8 Itm2b Timp1 Arpc1b
24 Fabp4 Cxcl5 Cxcl12 Gm12840
25 mt-Co2 Rpl22l1 mt-Cytb Nupr1
26 Maf Steap4 Col8a1 Por
27 Ifitm2 Ahr Phldb2 Rpl8
28 Rpl13a Slit2 Ptx3 Rpl10
29 Gsn Col4a1 Timp3 Rps15
30 Tgfb2 Bgn Serpine1 Rpl26
31 Ramp2 Igf1 Tpm4 Rps3
32 Rplp1 Eva1b Wisp2 Gapdh
33 Eef1a1 Selm Fam198b Tpt1
34 Ptgfrn Col3a1 Fn1 Dad1
35 Ftl1 Ifitm3 Myl6 Capg
36 Fos Lbp Ctps Eef1g
37 Oaz1 Col1a2 Picalm Pkm
38 mt-Nd2 Rpl15 Cryab Rpl5
39 Enpp2 Saa3 Rspo3 Rpl4
40 Klf2 Srgn Cemip Rnf149
41 Fabp5 Nsg1 Fhl1 Slc36a2
42 Klf6 Nenf Cyp1b1 Ybx3
43 mt-Co1 Fzd1 Myh10 Rpl28
44 Vcan Serping1 Ccnd1 Fzd1
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45 Rpl5 Ccdc80 Sdpr Bgn
46 Nedd4 Hhip Tnc Rplp0
47 Ppp3ca Gpr88 Hs6st2 Aldoa
48 Ddx5 Islr Gyg Ltbp3
49 Phlda1 Col1a1 Fst Tm4sf1
50 S100a4 Sepw1 Actb Pcdh9

rank CM4 CM5 CM6 CM7
1 Ctsl Gm42418 Col11a1 Dbi
2 Spp1 Rpl27 Matn4 Mpc2
3 Grem1 Ptn Penk Chchd2
4 Rpl38 Rps15a Peg3 Ndufa4
5 Serpine2 Rps28 Dbi Gas6
6 Npc2 Rpl23a Col9a2 Cox8a
7 Tnfrsf9 Mme Col9a3 Cox7c
8 Esd H3f3a Ptn Cox6b1
9 Mif Nedd4 Fbn2 Tgfb2
10 Rps29 Rps27 H19 Ndufb9
11 Psap Gstm1 Col2a1 Uqcr11
12 Rpl37 Rpl37a Fgfrl1 Uqcr10
13 Fau Rps21 Serpinh1 Uqcrb
14 Rpl39 Ddx5 Vim Nudt4
15 Rps21 Snrpg Frzb Ebf1
16 Ptgs2 Cyb5a mt-Co3 Gpx1
17 Rpl23 Rplp2 Serf2 Cox5b
18 Rpl36 AY036118 Ndufa4 Tspo
19 Mgp Dnaja1 Mest Atp5l
20 Ctsb S100a4 Col27a1 Atp5h
21 Rps28 Sned1 Fos Ldhb
22 Cd9 Rpl37 Col9a1 Atp5j2
23 Rps27 Ptges3 Acan Romo1
24 Gpi1 Rps26 Rplp1 Fabp4
25 Fndc3a Rps23 Oaz1 Cox4i1
26 Ahr Hnrnpa0 mt-Nd4 Atp5j
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27 Rpl37a Ptma Ptma Fabp5
28 Pi15 Mgst1 Nqo1 Cox7b
29 Rpl35a Rpl34 Btf3 Uqcrh
30 B2m mt-Nd4l Rps12 Mpc1
31 Nrn1 Btf3 mt-Nd1 Uqcrq
32 Fn1 Rps12-ps3 Rps26 Ndufs5
33 Ero1l Snrpe Eef1a1 Hist1h2bc
34 P4ha1 Naca Cnn3 Cox7a2
35 Ier3 Zfand5 Wwp2 Ndufb3
36 Bst2 Arl6ip1 Rps14 Atp5f1
37 Ctsc Sumo2 Snai2 Atp5g1
38 Nupr1 Rps7 mt-Nd3 Hp
39 Mmp3 Npm1 Hsp90ab1 Ppia
40 Vegfa Shfm1 Col11a2 Map1lc3a
41 Ptges Tubb5 Pdia6 Ptgfr
42 Rpl22 Fam3c Rps27l Atp5g3
43 Igfbp7 Rps14 Shfm1 C3
44 Rpl30 Prdx4 Rps15a 2410015M20Rik
45 Pkm Matn2 Ybx1 Rgs2
46 Ecm1 mt-Nd3 mt-Atp6 Atp6v0e
47 Ctsk H2afz Papss2 Sned1
48 Mt1 Rpl39 Lrrc17 Ndufc1
49 Gk Clta Tpt1 Cox6c
50 Rpl36a Tpt1 Egr1 Ramp2
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