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1 Abstract

Lung adenocarcinoma is caused by various genetic alterations, including tumor-suppressor
mutations and oncogenic gene fusions, which together shape tumor progression and re-
main difficult to therapeutically target due to resistance development. Patient-derived
lung cancer organoids offer a physiologically relevant model for studying these alter-
ations and evaluating emerging genome-editing strategies. This thesis applies CRISPR-
based technologies in lung cancer organoids to functionally dissect two clinically rele-
vant mutations: the TP53 C275Y mutation and the KIF5B-RET fusion oncogene. An
adenine base editor (ABE) was used to correct the TP53 C275Y (G—A) mutation within
the DNA-binding domain of p53. High-efficiency A—G conversion (60-90%) was achieved
in organoids using a lentiviral delivery system. Correction of the mutation resulted in a
significant reduction in organoid viability (>75% depletion of live cells) already within
three days, indicating reactivation of p53-medited tumor-suppressive programs. The
second project aimed to disrupt the oncogenic KIF5B-RET fusion using CRISPR-Cas9
delivered via a virus-free (m)RNA transfection approach. Two strategies were designed:
(i) break-point targeting and (ii) dual-intron targeting to induce large deletions in-
dependent of the fusion junction. One guide RNA achieved 15% editing. However,
low editing and limited phenotypic impact likely resulted from p53-mediated error-
free repair mechanisms. These can potentially preserve the KIFSB-RET oncogene and
limit knockout efficiency. These findings establish a robust workflow for base editing
in patient-derived organoids and demonstrate the feasibility of studying TP53 hotspot
mutations in their native environment and in a patient-specific context. In addition, it
demonstrates how genome-editing platforms can facilitate functional characterization
of cancer mutations and support the development of personalized therapeutic strategies
in non-small cell lung cancer and beyond.



2 Abstrakt

Lungen Adenokarzinom entsteht durch verschiedene genetische Verdnderungen, darunter
Mutationen in Tumorsuppressor und onkogene Genfusionen, die gemeinsam das Tumor-
progressionsverhalten bestimmen. Aufgrund von Resistenzentwicklungen sind diese
Mutationen therapeutisch schwierig zu behandeln. Allerdings bieten Patientenabgeleit-
ete Organoide ein physiologisch relevantes Modellsystem, um diese Verdnderungen zu
untersuchen und neue genomeditierende Methoden zu evaluieren.

In dieser Arbeit wurden CRISPR-basierte Technologien in Lungenkrebs-Organoiden einge-
setzt, um zwei klinisch relevante genetische Verdnderungen funktionell zu analysieren:
die TP53 Mutation C275Y sowie die onkogene KIF5B-RET Fusion. Zur Korrektur der
TP53 C275Y Mutation (G—A) in der DNA-Bindungsdoméne von p53 wurde das Adenin-
Basen-Editierung System ABE8e verwendet. Mittels Lentiviren konnten CRISPR Kompo-
nenten in die Organoiden geliefert werden und eine hohe A—G-Umwandlungseffizienz
von 60-90% erzielt werden. Die Korrektur der Mutation fiihrte zu einer deutlichen
Wachstumshemmung der Organoiden (> 75% Verlust lebender Zellen), was auf die
Reaktivierung p53-vermittelter tumorsuppressiver Programme hinweist. Im zweiten
Teil des Projekts wurde die onkogene KIF5B-RET-Fusion mittels CRISPR-Cas9 gezielt
inaktiviert. Das erfolgte iiber eine virusfreie (m)RNA-Transfektion. Es wurden zwei
Strategien entwickelt: (i) eine Breakpoint-spezifische gezielte Inaktivierung und (ii)
eine Doppelte Intron-Inaktivierung zur Induktion einer grof3en Deletion unabhéngig
von der genauen Fusionsstelle. Eine der verwendeten gRNAs erreichte einen Editing-
prozentsatz von 15%. Die geringe Effizienz und der ausbleibende phanotypische Effekt
konnten auf ein mogliche Gen-Stilllegung der Cas9 oder auf durch mutiertes p53 in-
duzierte fehlerfreie DNA-Reparaturmechanismen zuriickzufiihren sein, welche die Funk-
tion des KIF5B-RET-Onkogens erhalten und damit die Knockout-Effizienz begrenzen. In-
sgesamt etabliert diese Arbeit einen robusten Arbeitsablauf fiir Adenin-Basen-Editierung
in patientenspezifischen Organoiden, demonstriert die Machbarkeit der funktionellen
Untersuchung von TP53 Punktmutationen im tumorrelevanten Umfeld. Aullerdem zeigt
diese Arbeit wie genomeditierende Plattformen zur funktionellen Charakterisierung von
Krebs verbundene Mutationen beitragen. Damit liefert sie wichtige Grundlagen fiir die
Entwicklung personalisierter Therapiestrategien beim Lungenkrebs.



3 Introduction

3.1 Lung Cancer: Background and Clinical Relevance

Cancer is a genetic disease driven by the accumulation of somatic mutations that dereg-
ulate cellular proliferation, survival, and differentiation [1]. Lung cancer is the most
commonly diagnosed cancer worldwide and remains the leading cause of cancer-related
mortality, responsible for approximately 1.8 million deaths per year and nearly 19% of
all cancer deaths [2]. The high mortality rate is largely attributed to late stage detec-
tion and the aggressive biological behavior of several subtypes. Lung cancer is broadly
classified into two main groups: non—small cell lung cancer (NSCLC), which represents
approximately 85% of cases, and small cell lung cancer (SCLC), which makes up the
remaining 15% [3]. NSCLC includes several histological subtypes such as adenocarci-
noma (ADC), squamous-cell carcinoma (SCC), adenosquamous carcinoma (ASC) and
large-cell carcinoma (LCC) (Herbst et al., 2018). Among these, lung adenocarcinoma is
the most frequent, representing about 40% of NSCLC cases.

Lun
1817 469 (18.7%

Others

4469 932 (45.9%) Colorectum

904 019 (9.3%)

Liver
758 725 (7.8%)

b

Pancreas 660 175 (6.8%)

Breast
666103 (6.8%)

Stomach

467 409 (4.8%)
Total : 9 743 832

Figure 1: Global cancer mortality distribution Chart showing the proportion of
cancer-related deaths worldwide, based on data from the International Agency for Re-
search on Cancer. Lung cancer accounts for the largest share of mortality (18.7%).
Absolute numbers, Mortality, Both sexes, in 2022 [2].

Like many cancers, NSCLC is driven by genetic alterations that activate growth-promoting
pathways and support malignant transformation [1]. Genomic abnormalities arise ei-
ther from the activation of oncogenes or the loss of function of tumor-suppressor genes.
Mutations in proto-oncogenes convert them into oncogenes, which drive uncontrolled
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cell proliferation. In contrast, tumor-suppressor genes act as cellular brakes, leading the
cell cycle to stop and promoting cell death when necessary. When these genes are mu-
tated, their ability to maintain genomic integrity is compromised, apoptosis is impaired,
and malignant growth can no longer be effectively suppressed.

The most common genetic alterations in lung cancer are oncogenic mutations in EGFR,
ALK, ROS1, KRAS, ERBB2, BRAF, RET, and MET [1]. Most of these genes encode for
receptor tyrosine kinases, which are permanently activated by oncogenic mutations in
a ligand-independent manner and thus activate downstream signaling pathways such
as the RAS/RAF/MAPK signaling pathway [4]. This in turn leads to uncontrolled cell
growth and survival [signal].

Therapeutically, tyrosine kinase inhibitors (TKI) can be used to suppress this permanent
activation by binding to specific sites on the receptors [5]. Numerous clinical studies
have shown that patients with NSCLC can be treated more effectively and with fewer
side effects using TKIs compared to conventional chemotherapies, when their tumor
show oncogenic mutations in the mentioned genes [6]. However, this only applies for
one third of all lung cancer patients [6].

A major clinical challenge is that many lung adenocarcinomas do not carry targetable
oncogenic drivers, leaving patients dependent on conventional chemotherapy [5]. Fur-
thermore, therapeutic pressure leads to the development of secondary resistance muta-
tions in almost all driver-mutated NSCLC, which limits the effectiveness of such targeted
therapies [7]. Although patients with oncogenic mutations typically experience longer
progression-free survival when treated with TKIs compared to chemotherapy, secondary
resistance mutations often arise within a year, requiring alternative treatment strategies
[8]. This highlights the importance of characterizing the complete mutational land-
scape of NSCLC, not only to guide initial therapy, but also to anticipate and manage
drug resistance.

Among all genetic alterations in NSCLC, TP53 mutations stand out due to their ex-
tremely high prevalence and broad impact on tumor biology [9]. TP53 is the most
frequently mutated gene in human cancers, and its inactivation is particularly common
in NSCLC [10]. NSCLC Patients with mutations in TP53 generally exhibit poorer re-
sponses to chemotherapy and radiation and have worse overall survival [11]. Despite
its importance, to date there are no effective targeted therapies for TP53 mutations [9].
Therefore, a major clinical challenge in the treatment of lung cancer is the development
of drugs that can be used for as many patients as possible over a long period of time.
Characterizing the mutational landscape and understanding the biology of different
mutations seems to be crucial to develop new promising therapeutics in the future.
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3.2 TP53 Mutations

The TP53 gene, located on chromosome 17p13.1, encodes the tumor suppressor pro-
tein p53, often called the “guardian of the genome” [12]. p53 acts as a transcription
factor that regulates the cell cycle in response to stress signals, such as DNA damage
or oncogene activation, by controlling the expression of genes involved in cell cycle
arrest, apoptosis, DNA repair, and senescence [13]. Mutations in TP53 are the most
frequent genetic alterations in human cancers, occurring in about 50% of all cases [10].
In lung cancer, TP53 mutations are found in 45-80% of cases, with higher prevalence in
smoking-related adenocarcinomas according to Cancer Genome Atlas (TCGA) database.
Structurally, p53 is a 393-amino-acid protein composed of several key domains, includ-
ing the central DNA-binding domain (DBD), which recognizes specific promoters of p53
target genes. Most TP53 mutations are single amino acid substitutions in the DBD,
spanning exons 5-8, which include hotspot regions [14]. Mutations at hotspots such as
R175, G245, R248, R273, and R282 are the most common genetic changes in human
cancers, present in 5-10% of all samples tested [15] [16].

Some of the hotspot mutations in TP53 can eliminate its normal tumor-suppressive roles
resulting in loss-of-function (LOF) mutations. In contrast, some other hotspot muta-
tions give the protein new functions that help cancer cells survive and grow, resulting in
gain-of-function mutations (GOF) [17]. These mutations often occur at specific hotspot
sites within DBD and there are two main types of these sites: Contact mutants (such
as R273H, R248Q, R248W) mainly disrupt how p53 binds DNA, while conformational
mutants (such as R175H, G245S, R249S, R282H) alter the protein’s folding. Both types
are known to produce GOF effects [17]. Additionally, the buildup of mutant p53 inside
cells can amplify signaling pathways driven by these GOF activities which highlights the
complexity of p53 genetics [17].

Several drugs have been developed to either reactivate mutant p53, such as APR-246
(Eprenetapopt) or promote its selective degradation (like HSP90 inhibitors). However,
none have yet shown clear or consistent clinical efficacy in TP53-mutant cancers, and
no TP53-mutation—-targeted therapy has been clinically approved [18].

Given these limitations, genome editing technologies, such as adenine base editors
(ABEs), offer a promising approach for permanently restoring wild-type TP53 sequence.
Studies in cell lines have shown that base editing can be used to correct TP53 point mu-
tations, and this correction can restore p53 function and lead to tumor cell depletion
[19] [20].
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3.3 RET as an Oncogenic Driver in NSCLC

In healthy tissue, proto-oncogenes function as key regulators of cell proliferation and
differentiation. Alterations in their gene sequence affect the structure of their resultant
proteins, which in turn change multiple regulatory growth factors and signal transduc-
tion events that control the dynamics of normal cell differentiation and proliferation.
When such changes lead to constitutive activation of a downstream signaling pathway,
proto-oncogenes become oncogenes that drive malignant cell growth. This activation
can arise through point mutations, chromosomal rearrangements, or epigenetic alter-
ations [21]. For example the RET gene encodes a transmembrane receptor tyrosine
kinase (RTK) with proto-oncogenic properties. Under physiological conditions, RET
interacts with neurotrophic ligand-receptor complexes, leading to receptor dimeriza-
tion, autophosphorylation and activation of downstream signaling pathways such as
RAS/MAPK. In NSCLC, chromosomal rearrangements that fuse the RET kinase domain
to a partner gene result in ligand-independent constitutive activation of these pathways
driving uncontrolled cell growth and survival [22].

RET fusions occur in approximately 1-2 % of NSCLC cases, with KIF5B-RET being the
most common variant ( 70 % of RET-positive tumors) [23]. Selective RET inhibitors,
including selpercatinib and pralsetinib, have shown good clinical responses comparing
to conventional therapies [5]. However, acquired resistance -similar to resistance ob-
served with other targeted therapies, limits their long term efficacy [24].

A broader challenge in NSCLC is the presence of additional oncogenic drivers such as
mutated KRAS and EGFR. Although targeted therapies have improved patient outcomes,
they rarely eliminate disease entirely. For example, EGFR-mutant NSCLC typically re-
sponds well to third-generation TKIs such as osimertinib, but resistance emerges within
about one year of progression-free survival (PFS), often through activation of bypass
signaling pathways [7]. RET fusions can constitute one such bypass mechanism, en-
abling tumors to evade EGFR inhibition. Chromosomal rearrangements involving RET
promote activation of MAPK and PI3K-AKT signaling and contribute to acquired TKI
resistance [24].

This therapeutic challenge highlights the genetic complexity of RET mutations in tumors
and the need for new treatment approaches which permanently disrupt chromosomal
rearrangements involving the RET gene at DNA level. Emerging genome-editing tools
including CRISPR-Cas nucleases offer wide possibilities by enabling selective disruption
of oncogenic fusions such as KIF5B-RET [25].
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3.4 Patient-derived Lung Tumor Organoids

Organoids are three-dimensional microtissues that mimic important aspects of the struc-
ture and function of the corresponding tissue in the body [26]. Organoids derived from
pluripotent stem cells, tissue-resident stem cells, or differentiated cells from healthy
or diseased tissues, including tumors. Therefore, patient-derived organoids are valu-
able tools for studying multiple aspects of tumor biology, making them better models
for translational cancer research [27]. Compared with 2D cell lines, patient-derived
organoids preserve the complexity and heterogeneity of origin tissues, allowing experi-
mental studies such as testing therapeutic drug efficacy and toxicity, as well as assessing
individual drug responses [28]. Thus, patient-derived tumor organoids provide a closer
experimental model to the patient while maintaining features of the original tumor mi-
croenvironment [29]. Organoids derived from metastatic lesions are particularly useful
because they retain therapy-resistant cells that often lead to treatment failure and poor
clinical outcomes [29]. Generating patient-derived organoids from diverse human can-
cers enables researchers to study specific mutations and the tumor heterogeneity in
more detail.

In addition to their use in drug-response profiling, patient-derived organoids are in-
creasingly emerging as powerful diagnostic tools. Their ability to preserve patient-
specific genetic backgrounds makes them highly suitable for functional genomics ap-
proaches using CRISPR screens [28]. These approaches allow researchers to systemati-
cally interrogate gene function, identify tumor dependencies, and uncover mechanisms
driving tumor progression or therapy resistance. Here is an example of the applica-
tion of organoids in CRISPR based clinical research. CRISPR-based mutagenesis can be
used to generate specific single point mutations directly in tumor organoids obtained
from patients, enabling a functional assessment of how individual variants of specific
genes influence T-cell responsiveness within the tumor. For example, several studies
have shown that organoid-based CRISPR screening can reveal the functional effects of
patient-specific mutations on antitumor immunity and resistance to immunotherapies
[30].

Such functional characterization pipelines hold substantial diagnostic promise, as they
can help pinpoint actionable mutations and ultimately guide personalized therapeutic
strategies for individual patients. By enabling these precise, patient-specific analyses,
organoids serve as an essential platform that bridges genomic discovery with clinically
meaningful decision-making.

At the National Center for Tumor Diseases (NCT/UCC) Dresden, Patient-derived Tu-
mor Model Units (PMU) organoids are created to systematically study and test cancer
mutations. Within the PALUGA clinical trial (“Von Patienten-abgeleitete Lungentumor-
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Organoide in der Prézisionsonkologie”), the PMU grows lung cancer tissue into 3D
organoids, drug testing is performed, and well-characterized PMUs are generated for
use in precision oncology and personalized medicine. In this context, our collabora-
tors at NCT Dresden developed a patient-derived organoid line, PMU315, from a liver
metastasis of a 55-year-old female patient with lung adenocarcinoma (smoker, 4 pack-
years). This organoid keeps the tumor’s genetic profile, including a KIF5B-RET fusion-
and a C275Y mutation in the TP53 gene. The C275Y mutation (cysteine — tyrosine at
codon 275, due to G> A single substitutions) is located in the DNA-binding domain of
p53, very close to known hotspot mutations at R248, R273, and R282, and therefore is
likely affecting the function of p53. As a representative TP53 point mutation, PMU315
provides a highly relevant model to test our gene base editing approach designed to
correct this point mutation, and to functionally analyze the biological consequences of
this mutation in a clinically meaningful setting.

Figure 2: Microscopic image of the PMU315 patient-derived lung cancer organoid.
The organoid retains a three-dimensional structure, reflecting key features of the origi-
nal lung cancer metastasis from the liver, and serves as a model for functional studies
of the TP53 C275Y point mutation and KIF5B-RET fusion. Scale bar = 1000 pm.
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3.5 CRISPR-Cas9 Genome Editing

Driver mutations are the molecular engines that fuel NSCLC. These alterations cause
continuous activation of oncogenes and promote uncontrolled cell proliferation, as well
as resistance to chemotherapy, radiation, and checkpoint blockade therapies [8]. Since
standard treatments do not eliminate the underlying genetic cause of the disease, there
is strong interest in strategies that directly correct or disable mutant alleles. Recent
advances in CRISPR-Cas genome editing technologies have opened the door to such
precise interventions.

The CRISPR-Cas9 system has revolutionized genome engineering by enabling accurate,
sequence-specific double-strand breaks (DSB) that allow knockout of oncogenic drivers,
insertion of corrective sequences, or base editing to restore wild-type function of a spe-
cific gene [31]. CRISPR systems are powerful genome-editing tools that originate from
the adaptive immune system of bacteria and archaea. The first clues about this system
emerged in 1987, when unusual repetitive DNA sequences were discovered in the E.
coli genome. These repeats, separated by unique sequences from past viral infections,
were later recognized as a genetic record of bacterial encounters with phages [32].

The name CRISPR, short for Clustered Regularly Interspaced Short Palindromic Repeats,
refers to these spacer-repeat arrays. When a bacterium survives a viral attack, it cap-
tures a fragment of the viral genome and inserts it as a new spacer in the CRISPR locus,
creating a heritable archive of invaders. The CRISPR array is transcribed, and the tran-
script is processed into individual CRISPR RNAs (crRNAs), later known as guide RNAs
(gRNAs). These gRNAs pair with Cas proteins to form a surveillance complex that iden-
tifies and cleaves complementary viral DNA [33].

A major breakthrough occurred in 2012, when biochemical studies showed that Cas9
functions as a programmable DNA endonuclease in mammalian cells [31]. Cas9 activity
is guided by a dual-RNA structure consisting of a CRISPR RNA (crRNA) and a trans-
activating crRNA (tracrRNA). This discovery enabled the development of CRISPR-Cas9
genome editing: by designing a single-guide RNA (sgRNA) that combines both RNAs
and contains a 20-nucleotide target sequence, Cas9 can be directed to nearly any ge-
nomic site. The Streptococcus pyogenes Cas9 (SpCas9) is the first Cas nuclease used
for genome editing and remains widely used because of its high activity and specificity
[31]. SpCas9 belongs to the type II CRISPR system, in which the tracrRNA pairs with the
precursor CRISPR RNA (pre-crRNA) to allow RNase-mediated processing into mature
gRNAs. These gRNAs then guide Cas9 to a complementary DNA protospacer adjacent
to a compatible protospacer adjacent motif (PAM).
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Cas9 first recognizes the PAM, which causes nearby DNA to unwind so the guide RNA
can pair with the target strand. Once the RNA matches the DNA, Cas9 undergoes confor-
mational changes that activate its nuclease domains. After Cas9 binds the protospacer,
the HNH and RuvC domains cleave opposite DNA strands three nucleotides upstream of
the PAM (17 nucleotides from the gRNA 5’ end), producing a blunt double-strand break
[34] (Fig. 3).

Genome-editing strategies usually work by generating targeted double-strand breaks
(DSBs) that the cell must repair. When Cas9 introduces a DSB, the break is mainly
resolved by non-homologous end-joining (NHEJ) and less frequently by homology-
directed repair (HDR) (Fig. 3) or Microhomology-mediated end joining (MMEJ) [35].

In mammalian cells, NHEJ is the dominant repair pathway. It reconnects the broken
DNA ends without a template [35]. This process often removes or adds a few nu-
cleotides before ligation, generating insertions or deletions (indels). Repeated cycles of
cleavage and repair can accumulate indels until the target site is no longer recognized.
These indels can disrupt gene reading frames or remove essential coding regions, mak-
ing end-joining an effective method for generating gene knockouts [36]. Introducing
two DSBs close together can also delete larger DNA segments, enabling complete re-
moval of defined genomic regions through dual-targeting approaches.

HDR or homology-dependent repair is an error-free pathway that requires a homolo-
gous DNA template (sister chromatid or an exogenous donor) [35]. Extensive 5'—3’
resection creates long ssDNA tails that invade the template allowing DNA synthesis and
precise sequence replacement (Fig. 3). HDR is restricted to S/G2 phases of the cell
cycle when a template is available [35].

3.6 CRISPR Base Editing

CRISPR-Cas9-based editing induces DSBs and is effective for gene disruption and gen-
eral genome modifications. However, precise correction of single-nucleotide variants
remains challenging because of inefficient and infrequent homology HDR in most cell
types. The HDR pathway is required for precise repair after Cas9 induced DSB. These
limitations drove the development of “second-generation” CRISPR systems that edit
DNA without generating DSBs. One of the most significant innovations in this category
is the base editor (BE)[34].

CRISPR-derived base editors enable targeted conversion of single nucleotides without
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breaking both DNA strands or supplying a repair template, making them especially
useful for correcting point mutations. Base editors consist of an impaired Cas protein
with an inactivated RuvC domain (a nickase form of Cas9) fused to a DNA-modifying
enzyme, typically a nucleotide deaminase. The Cas9 nickase is directed to the target
sequence through its binding to a guide RNA. Once the target is recognized, the gRNA
binds the DNA strand containing the PAM and forms an R-loop, exposing a segment of
single-stranded DNA that serves as activating substrate for the deaminase [37] (Fig. 3).
Two major types of base editors have been developed. Cytosine base editors (CBEs)
use cytidine deaminases such as APOBECI, together with a uracil glycosylase inhibitor,
to convert cytosine to thymine. Adenine base editors (ABEs) convert adenine to gua-
nine using an evolved form of the TadA deaminase capable of acting on single-stranded
DNA. The first highly efficient ABE variant, ABE7.10, was derived from TadA-7.10, a de-
oxyadenosine deaminase engineered from the E. coli tRNA adenosine deaminase TadA
[37]. After the Cas9 nickase binds its target site, the displaced non-target DNA strand
becomes accessible to the deaminase. Within a defined “editing window,” CBEs or ABEs
convert cytosine or adenine into uracil or inosine, respectively, which are read during
DNA replication as thymine or guanine (Fig. 3). These changes allow predictable and
precise introduction of transition point mutations [34].
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Figure 3: Molecular principles of CRISPR genome editing. a. Cas9 nucleases use
guide RNAs to target specific genomic sites and create double-strand breaks (DSBs).
These breaks are generated by the RuvC and HNH nuclease domains. A protospacer
adjacent motif (PAM) located downstream of the gRNA target site is required for cleav-
age. Once a DSBs are induced, cells can repair it through three major pathways.
The first, non-homologous end joining (NHEJ), typically results in insertions or dele-
tions (indels). The presence of donor templates can further shape repair outcomes:
homology-independent targeted insertion (HITI) allows integration of double-stranded
DNA lacking homology, whereas homology-directed repair (HDR) uses flanking homol-
ogy sequences from either dsDNA or ssDNA templates, linear or circular. In most cell
types, NHEJ predominates. b. Base editing using cytosine base editors (CBEs) or ade-
nine base editors (ABEs) employs a Cas9 nickase (impaired Cas9) fused to a nucleotide
deaminase. After gRNA binding, an R-loop forms, exposing the target single-stranded
DNA distal to the PAM for deamination. ABEs use an engineered adenosine deami-
nase TadA to mediate A-to-G conversions. Fusion of alkyladenine DNA glycosylase or
N-methylpurine DNA glycosylase to ABEs enables additional A-to-C or A-to-T editing.
In this study we will use a ABE to correct a G to A substitution. Figure adapted from
Villiger et al. (2024)[34].
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3.7 Development of NG-ABES8e

The use of base editors was initially constrained by the requirement that the target nu-
cleotide had to fall within the editor’s specific “editing window,” which is determined
by the Cas9 nickase and its associated PAM sequence. Over time, both CBE and ABE
platforms have been optimized to improve editing efficiency and minimize unwanted
deaminase activity at off-target sites. Base editors with narrower editing windows show
reduced bystander editing, and the size of the editing window depends on both the Cas
protein and the fused deaminas. For example, SaCas9 generates a broader editing win-
dow than SpCas9 even when fused to the same deaminase [34]. Traditional adenine
base editors (ABEs) typically edit adenines across a window spanning approximately
four nucleotides (protospacer positions 4-7, counting the PAM as positions 21-23) [37].
Through engineering of the deaminase domain, researchers have refined these win-
dows and reduced unwanted sequence preferences, thereby lowering both bystander
edits and off-target effects [34]. Early ABE variants, such as ABE7.10, contained a non-
catalytic TadA subunit that caused unwanted RNA deamination. Introduction of specific
mutations within the adenosine deaminase significantly decreased these off-target RNA
edits and gave rise to variants with improved editing windows [38].

Continued evolution ultimately produced ABE8e, a TadA-8e variant with greatly en-
hanced on-target activity and compatibility with a broader range of Cas proteins [38].
The developed TadA-8e variants showed greatly improved deoxyadenosine deamination
activity. NG-ABES8e incorporates a Cas9 variant that recognizes an NG PAM, expanding
the number of accessible genomic targets while maintaining the highly active and com-
pact TadA-8e deaminase core. Its editing window spans protospacer positions 4-8,
counting the PAM as positions 21-23, thereby expanding the effective targeting scope
compared with earlier ABEs. As a result, ABE8e variants can efficiently target positions
that were previously difficult to edit using ABE7.10. This refined window, together
with the reduced off-target profile inherited from TadA-8e and its higher deamination
activity, makes NG-ABES8e particularly suitable for therapeutic applications requiring ac-
curate single-base correction [38].

Because ABEs generate predictable outcomes and enable high-fidelity correction of
pathogenic alleles without creating double-strand breaks, base editors have become
widely used for genome-wide screens and for repairing mutations in genetic diseases
caused by single-base substitutions. The compact and confined editing window of NG-
ABES8e, alongside its reduced RNA off-target activity, provides a cleaner transcriptomic
profile [38]. These features make ABE8e a promising candidate for repairing TP53
mutations, where even a single unintended missense variant could convert p53 from a
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tumor suppressor into a gain-of-function oncogenic protein. Precise editing is therefore
crucial to avoid disrupting regulatory elements or generating secondary mutations. Pre-
vious research has shown that TP53 and KRAS base editing is possible using ABE8e in
cell lines and even in patient-derived pancreatic organoids [19].

3.8 CRISPR-Cas9 and Base Editor Delivery Strategies

Efficient delivery of genome-editing components is essential for successful CRISPR-Cas9
and base-editing applications. Because the CRISPR machinery is large and sensitive to
degradation, specialized delivery systems are required to transfer Cas9 proteins and gR-
NAs in the form of DNA, RNA, or ribonucleoprotein (RNP) complexes into target cells
[39]. Delivery strategies are broadly divided into viral and non-viral vectors, each of-
fering distinct advantages, limitations, and suitability for specific experimental or ther-
apeutic contexts (Table 1).

Viral vectors exploit the natural ability of viruses to introduce genetic material into host
cells. The most commonly used viral systems for CRISPR delivery include lentiviruses,
adenoviruses, and adeno-associated viruses (AAVs) [39]. These vectors differ in genome
capacity, immunogenicity, and genome-integration properties. The general advantages
of viral vectors include high delivery efficiency and stable expression of the transgenes
delivered. However, disadvantages such as immune response activation and limited
packaging size may reduce transfection efficiency [40].

Lentiviruses are widely used for the delivery of CRISPR, as they possess a relatively large
packaging capacity ( 6-9 kb), allowing efficient delivery of components such as SpCas9
[40]. Lentiviral vectors have been used in preclinical studies to deliver CRISPR-Cas9
for direct RNA targeting of KRAS, resulting in inhibited proliferation of cancer cells [19]
[41], as well as for editing the BCR-ABL fusion in myeloid leukemia models, reducing
tumorigenesis and restoring drug sensitivity [25]. These studies highlight the applica-
bility of lentiviral delivery in cancer research and functional genomics.

Given the safety challenges associated with viral vectors and the limitations imposed by
cargo size, non-viral delivery systems have gained significant interest, particularly for
therapeutic genome editing [42]. Non-viral platforms offer simpler production, lack of
genomic integration, and the ability to deliver nucleic acids (plasmid DNA or mRNA).
Common non-viral strategies include direct injection of plasmid DNA or naked mRNA
(RNA transfection) and lipid nanoparticles (LNPs). These approaches enable transient
expression, which is especially beneficial for base editors that require tightly controlled
activity to minimize off-target effects [39]. Nucleic acids encoding Cas9 or base editors
and gRNAs can be delivered using lipid formulations, electroporation, or direct RNA
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transfection. Direct RNA delivery (mRNA + synthetic gRNA) enables rapid onset of
editing because transcription is not required.

However, this approach may require stabilization to prevent rapid degradation of RNA
in the cytoplasm [42]. The reduced stability is cell-type dependent and can be problem-
atic, often necessitating chemical modifications to maintain sufficient on-target activity.
RNA delivery is particularly useful for base editors, where short-term expression is pre-
ferred [42]. Lipid nanoparticles (LNPs) are amphiphilic carriers composed of cationic
lipids such as phospholipids or cholesterol. Because nucleic acids are highly anionic
and cannot easily cross the cell membrane, LNPs facilitate efficient encapsulation and
delivery of nucleic acids [43]. Their ability to protect and transport nucleic acids has
made LNPs the most clinically advanced non-viral delivery system. LNP delivery of Cas9
mRNA and sgRNA to liver tissue for transthyretin (TTR) amyloidosis achieved efficient
editing of the TTR gene and represents the first successful systemic CRISPR therapy in
humans [44]. Ongoing studies aim to expand LNP targeting beyond the liver through
the development of organ-specific LNP designs [45].
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Table 1: Comparison of Viral and Non-Viral Delivery Strategie.

Delivering Cargo .
Strategy Capacitiy Advantages Limitations
- High transduction
efficiency
- Limited cargo size
- Infect dividing &
non-dividing cells - Immunogenic [39]
LentiviralVectors ~6-9 kb | - Stable transgene - Long-term Cas9
expression expression
- Relatively low - Risk of random
immunogenicity genomic integration
compared to AAV and
Adenoviruses
- Time and resource
effective, fast protein
expression
- Simple delivery of naked
RNA possible
- Instability without
a%giilzlgRNA No size - Delivery via LNPs and chemical modification
RNA Transfection) limitation | Electroporation possible '
- Immunogenic [39]
- Transient activity of
Cas9 reduces off-target
risk
- Not limited by cargo
size

3.9 Clinical and therapeutic Applications

CRISPR-Cas9 and base-editing technologies have become central tools for therapeutic

genome modification, enabling both ex vivo and in vivo approaches for treating human

diseases [46]. In ex vivo applications, patient-derived cells are edited outside the body

and then reintroduced after editing and expansion.

One of the most advanced clinical applications of CRISPR is the treatment of genetic

hemoglobinopathies, such as sickle cell disease (SCD) and transfusion-dependent /-
thalassemia (TDT). CRISPR-based strategy involves reactivating fetal y-globin (HBG)
expression by disrupting the ~-globin repressor gene BCL11A efficiently worked. This

is achieved by electroporating Cas9 ribonucleoproteins (RNPs) into hematopoietic stem

cells ex vivo, enabling sustained induction of fetal hemoglobin and alleviating disease
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symptoms once the edited cells are reinfused into the patient [47]. This therapeutic
approach has already resulted in the first CRISPR-based gene therapy approved in Eu-
rope, the UK, and the United States, leading to the approval of the first-ever CRISPR
medicine, Casgevy, as a curative treatment for SCD and TDT [48].

CRISPR technologies have also expanded into the development of chimeric antigen
receptor (CAR) T cell therapies. CRISPR-edited allogeneic CAR-T cells derived from
healthy donors allow more standardized production and potentially improved therapeu-
tic performance. For example, knockout of exhaustion-inducing genes such as PDCD1
enhances T-cell persistence and reduces functional exhaustion [49]. Early clinical trials
using multiplex-edited CAR-T cells have shown promising results, including the success-
ful treatment of relapsed childhood T-cell leukemia using base-edited CAR-T cells [49].

In contrast to ex vivo editing approaches, in vivo genome editing delivers CRISPR com-
ponents directly into patient tissues. The liver is one of the most clinically advanced
targets, largely due to its efficient uptake of lipid nanoparticles (LNPs). In patients with
transthyretin (TTR) amyloidosis, LNP-mediated delivery of Cas9 mRNA and sgRNA suc-
cessfully disrupted the TTR gene in hepatocytes, leading to marked reductions in circu-
lating TTR protein [44]. This represents the first CRISPR-based in vivo genome-editing
therapy to reach Phase III clinical development [44]. Another emerging in vivo applica-
tion, currently evaluated in a Phase I clinical trial, is a CRISPR-based therapy for familial
hypercholesterolemia. Here, LNP-mediated delivery of adenine base editors (ABEs) is
used to inactivate the PCSK9 gene, resulting in long-lasting reductions in low-density
lipoprotein (LDL) cholesterol. LNPs have been specifically optimized to support efficient
uptake even in patients with LDL receptor deficiencies [45].

Moreover, the world’s first personalized in vivo CRISPR therapy was recently adminis-
tered to a ten-month-old infant with CPS-1 deficiency. In this case, base editing cor-
rected two pathogenic point mutations in the CPS1 gene directly in the liver, delivered
by LNPs, leading to significant clinical improvement [46].

While these breakthroughs highlight the enormous therapeutic potential of CRISPR-
based gene editing, it is important to note that no in vivo CRISPR therapy to date has
directly targeted oncogenic mutations within solid tumors. Current clinical CRISPR
interventions focus primarily on ex vivo editing of immune cells or in vivo targeting of
monogenic liver diseases. Thus, unlike targeted therapies that act at the protein level
and therefore remain vulnerable to resistance mechanisms, CRISPR technologies offer
the possibility to intervene directly at the genomic origin of oncogenesis. This makes
genome editing a fundamentally transformative approach for cancer therapy, capable of
permanently correcting or disabling pathogenic mutations rather than inhibiting their
consequences.

Together, these advances demonstrate how CRISPR-Cas9 and base editing technolo-
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gies have rapidly transitioned from experimental genome engineering tools to clinically
relevant therapeutic platforms with expanding potential, and I am absolutely eager to
explore how we can adapt these systems to the benefit of lung cancer patients.
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3.10 Aims of the Thesis

The major goal of this work is to explore CRISPR-based genome editing approaches as
potential future therapeutics by the disruption or correction of key genetic alterations
occurring in lung cancer and their functional analysis using patient-derived lung cancer
organoids as a model system.

This thesis is organized into two major experimental projects:

3.10.1 Correcting TP53 C275Y mutation and its functional analysis using adenine
base editing

Since the tumor suppressor TP53 is the most frequently mutated gene in human cancers
and the functional consequences of many individual hotspot mutations remain incom-
pletely understood, I aimed to correct the C275Y (G—A) mutation located within the
TP53 DNA-binding domain. The patient-derived organoid model isolated from a liver
metastasis of a lung adenocarcinoma patient.

Therefore, I aimed to:

1. Apply the CRISPR-based adenine base editing (ABE) strategy in lung cancer organoids
using NG-ABES8e in order to repair the TP53 C275Y G->A point mutation to the
wild-type sequence. This included verifying the mutation site and designing high
efficient gRNA with high on-target score and low off-target score.

2. Evaluate functional rescue of TP53 by assessing organoid survival and analyzing
the editing consequences using flow-cytometry based quantification of edited cell
viability. Editing efficiency was further examined by genotypic analyses, including
genomic PCR and Sanger sequencing.

3.10.2 CRISPR-Cas9-based inactivation of the KIF5B-RET fusion oncogene

RET gene fusions are potential oncogenic drivers in NSCLC and represent important
therapeutic targets. The organoid line used in this study harbors a KIF5B-RET fusion.
The aim of the second Project is to design CRISPR-Cas9 editing strategies to selectively
disrupt the fusion gene using two approaches:

1. Breakpoint targeting with a single gRNA that cleaves directly at the fusion junc-
tion.

2. Dual-intron targeting with two gRNAs that cut within the introns of KIF5B and
RET, deleting the intervening sequence. The dual-intron strategy tests the feasibil-
ity of fusion disruption independent of the exact breakpoint, offering the potential
future advantage of applying the same approach across multiple patients without
needing to sequence of each individual breakpoint.
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And to explore Cas9 mRNA and gRNAs delivery into organoids via both viral (lentiviral)
and non-viral (liposome based nanoparticle) methods to achieve editing. Assess edit-
ing consequences by evaluating cell viability, measuring editing efficiency, confirming
fusion disruption using genomic PCR and Sanger sequencing.

By applying both viral and non-viral delivery methods in patient-derived organoids,
we gain a comprehensive understanding of how CRISPR technologies can be used to
develop a platform for functional studies of genetic alterations in additional lung cancer
organoid lines. This platform could ultimately enable the creation of a systematic library
of functional analyzes of potential oncogenic drivers in NSCLC, helping to decipher their
biological roles and identify important mutations that could be therapeutically targeted
in the future. This work establishes a framework for evaluating genome-editing of
oncogenes in organoids as a clinically relevant model, enabling more precise therapeutic
decisions in specific cases based on individual patients.
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Figure 4: Schematic workflow of the experiments. Upper panel (Project 1): A lentivi-
ral vector (pLenti U6 gRNA-tdTomato) is packaged into lentiviral particles, which trans-
duce organoid cultures. Transduced organoids are subjected to phenotypic assays (flow
cytometry quantification of tdTomato-positive cells) and genotypic analysis (Sanger se-
quencing).Lower panel (Project 2): A gRNA-Cas9 GFP expression cassette (pLenti U6
gRNA-Cas9 GFP) is complexed with a liposome based nanoparticle reagent and deliv-
ered as RNA to organoids by transfection. Edited cells are similarly evaluated by phe-
notypic readouts and by sequencing the fusion disruption locus via Sanger sequencing.

Genome editing technologies, CRISPR-Cas9 and base editors, require efficient delivery
of the editing components into target organoids. Different delivery strategies can influ-
ence editing efficiency, specificity, and downstream validation. Figure (4) illustrates the
two genome editing workflows I did in my thesis. In the first project, a lentiviral vector
carrying a gRNA-tdTomato expression cassette is packaged into viral particles and used
to transduce ABE8e-organoid line. In the second approach, a gRNA-Cas9-GFP cassette
is delivered as RNA using lipid nanoparticles. Edited cells subsequently evaluated by
phenotypic assays and sequencing. This comparison highlights the contrasting delivery
modalities, viral versus non-viral I used in my projects.
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4 Materials and Methods

4.1 Organoid Culture

The lung tumor organoids used in this study were created from patient-derived primary
tissue. A biopsy was taken from a liver metastasis of an adenocarcinoma in a 55-year-old
female patient. The patient-derived biopsy received the Preclinical Model Unit sample
ID 315 (PMU315).

Patient tumor specimens were washed with Biobank Medium in a petri dish and then
mechanically cut into small pieces (2-3 mm). These were transferred into a digestion
mix made of (dispase II (2.5 mg/mL), collagenase D (2.5 mg/mL), DNase (25 uL),
and Y-27632 (5 uL) in 5 mL Biobank Medium. The Biobank Medium is made of 500
mL F+++ Medium and 1 mL Primocin. The tissue was chopped again into smaller
pieces with scissors. Then, 2.5 mL Biobank Medium was added. The digestion mix was
incubated at 37°C for 45-60 min with rotation. After digestion, the supernatant was
passed through a 70 um cell strainer into a 50 mL falcon tube. The suspension was
centrifuged at 300 x g and 4°C for 5 min and the pellet was resuspended in 2 mL red
blood cell lysis buffer and incubated for 2-5 min at room temperature. The reaction
was stopped by adding PBS and the sample was centrifuged again and the cell pellet
was resuspended in Matrigel (depending on pellet size; generally, 20 uL. Matrigel/well
is used). After seeding the organoids the plate was placed in the incubator for 20 min at
37°C. After polymerization of the Matrigel, 250 uL of Lung Tumor Medium was added
to each well. The lung tumor organoids were grown in the incubator at 37°C, 95%
humidity, and 5% CO,.

Establishing the patient-derived adenocarcinoma tumor organoids was successful. Be-
low is a histological image of the PMU315 lung tumor organoids with the passage num-
ber 20 stained with hematoxylin and eosin (H&E). Hematoxylin stains the nuclei dark
purple, which appear as the round, densely colored structures, while eosin stains the
cytoplasm and extracellular matrix light pink. The cells are arranged in spherical and
irregular clusters, a common morphology in 3D organoid cultures. Many nuclei ap-
pear hyperchromatic and pleomorphic, which is typical of malignant cells. The pale
areas between the clusters represent matrix or empty spaces where the organoids were
embedded in Matrigel during culture.
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Figure 5: PMU315 organoids stained with hematoxylin and eosin

4.2 Genotyping of PMU315 TP53 exon8

Organoids were mechanically disrupted and genomic DNA was isolated using QIAamp®
DNA Blood Mini kit, the isolation was done according to manufacturer’s instructions.
Briefly, 20ul proteases were added to organoids in their 200 ul lung tumor medium and
200ul lysis buffer was added. The mixture was heated at 56°C for 10 min and centrifu-
gatiion and washing steps were followed according to manufacturer’s instructions.

The genomic DNA (with a concentration 50-180 ng/ul) was used as a template for PCR
analysis. PCR amplification of Exon8 of TP53 was performed using high-fidelity Phu-
sion polymerase using the following protocol (Table 2). The primers used were designed
around the Exone 8 and codon C275 of TP53 (Table 3).

Table 2: Protocol of Phusion PCR.

Component 1x Reaction
5X Phusion HF or GC Buffer 10 ul
10 uM (Forward Primer TP53 367) | 2.5 ul
10 uM (Reverse Primer TP53 368) | 2.5 ul

10 mM dNTPs 1l
Template DNA variable
Nuclease-free water to 50 ul
Phusion DNA Polymerase 0.5ul

Total Volume 50 ul
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Table 3: Primers for TP53 exon8 Amplification.

Order Number | Primer Name | Primer Sequence
367 TP53-Fwd1l CTTCTTTGGCTGGGGAGAGG
368 TP53-Revl CACCTCTCATCACATCCCCG

10 ul of each PCR product was assessed on an 2% agarose gel to verify that the primers
amplified the expected targets and confirm correctly sized bands. To determine the size
of the bands, 1 kb Plus DNA Ladder (NEB) and 6x Orange DNA Loading Dye (NEB) were
used. The PCR products were then purified using the Bioline kit following the manufac-
turer’s instructions. DNA concentrations were measured using a Nanodrop spectropho-
tometer. The purified DNA, along with the primers 367 and 368 were subsequently
submitted for Sanger sequencing. DNA samples for Sanger sequencing were run by
Microsynth Seqlab GmbH (Gottingen, Germany) [50].

4.3 Genotyping of PMU315 KIF5B-RET fusion breakpoint site

Same procedure as in the previous section were applied in order to isolate gDNA and to
amplify the predicted KIF5B-RET Fusion breakpoint. Because the exact breakpoint was
unknown, several primer pairs were designed and tested (Table 5). PCR amplification of
the KIF5B and RET regions of inter-est was carried out with a Herculase II polymerase
using the following protocol (Table 4) and using multiple primers positioned around
the predicted breakpoint within KIF5B and RET introns.

Table 4: Protocol of Herculase II PCR.

Component 1x Reaction
5X Herculase II reaction Buffer | 10 ul

10 uM Forward Primer 1.25 ul

10 uM Reverse Primer 1.25 ul
100mM dNTP mix 0.5 ul
Nuclease-free water to 50 ul
Template DNA variable
Taq Polymerase 1ul

Total Volume 50
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Table 5: Primers for KIF5B-RET breakpoint validation.

Order Number | Primer Sequence T Egtentlon
Temperature | Time

P31 TGTTTTGGGTTCTCTTAGGCA 50°C 2.5

P33 GGCAGGTACCTTTCAGCATCT 50°C 2.5

P32 CAACTTTAGCGAGTATAGATGCTGA | 50°C 2.5

P34 ACCTTTCAGCATCTTCACGG 50°C 2.5

P5 CTCATTTCAGTGCTGTGGGC 53°C 4

P18 CTCCAACTCTACTGGTGCCG 53°C 4

pP7 GGTTTCCTGCCCCTATGAGT 53°C 3

P20 CCTCTAAACTCACCCAGCCC 53°C 3

The primer have been designed around the predicted breakpoint site of the KIF5B intron
15 and RET intron 11 (Fig. 21). 10ul of each PCR product was assessed on an 2%
agarose gel to verify that the primers amplified the expected targets. To determine the
size of the bands, 1 kb Plus DNA Ladder (NEB) and 6x Orange DNA Loading Dye (NEB)
were used. The PCR products were then purified using the Bioline Kit following the
manufacturer’s instructions. DNA concentrations were meas-ured using a Nanodrop
spectrophotometer. The purified DNA, along with the used primers were subsequently
submitted for Sanger sequencing. DNA samples for Sanger sequencing were run by
Microsynth Seqlab GmbH (Gottingen, Germany) [[50]].

4.4 Primer Design for Validating the KIF5B:RET Fusion Breakpoint

The resulting chimeric mRNA is predicted to connect exon 15 of KIF5B directly to exon
12 of RET. Deep RNA Sequencing analysis performed by our collaborators at the NCT,
Dresden, shows that the breakpoint between exons based on Exome sequencing data
which reflects the transcript-level fusion, not the genomic-level rearrangement (Fig.
21). The sequence of the following regions have been imported from the Genome
Browser UCSC (https://genome.ucsc.edu/): exonl4-intron14-exon15-intron15 of KIF5B
and exonl1-intronl1-exonl2-intron12-exon13 of RET. I designed multiple primers after
determining the correct orientation for each. For example, in KIF5B, the translocated
sequence at the 5’-end is flipped, so the primer must be in the 5’ to 3’ direction, start-
ing with exon 14, in case the fusion junction occurs before exon 5. For each primer
I identified a small sequence 18-24 base pairs (bp) long and have 40-60% GC con-
tent. To locate the suitable place for the reverse primer a space inbetween should be
1kb-1.3kb downstream of the forward primer. To ensure highquality sequencing data
for the protospacer region, the primers should be at least 100 bp away from the target
sequence. The primers can be analyzed using the software tools IDT and Primer3Plus
(https://www.primer3plus.com/index.html).
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4.5 Design of small guide RNA (sgRNA)

A Single guide RNA (sgRNA) can direct the Cas9 protein to a specific site in the genome,
and designing efficient and specific sgRNAs against these mutations is therefore a crit-
ical step. sgRNA design tools for generating a knockout or edited gene sequence have
greatly improved in the past few years. I used the UCSC Genome Browser to import
the target sequence. SnapGene software was used as the sequence-viewing software of
choice. I annotated the mutation and identified PAM sequences downstream of the mu-
tation. I identified a 20 bp sequence (gRNA also called spacer) upstream of the PAM and
without including the PAM. I used the online tools IDT (https://eu.idtdna.com/page/tools),
CasOFFinder (http://www.rgenome.net/cas-offinder/), and CCTop (Stemmer et al., 2015;
https://cctop.cos.uni-heidelberg.de), and cross-checked the results through a combina-
tion of all of them in order to assess the efficiency and off-target effects of the gRNAs.
These tools have been instrumental in planning a gene knockout experiment, and in
our case targeting the KIF5B-RET oncogene. However, in the other project of my thesis
we used a base-editing approach targeting the point mutation TP53 C275Y. All sgRNAs
used for this project were manually designed to place the mutant base within the edit-
ing window (4-8 nt) and upstream of an NG PAM. The target effi-ciency and potential
off-target effects were checked using the above-mentioned software tools. The manu-
ally designed gRNAs were checked for their targeting efficiency and off-target potential.
The best predicted candidates were then nominated and shortlisted. After selecting the
gRNAs, they must be cloned into lentiviral vectors. We utilized common restriction sites,
specifically BbsI and BsmBI, for this purpose. The design process involved the following
steps:

1. Top Oligo Design: The top oligo was designed with the sequence 5-CACC[spacer
sequence]-3’.

2. Bottom Oligo Design: The bottom primer oligo was designed with the sequence
5’-AAAC[reverse complement of spacer sequence]-3’.

These oligos were engineered to contain complementary overhangs that facilitate cloning
using the Bbsl and BsmBI restriction sites.

4.6 gRNAs Cloning into Lentiviral Vectors

For the expression of Cas9 and sgRNAs from lentiviral vectors, we cloned the de-
signed complementary oligonucleotides into pL-CRISPR.EFS.GFP (Addgene #57818)
(Fig. S3). In cases where the protospacer did not begin with a guanine, a guanine was
added to the 5’-end of the protospacer before cloning to boost the expression of the
gRNA from the human U6 promoter. The same procedure was followed for the ABE8e
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base editing experiment. Protospacers were cloned into the LRT2B vector (Addgene
plasmid #110854) (Fig. S4) using BsmBI/BbsI sites, following the standard protocol
[[51]]. The cloning protocol include the following steps:

4.6.1 Oligos Annealing

For cloning all lentiviral vectors, the first step was annealing the oligos. The oligos for
gRNA were annealed in a 10 pl reaction containing 1 pl of each sgRNA oligo (100 uM),
1 ul of 10X T4 ligation buffer, and 0.5 pl of polynucleotide kinase. The reaction was
run in a thermocycler at 37°C for 30 minutes, followed by 95°C for 5 minutes, and then
slowly brought down to 25°C.

4.6.2 Restriction/Ligation Golden Gate

The reaction was then diluted 250 times in water, and 2 ul was used for the diges-
tion/ligation reaction. In this reaction, 100 ng of the backbone plasmid (e.g., pLCRISPR.EFS.GFP)
was added to the annealed oligos, along with 2 ul of Tango buffer, 1 ul of 10 mM DTT,

1 ul of BsmBI/Bbsl, and 0.5 ul of T4 DNA ligase, resulting in a final reaction volume

of 20 ul. To digest the vector and ligate the oligos into it, the following temperature

profile was repeated six times in the thermocycler: 37°C for 5 minutes and 23°C for 5
minutes.

4.6.3 Bacterial Transformation

2 ul of the ligated product was transformed into competent E. coli cells (XL1-blue). We
plated 50 ul of the cells on an agar plate containing 100 ug/mL ampicillin and left them
to grow overnight at 37°C. The next day, colony PCR was performed using isolated and
purified plasmid DNA, following the manufacturer’s instructions for the Thermo Fisher
GeneJET Plasmid Mini-prep. The PCR was conducted with MyTaq Red Polymerase ac-
cording to the manufacturer’s instructions. DNA concentration was measured using a
Nanodrop, and an aliquot of the amplicon was run on a 1.5% agarose gel alongside a
100 bp DNA ladder to check the quality of the PCR. Plasmids were sequenced through
the sequencing service provider Microsynth Seqlab GmbH (G6ttingen, Germany) using
the forward primer for the U6 promoter: 5- GAGGGCCTATTTCCCATGATCC-3’.

4.7 Cloning of Adenine Base Editor into Lentiviral Vector

To deliver the ABE into the cells, a lentiviral vector, pLenti-NGABE8e-P2A-GFP-PGK-
PuroR, was established and optimized in the Buchholz lab (Addgene #242000) (Fig.
S2) [19]. The NG-ABES8e plasmid (Addgene #138491) was cloned into the lentivi-
ral vector using the pLenti-FNLS-P2A-GFP-PGK-Puro backbone (Addgene #110869), re-
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ferred to as the pL-Backbone, and the pLenti-NGABE8e-P2A-GFP-PGK-PuroR (Fig. S2)
construct was generated.

4.8 Cell Culture

Cell line used in order to produce virus is modified human embryonic kidney cell line
(HEK293T), the cells were kept at 37°C, 5% CO2 and cultured in following media:
Dulbecco’s modified Eagle’s medium DMEM (high glucose, GlutaMAX™, Invitrogen,
Carlsbad, CA). All of the media were supplemented with 10% fetal bovine serum (FBS,
Gibco) and 1% Penicillin-Streptomycin (Gibco). After thawing, the cells were given two
passages to recover before experiments were initiated. Most of the cell lines dis-played
similar doubling times and were typically maintained on a 2-3-day passaging schedule.
The day before transfection, HEK293T cells were plated to ensure they reached an ap-
propriate confluency for the procedure in the format: T-175 flask: 15-20 million cells
(in 20 mL Full medium).

4.9 Lentivirus Production

Before transfection of the HEK293T cells, the flask were at 80% confluence. To prepare
the plasmid transfection solution for one T175 flask, we prepared the following mixture:

1. 10 pg transfer vector (e.g., pL-CRISPR.EFS.GFP.gRNA, Addgene plasmid #57818),
2. 6 ug psPAX2 (Addgene plasmid #12260), and
3. 2 ug pMD2.G (Addgene plasmid #12259).

psPAX2 and pMD2.G express packaging signals for virus assembling. These components
were combined and brought to a total volume of 1 mL using DMEM media without FBS
or antibiotics. In a separate tube, we diluted 45 uL polyethylenimine (PEI) stock (1
mg/mL) in 955 pL blank medium. The PEI solution was added to the plasmid mix-
ture. Then, 4 mL of DMEM was added to the transfection mixture. The transfection
was incubated for 20 hours. If the transfer vector expresses a fluorescent protein, trans-
fection efficiency can be assessed by monitoring the percentage of fluorescent-positive
HEK293T cells. After 48 hours, we collected the supernatant and centrifuged it for 2 h
at 100,000 g in a sterile Tube compatible with an ultracentrifuge rotor (e.g., JS-24.38,
Beckman Coulter). The tubes containing the virus were placed into aluminum swinging
buckets and balanced to the nearest 0.01 g. After centrifugation (2 h, 100,000 g, slow
acceleration/deceleration, 4°C), the supernatant was carefully decanted, and 300 uL
PBS was added to resuspend the viral pellet. The virus was aliquoted in 50 uL portions
into labeled cryovials and stored at —80°C.
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4.10 Transduction of Lung Organoids

Lung organoids (PMU315) were collected from Matrigel and dissociated mechanically
and chemically. Organoids from 3-4 wells were pooled, washed with F+ 4+ medium,
and dissociated using narrowed glass pipettes. After centrifugation, pellets were resus-
pended in TrypLE Express, transferred to a pre-warmed 48-well plate, and incubated
at 37 °C for maximum 2 minutes until single cell suspensions were obtained. TrypLE
activity was stopped with F++ 4 medium, and cells were centrifuged and resuspended
in lung tumor medium supplemented with ROCK inhibitor (Y-27632).

For transduction, lentiviral vectors (e.g., pLenti-U6-gRNA1-tdTomato-p2A-BlasR and
controls) were prepared with protamine sulfate (into 1:1000 final concentration). First
I diluted protamine sulfate 1:10 into F+++ medium and then another 1:10 in a final
volume of 800ul. 200ul of Virus mixture were added to 600 ul single-cell suspensions.
The plates were centrifuged at 700 g for 1 h before incubation for 4-5 h at 37 °C. Cells
were then collected, washed, pelleted, and embedded in Matrigel (20 uL per well).
Organoids were seeded in four replicate wells per condition and overlaid with lung
tumor medium containing ROCK inhibitor.

4.11 Flow Cytometry Analysis

After transduction, organoids were further cultured and analyzed to assess the infection
rate and to compare the viability of non-infected and infected cells. Transduced cells
were analyzed by flow cytometry using the MACSQuant VYB Analyzer (Miltenyi Biotec)
and FlowJo software for fluorescent marker expression (either GFP or tdTomato). A
reduction in the percentage of GFP/tdTomato-positive cells indicates that the infected
cells expressing the nuclease-sgRNA complex have a growth disadvantage compared to
non-infected cells.

The organoids were transduced in 48-well plates and kept in a 37°C incubator. Sev-
eral hours or days after transduction, the organoids were washed, and fresh medium
was added. For flow cytometry quantification, organoids from one well were dissoci-
ated using narrowed glass pipettes. After centrifugation, the pellet was resuspended
in 100 uL F+++, of which 50 uL was used for FACS acquisition. The remaining vol-
ume was used for gDNA isolation. The 50 uL used for FACS was mixed with TrypLE
Express, transferred to a pre-warmed 48-well plate, and incubated at 37°C for a max-
imum of 2 minutes until single-cell suspensions were obtained. TrypLE activity was
stopped with F+++ medium, and the cells were centrifuged, pellet was resuspended
in 400 pL FACS buffer and split into two FACS tubes for duplicate measurement. For
fluorescence detection, when individual cells pass through a laser beam, they scatter
light that is detected by two optical detectors. Forward scatter (FSC), measured along
the path of the laser, provides information about cell size. Side scatter (SSC), measured
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at a 90° angle to the laser, provides information about the internal complexity (granu-
larity) of the cell. Together, these two parameters provide a strong basis for analyzing
the fluorescent-postive-cell population and determining viability and live cell numbers
within the sample.

4.12 EditR to quantify base editing efficiency

After isolating gDNA from the organoids, amplifying, and Sanger sequencing the tar-
get region, I measured the base editing efficiency after transducing the organoids with
pLenti-U6-gRNA1-tdTomato-p2A-BlasR. To quantify the editing efficiency in the treated
organoids, I used the online software EditR (https://moriaritylab.shinyapps.io/editr v10/).
I uploaded the tool’s required input files, including the .ab1 Sanger sequencing file of
the potentially edited region and the 20 bp gRNA sequence.

EditR provides a plot displaying the editing efficiency at each base within the gRNA.
It shows the protospacer chromatogram peak areas for each nucleotide along with an
underlying box plot that determine whether base editing has occurred. The underlying
plot consists of four individual boxes, one for each base. If one or more of these boxes
are colored, they represent base reads that are considered significant, meaning that if
multiple colored tiles appear under a single base call, base editing likely occurred. For
example, an “editing efficiency of 60%” indicates that 60% of all analyzed cells carry a
successful edit at the target base “A,” which is reflected by overlapping chromatogram
peaks at the edited nucleotide.

G T T T AT G C C€¢C T G T C€C C T G G G A G

T o0 98 99 97 2 |97 1 3 3 95 1 93 2 2 9 1 3 1 1
G| 97 4 0 1 60 2 9% 2 2 2 98 5 2 1 3 9% 9 95 1 93
c 1 2 0 1 2 0 1 93 96 1 1 2 94 9% 1 1 0 0 0 1

A 2 0 1 1 36 1 2 1 0 2 0 1 1 0 0 2 2 4 98 4

Figure 6: Example output from the EditR analysis. The upper plot displays Sanger
sequencing chromatogram for the target protospacer region. Each tile represents the
percentage contribution of a given nucleotide at each position. Blue tiles correspond
to predominant unedited bases, while red tiles indicate significant edited base signals
detected above background. This output is used to calculate the editing efficiency at the
target nucleotide following organoid transduction with base editors.
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4.13 Materials, Equipments and Medias

4.13.1 Reagents and Kits

* MyTaq DNA polymerase with 5x MyTaq buffer (Bioline, BIO-21105)

* Phusion High Fidelity DNA Polymerase with 5x Phusion HF Reaction Buffer
(NEB, M0530S)

* MyTaq DNA polymerase with 5x MyTaq buffer (Bioline, BIO-21105)

* Phusion High Fidelity DNA Polymerase with 5x Phusion HF Reaction Buffer
(NEB, M0530S)

* dNTP solution mix, 25 mM each (Enzymatics, cat. no. N205L)

* 1-kb Plus DNA ladder (Life Technologies, cat. no. 10787-018)

* Gel Loading Dye, Purple (6x) (New England BioLabs, cat. no. B7024S)

* BsmBI (New England BioLabs, cat. no. R0580S)

* BbsI (NEB)

* 10x Tango buffer (Thermo Scientific, cat. no. BY5)

e DTT (Thermo Scientific, cat. no. R0862)

* RedSafe Nucleic Acid Staining Solution (intron Biotechnology)

* T4 DNA ligase with 10x ligation buffer (New England BioLabs, cat. no. B0202S
* T4 polynucleotide kinase (New England BioLabs, cat. no. M0201S)

* Stbl3 chemically competent E. coli (Life Technologies, cat. no. C7373-03)

* Ampicillin, 100 mg ml - 1, sterile filtered (Sigma, cat. no. A5354)

* Bioline PCR Purification Kit (BIO-52060)

* QIAprep Spin Miniprep Kit (Qiagen 27106)

* QIAGEN-tip 20 Maxiprep Kit (Qiagen 10023)

* QIAquick gel extraction kit (Qiagen, cat. no. 28704)

* QIAamp® DNA Blood Mini kit (Qiagen, 51104)

* NEBridge Golden Gate Assembly Kit

e Bovine Serum Albumin (BSA) (NEB)

* Normal Agarose (Invitrogen)

4.13.2 Materials for Cell and Organoid Culture

* HEK 293T cells (Life Technologies, cat. no. R700-07)

* PANC-1 were a kind gift from Max Heiduk, Seifert AG, Department of Surgery
at the Univeristy Hospital Carl Gustav Carus Dresden

* DMEM, Glutamax (Life Technologies, cat. no. GIBCO 10829018)

* Fetal Bovine Serum (Invitrogen 10108165)

* 0.05% Trypsin—EDTA (GIBCO 25300054).
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* Penicillin-streptomycin, 100x (GIBCO 15070063)

* Protamine sulfate (Sigma-Aldrich)

* Puromycin dihydrochloride (Life Technologies, cat. no. A11138-03)
* Amicon® Ultra-15 Centrifugal Filter Devices (Merck Millipore)

* Filtropur S 0.45 m (Sarstedt)

* Open-Top Thickwall Polycarbonate Tube (Beckman Coulter)

* Falcon tubes, polypropylene, 15 ml (BD Falcon, cat. no. 35209)

* Falcon tubes, polypropylene, 50 ml (BD Falcon, cat. no. 352070)

4.13.3 Equipments

* Thermocycler with programmable temperature stepping functionality.

* UV spectrophotometer (NanoDrop 2000c, Thermo Scientific).

* Desktop microcentrifuges (e.g., Eppendorf, cat. nos. 5424 and 5804). Cen-
trifuge (Eppendorf 5810).

* MACSQuant® VYB (Miltenyi Biotec, Bergisch Gladbach, Germany)

* Odyssey® CLx Imaging System (Li-cor Biosciences GmbH, Bad Homburg von
der Hohe, Germany)

* Avanti JXN-30 centrifuge (Beckman Coulter).

* FlowJo™ Software FlowJo, LLC, Ashland, Oregon, United States.

* Avanti JS-24.38 swinging-bucket rotor (Beckman Coulter).

4.13.4 Media and solutions for organoid culture

Table 6: F++ + Medium

Supplement Amount
Advanced DMEM/F12 | 500 mL
GlutaMAX 5 mL
HEPES 5 mL
Penicillin-Streptomycin | 5 mL

Table 7: Biobank-Medium

Supplement | Amount
+++ Medium | 500 mL
Primocin 1 mL
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Table 8: Medium for Human Lung Tumor and Normal Tissue

Supplement Amount
Biobank-Medium | 48097 mL
B27* 1000 mL
Noggin 50 mL
A83-01 10 mL
Nicotinamid 500 mL
N-Acetyl-Cystein | 125 mL
FGF10 10 mL
FGF7 100 mL
SB202190 8 mL
Rspondin 50 mL
Y-27632 50 mL

Table 9: Digestion-Mix Lung Normal Tissue und Lung Tumour Tissue

Supplement Amount
Biobank-Medium | 5 mL
Collagenase D 2,5 mg
Dispase 11 2,5 mg
DNAse 25 uL.
Y-27632 5ul

Table 10: Bacterial media recipe with Lysogeny broth (LB-Lennox version)

Supplement | Amount
Bacto tryptone | 10 g
Yeast extract 5¢g
NaCl 5¢g

Bacterial media: For total volume of 1000 ml, all components were dissolved in dis-
tilled water and the pH was adjusted to using NaOH to 7.5, or adjusted to 8 for LS-LB.
The volume was the filed up to 1000 ml and the medium was autoclaved for 20 min at
121°C before using it in cell culture. Medium was supplemented with am-picillin with
a concentration of 100 ug/ml.
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Table 11: 10X Phosphate Buffered Saline (10X PBS)

Supplement Amount
43 mM Na2HPO4 (Na2HPO4H20; MW = 178.0 g/mol) | 7.6 g

14 mM KH2PO4 (MW = 136.1 g/mol) 19¢g

27 mM KCl (MW = 74.6 g/mol) 20¢g
1.47 M NaCl (MW = 58.4 g/mol) 859¢

Phosphate Buffered Saline (10X PBS): All components were dissolved in distilled
water for a total volume of 1000 ml. The pH of this solution was adjusted to 7.4 and
the solution was autoclaved for 20 min at 121°C before using it for cell culture work.

5 Results

5.1 Correcting TP53 C275Y Mutation in Patient-Derived Lung Can-
cer Organoids

Since tumors harboring TP53 point mutations are difficult to target using conventional
therapeutic approaches [9], we aim to explore genetic correction strategies as a per-
manent and more precise strategy to restore TP53 function in cancer cells. Genome
editing using CRISPR-Cas9 nucleases is not suitable for correcting such mutations, as
DSBs followed by error-prone repair mechanisms are unlikely to restore the wild-type
sequence of tumor suppressor genes. In contrast, CRISPR-nCas9-based base editors en-
able precise single nucleotide conversions without inducing DSBs. Previous work in our
laboratory has demonstrated that applying such base-editing systems can correct TP53
point mutations and restore p53 functionality in cancer cell lines [19] [20].

Therefore, we decided to apply the CRISPR-nCas9 base editing approach in order to
correct the TP53 C275Y (G—A) mutation in patient-derived organoids of lung cancer
and to characterize the biological function of this point mutation. We hypothesized that
restoring wild type TP53 function would suppress tumor growth and lead to a reduc-
tion in the cancer cell population due to reactivation of p53-mediated tumor suppressor
pathways.

To test this hypothesis, I first needed to confirm the presence of the TP53 C275Y muta-
tion in the patient-derived lung organoids PMU315. Subsequently, I generated organoid
lines expressing the NG-ABE8e base editor and GFP via lentiviral transduction with
the construct pLenti-NGCas9ABE8e-GFP-Puro (pL-NG-ABES8e). Finally, we cloned each
candidate guide RNA targeting the TP53 C275Y (C275Y-gRNA) site into a tdTomato-
expressing lentiviral vector (pLenti-C275YsgRNA-tdTomato) for delivering gRNA and
tdTomato into the mutant organoids.
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5.1.1 Confirmation of the TP53 C275Y Mutation in the PMU315 Lung Cancer
Organoid Line

To validate the presence of the TP53 C275Y mutation located in exon 8, organoid cells
from the patient-derived line PMU315 were collected and genomic DNA was extracted.
The region encompassing exon 8 of TP53 was amplified by PCR, and the purified PCR
product was subsequently analyzed by Sanger sequencing. Sanger sequencing chro-
matograms were visualized and analyzed using SnapGene software. The resulting se-
quence aligned perfectly with the reference TP53 wildtype sequence, except for a single
base substitution (G—A) at position c.824 (Fig. 7).

a.
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(PMU315)

~500 bp

b. | TP53 Exon 8 (WT): gaggtgcgtgttt(litgcctgtccté’g.gagagacc
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H ctccacgcacaaalacggacaggaccctc"bgtg

TP53 Exon 8 (PMU315): GAGGTGCGTGTTTAITGCCTGTCCTGGGAGAGACC
TP53 C275Y G>A
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Figure 7: Validation of the TP53 C275Y (G—A) mutation in PMU315 lung cancer
organoids. a. Agarose gel electrophoresis showing PCR amplification of TP53 exon
8 from gDNA of the PMU315 organoid line. A clear band of the expected size (504
bp) was observed in the TP53 lane, confirming successful amplification. The control
(H,0) showed no amplification, indicating the absence of contamination. A 100 bp DNA
GeneRuler ladder was used as a size reference. b. Sanger sequencing chromatogram
showing the upper sequence corresponding to the wild-type region of TP53 exon 8, and
the lower sequence derived from PMU315 lung cancer organoids. A point mutation
(c.824 G—A, resulting in p.C275Y) is visible in exon 8. The mutated base is highlighted
by a red box and arrow, indicating a G—A substitution.

This confirmed that the PMU315 organoid line harbors a point mutation in TP53 (c.824
G>A, resulting in p.C275Y) within exon 8, a region known to represent a hotspot for
inactivating mutations [14]. This point mutation likely disrupts p53 function, and its
correction may be sufficient to restore wild-type activity and potentially terminate the
tumorigenic phenotype. Since I can identify two NG-PAM sequences close to the muta-
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tion site (dotted green boxes) and absence of NGG PAMs (Fig. 8), the NG-ABES8e base
editor was chosen, as it recognizes NG PAMs rather than the NGG motif. To achieve a
precise correction of the TP53 C275Y mutation, two candidate gRNAs (shown in green)
were designed to position the target adenine (A) within the predicted editing window
of the NG-ABES8e base editor, which typically spans 13-18 nucleotides upstream of the
PAM site (shown in blue). Based on these findings, we subsequently generated organoid
line PMU315 expressing the NG-ABES8e base editor via lentiviral transduction with pL-
ABES8e.

TP53 Exon 7 Exon 8 Exon 9
Codon 272 273 274 275 276 | 277 | 278 279 280 | 281
AA Val Arg Val C>Y | Ala Cys | Pro Gly Arg | Asp
INNEN
Base GGTGCGTGTTTATGCCTGTCCTGGG:AGEA|G|AC

Figure 8: Schematic of TP53 C275Y Mutation Site and sgRNA Design Illustration
highlighting the position of exon 8, where the TP53 C275Y (c.824 G—A) mutation is
located. The codon and corresponding amino acid sequence surrounding the muta-
tion site are shown. The G—A substitution (red letter) results in a cysteine-to-tyrosine
(C—Y) change at codon 275. Two NG PAM sequences"AG" are highlighted with dot-
ted green boxes. The position of the PAM sequences have facilitated the selection of
the NG-ABES8e base editor. Two gRNAs (sgRNA1 and sgRNA2) were designed to place
the target adenine within the predicted ABE8e editing window, which spans 13-18 nu-
cleotides upstream of the PAM site (indicated by blue boxes).

5.1.2 Generation of Lung Cancer Organoid Line Expressing NG-ABE8e Base Edi-
tor

To enable precise correction of the TP53 C275Y point mutation using CRISPR base edit-
ing, it was necessary to establish an organoid line expressing an adenine base editor
(ABE-line). Because the target mutation is located near two suitable “NG” PAM site, we
selected the NG-ABES8e base editor, which offers an optimal editing window spanning
approximately 13-18 nucleotides upstream of the PAM sequence (Fig. 8). To gen-
erate the ABE-line, wild-type PMU315 lung cancer organoids were transduced with a
lentiviral vector carrying the pLenti-NGCas9ABE8e-P2A-GFP-PGK-PuroR construct (pL-
ABES8e). Successful transduction was expected to result in GFP fluorescent cells. At six
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days after infection (6 dpi), flow cytometric analysis revealed that approximately 35.5%
of the cells were GFP-positive, indicating stable expression of the NG-ABE8e base editor
(Fig. 9).
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pLenti-NGCas9ABE8e-GFP-PuroR Non-infected organoids at 6 dpi
infected organoids at 6 dpi

Figure 9: Flow cytometric Plots of GFP-positive cells infected with pL-ABE8e. FACS
plot showing 35.5% GFP-positive cells in PMU315 organoids 6 days after lentiviral trans-
duction with the pLenti-NGCas9ABE8e-P2A-GFP-PGK-PuroR construct, compared to 8%
background signal in the non-infected control. This infection efficiency was sufficient
to proceed with puromycin selection of organoids harboring the construct

For the selection of successfully transduced cells, we utilized the puromycin resistance
gene encoded in the same lentiviral construct. To determine the minimal effective
puromycin concentration that efficiently eliminates wilt-type organoids, a puromycin
kill curve assay was performed. PMU315 Organoids were treated with increasing puromycin
concentrations, 0.1, 0.5, 1, 1.5, 2, 2.5, and 3 ug/ul. Based on these results, a concen-
tration of 0.5 ug/ul was identified as the lowest dose at which wild-type organoids
were all eradicated. This concentration was therefore subsequently used to select for
NG-ABES8e-expressing cells.
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Figure 10: Puromycin kill curve of wild-type PMU315 lung cancer organoids. Mi-
croscopic images of wild-type PMU315 organoids treated with increasing concentrations
of puromycin (0.1-3 ug/ul) for 6 days. Organoid number progressively decreased with
increasing puromycin concentration. Complete organoid death observed at 0.5 ug/ul
and higher. Based on these results, 0.5 ug/ul puromycin was selected as the optimal
minimum concentration for subsequent selection of successfully transduced organoids.
Scale bar = 1000 um.

After determining the minimum efficient puromycin concentration to be 0.5 ug/ul, this
concentration was applied to the pL-ABE8e-transduced organoids in order to selec-
tively enrich for the 37% of organoids expressing the ABE8e base editor and GFP.
The organoids were continuously cultured in lung tumor medium supplemented with
0.5 ug/ul puromycin, maintaining this selection pressure over several passages. After
several days of puromycin treatment, the pLenti-ABE-infected organoids, which express
the puromyecin resistance gene, appeared healthy, dense, and compact compared to the
eradicated wild-type organoids, which lack puromycin resistance under the same con-
ditions. This ensured the stable proliferating of ABE8e-GFP-expressing organoids and
the elimination of non-transduced cells lacking puromycin resistance, ABE8e and GFP.
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Figure 11: Establishment of ABE8e organoid line using puromycin. microscopic
images showing wild-type and pL-ABE8e transducted PMU315 organoids after treat-
ment with 0.5ug/ul puromycin. wild-type organoids (left) display organoid cell death,
while pL-ABE8e transducted organoids exhibit denser, more compact, and healthy mor-
phology (right), indicating successful selection and enrichment of puromycin-resistant,
NG-ABE8e—expressing organoids. Scale bar = 1000 um.

This selection process resulted in the establishment of a stable PMU315 organoid line
expressing NG-ABES8e, which was then used for targeted correction of the TP53 C275Y
mutation.

5.1.3 Efficient Correction of the TP53 C275Y (G—A) Mutation in Lung Cancer
Organoids Using Adenine Base Editing Approach

To test my hypothesis for base editing the TP53 C275Y mutation, the PMU315 organoid
line expressing ABE and grown in puromycin was transduced with lentivirus carrying
C275Y-targeting gRNAs and a tdTomato reporter gene. Both components were cloned
into a single construct (pLenti-C275YsgRNA-tdTomato). Two C275Y-specific gRNAs
were tested in parallel, along with a non-targeting control (NTC) lentivirus carrying
a gRNA directed against an irrelevant region within the VEGF gene. To monitor infec-
tion efficiency and potential phenotypic effects following the transduction, tdTomato-
positive cells were weekly quantified by flow cytometry. This time-course analysis al-
lowed me to assess the potential changes in cell viability or proliferation associated
with TP53 correction, since tdTomato-positive cells also carry the gRNA. Cell viability
of tdTomato-positive cells was measured over time relative to the first time point (4 dpi).

Interestingly, while the percentage of tdTomato-positive cells remained stable in organoids
transduced with NTC-gRNA (blue line), both C275Y-targeting gRNAs (red lines) led to
a progressive decrease in tdTomato-positive cells, although with different kinetics (Fig.
12). Notably, C275Y-gRNA1 (light red line) caused more depletion, over 50% reduction,
compared to C275Y-gRNA2 (dark red line). This observation suggests that cells trans-
duced with the C275Y-targeting constructs were selectively depleted due to a successful
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correction of TP53 and restoration of functional p53 activity.

Time course of TP53 C275Y base editing in PMU315
organoids
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Figure 12: Time course analysis of tdTomato-positive cells over 26 days following
the Adenine base editing approach in PMU315 TP53 C275Y organoids. Flow cy-
tometry analysis shows percentage of tdTomato positive cells (y-axis), calculated from
two technical replicates per condition, at 4, 11, 18 and 26 days (x-axis) after lentiviral
infection. Experimental conditions: C275Y-targeting gRNAs (C275Y-gRNA1: light red,
C275Y-gRNA2: dark red) and a non-targeting control gRNA (NTC-gRNA: gray). The
percentage of tdTomato-positive cells was normalized to day 4 after infection. Both
C275Y-targeting gRNAs induced a progressive depletion of tdTomato-positive cells over
time, with gRNA1 showing a stronger effect, whereas NTC-gRNA-infected organoids
maintain proliferation.

To confirm that the observed depletion of tdTomato-positive cells was correlated with
the genetic correction of the TP53 C275Y mutation, organoid cells were collected at
4dpi for genomic DNA extraction and targeted Sanger sequencing following PCR over
exon 8. The figure (13) shows the successful amplification of TP53 exon 8 which re-
sulted in 504 bp sequece in both conditions, the gRNA1 treated and the NTC organoids.
As shown in Figure 14a, the top fragment represents the TP53 sequence in the untreated
organoids of PMU315, displaying the mutant adenine (A) at position c¢.824 (highlighted
in the red box). The middle chromatogram shows the sequence from non-transduced
control organoids at 4 dpi, where the mutation remains unchanged. In contrast, the
lower chromatogram of the infected organoids with gRNA1 displays a strong guanine
(G) signal at the same position, indicating efficient base editing and reversion of mutant
A to wild-type G.

To quantify the editing efficiency, the sequencing reads were analyzed using EditR, a
software tool for estimating base editing frequencies. As shown in Figure 14b, EditR
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analysis revealed an average conversion efficiency of 92% A—G (highlighted in red cir-
cle), demonstrating a highly efficient correction of the TP53 C275Y mutation back to
the wild-type sequence. These findings strongly support that the depletion of tdTomato-
positive cells results from successful TP53 correction. Given the unexpectedly high and
rapid editing efficiency observed in the organoids, I next sought to validate these find-
ings and to analyze earlier time points to determine how quickly editing occurs and
when phenotypic changes first become apparent.

Organoids H,O Organoids H,O
(PMU315) (PMU315)
+ gRNA1 NTC

~500 bp

Figure 13: PCR amplification of TP53 exon 8 in PMU315 organoids after lentiviral
infection. Agarose gel electrophoresis showing PCR amplification of TP53 exon 8 from
gDNA of the PMU315 organoids after lentiviral infection. A clear band of the expected
size ( 520 bp) was observed in the gRNA1 infected organoids and in the non-targeting
control, confirming successful amplification. The water control (H,O) showed no am-
plification, indicating the absence of contamination. A 100 bp DNA GeneRuler ladder
was used as a size reference.
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Figure 14: Sanger sequencing chromatograms of TP53 C275Y (G—A) mutation at
4 dpi using NG-ABES8e base editing in PMU315 organoids. a. Sanger sequencing
chromatograms showing a region of TP53 exon 8 encompassing the C275Y (G—A) mu-
tation. The top fragment displays the mutant sequence in untreated PMU315 organoids
with the adenine (A) highlighted (red box). The middle chromatogram shows the
non-infected control, where the mutation (A) remains unchanged. The bottom chro-
matogram represents organoids transduced with C275Y-gRNA1, showing the restora-
tion of the wild-type guanine (G) base (indicated by a red arrow), confirming precise
base editing. b. Quantification of the base-editing efficiency using EditR analysis of
Sanger sequencing reads from non-treated and C275Y-gRNA1-treated organoids. The
red highlighted boxes show mixed base frequencies, while blue boxes denote unchanged
base. At the target site high frequencies of the base G have been quantified indication
base conversion (A—G). EditR indicates 92% A—G conversion efficiency (indicated by
a red arrow), demonstrating efficient editing.
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5.1.4 Early Time Course Analysis Reveals Efficient Correction of the TP53 C275Y
(G—A) within 12 Hours following Adenine Base Editing Approach

To further validate the previously observed correction of the TP53 C275Y mutation
(c.824G—A) and to better understand the onset of the editing, we performed an early
time course experiment covering the period 12 to 96 hours after lentiviral transduction.
The ABE8e-organoid line was transducted with the lentivirus C275Y-gRNA1-tdTomato,
as gRNA1 had shown greater depletion in tdTomato-positive cells in the previous exper-
iment. The less efficient gRNA2 was excluded from this analysis.

Notably, organoids transduced with the non-targeting control (NTC-gRNA) showed con-
sistent proliferating tdTomato-positive cells over time. In contrast, organoids trans-
duced with C275Y-gRNA1 displayed decreasing tdTomato signal up to 50% already at
48 hours after infection, followed by a gradual decline after day 3 (Fig. 15). The pro-
gressive depletion (over 75%) of tdTomato-positive cells at 96 hpi, suggests a potential
induced apoptosis in the gRNA1 treated organoids. This observation further suggests
that the population infected with gRNA1 has undergone TP53 correction and cell death.

Time course of TP53 C275Y base editing in PMU315 organoids
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Figure 15: Early time course analysis of tdTomato-positive cells in PMU315 TP53
C275Y organoids following the Adenine base editing approach (12-96 hours after
infection). Flow cytometry analysis shows percentage of tdTomato positive cells (y-
axis), calculated from two technical replicates per condition, at 12, 24, 48, 72, and 96
hours (x-axis) after lentiviral infection. Lentiviral constructs expressing either C275Y-
gRNA1 or a non-targeting control (NTC-gRNA). The values on the y-axis represent the
normalized percentage of tdTomato-positive cells relative to the initial time point (12
hpi). While the NTC-gRNA-infected organoids (blue) showed consistent expression
in tdTomato-positive cells over time, the C275Y-gRNA1-transduced cells (red) showed
progressive depletion in tdTomato-positive cell number.
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To confirm that a growth disadvantage of C275Y-gRNA1 infected organoids is associ-
ated with correction of the TP53 C275Y mutation, genomic DNA was isolated at 12,
48, 72, and 96 hours after infection, and TP53 exon 8 was PCR-amplified and Sanger
sequenced. The figure (16) shows the successful amplification of TP53 exon 8 which
resulted in 504 bp sequece in gRNA1-treated organoids. As an example, the successful
amplicons are shown at two time points, at 12 and 48 hpi.

As shown in Sanger sequencing chromatograms (Fig. 17a), the upper fragment repre-
sents the sequence of untreated PMU315 organoids (non-infected), showing the mu-
tated adenine (A) (highlighted in red). The lower chromatograms show the sequences
of organoids treated with C275Y-gRNA1, where the overlapping A and G peaks (R =
A or G) indicate partial editing and reversion of the mutant base toward the wild-type
guanine (G). Quantitative analysis using EditR revealed approximately a 60% A—G
conversion efficiency at 12 hours post infection, demonstrating that base editing occurs
rapidly within hours after transduction (Fig. 17b). At later time points 48, 72 and 96
hpi, the editing efficiency gradually decreased to 43%, 40% and 37%, respectively (Fig.
18). This decline parallels the observed reduction in tdTomato-positive cells, supporting
the hypothesis that corrected cells are selectively depleted due to TP53 correction.

Organoids (PMU315):
12hpi 48 hpi H,O
. -] -

) '

~500 bp

Figure 16: PCR amplification of TP53 exon 8 in PMU315 organoids at 12 and 48
hours after lentiviral infection. Agarose gel electrophoresis showing PCR amplifica-
tion of TP53 exon 8 from gDNA of the PMU315 organoids after lentiviral infection with
gRNA1. A clear band of the expected size (520 bp) was observed in the gRNA1 infected
organoids at 12 and 48 hpi, confirming successful amplification. The water control
(H,0) showed no amplification, indicating the absence of contamination. A 100 bp
DNA GeneRuler ladder was used as a size reference.
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Figure 17: Sanger sequencing chromatograms of TP53 C275Y correction at early
time point, 16 hpi, in PMU315 organoids using NG-ABE8e base editing a. Sanger
sequencing chromatograms showing a region of TP53 exon 8 encompassing the C275Y
(G—A) mutation. The top fragment displays the mutant sequence in untreated PMU315
organoids with the adenine (A) highlighted (red box). The middle chromatogram shows
the non-infected control, where the mutation remains unchanged. The bottom chro-
matogram represents organoids transduced with C275Y-gRNA1, showing overlapping
A and G peaks (R = A or G) indicate partial reversion of the mutant base toward the
wild-type guanine (G) (indicated by a red arrow). b. Quantification of the efficiency
of base-editing using EditR analysis of Sanger sequencing reads from non-treated and
C275Y-gRNA1-treated organoids. The red highlighted boxes show mixed base frequen-
cies, while blue boxes denote unchanged base. At the target site high frequencies of the
base G have been quantified indication base conversion (A—G). EditR indicates 60%
A>G conversion efficiency, demonstrating partial correction.
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Figure 18: EditR Quantification of predicted editing percentage of TP53 C275Y
(G—A) at early time points. a. Sanger sequencing chromatograms analyzed with
EditR show base editing of the TP53 C275Y (G—A) mutation at 12, 48, 72, and 96
hours after infection (hpi). The red highlighted boxes show mixed base frequencies,
while blue boxes denote unchanged base. At the target site high frequencies of the
base G have been quantified indication base conversion (A—G). b. Quantification of
the predicted editing efficiency from EditR is summarized in the bar graph. Editing
efficiencies 60%, 43%, 40%, and 37% are plotted against time points 12, 48, 72, and
96 hpi, respectively. This demonstrates that base editing occurs rapidly within hours
after infection and declines over time due to depletion of corrected cells.

EditR Quantification of predicted editing TP53 C275Y (G—A) Sanger sequencing chro-
matograms analyzed with EditR show progressive base editing of the TP53 C275Y
(G—A) mutation at 12, 48, 72, and 96 hours post-infection (hpi). The red highlighted
boxes show adenine base conversion (A—G) frequencies at the target site, while blue
boxes denote unchanged base. Quantification of the predicted editing efficiency from
EditR is summarized in the bar graph (right), This consistent detection of rapid and
efficient A—G conversion demonstrates the reproducibility of the base editing approach
and the efficiency of the designed gRNA1 in correcting TP53 C275Y point mutation
using the NG-ABES8e.

5.1.5 Deviation between Editing Efficiency and tdTomato Expression Suggests
Partial Viral Packaging or Reporter Silencing

Although, the percentage of edited cells decreased within the first three days after infec-
tion (Fig. 18), tdTomato-positive cells remained relatively stable during this period (Fig.
15). This observation suggests that edited cells were not necessarily tdTomato-positive,
indicating that successful gRNA1 delivery does not strictly correlate with tdTomato ex-
pression.
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Flow cytometry quantification from both experiments, the long-term experiment (chap-
ter 5.1.3) and the Early time course experiment (chapter 5.1.4), revealed low infection
rate, despite high editing. Looking at the percentage of tdTomato-positive cells, which
theoretically represents the infection rate, we can see that it has never exceeded approx-
imately 37.2% at 4 dpi in the long-term experiment and 27.1% at 12 hpi in the early
time course (Fig. 19). In contrast, Sanger sequencing from the same samples (at 4 dpi)
indicated up to 92% A—G conversion efficiency at 4 dpi in the long-term experiment
and 60% A—G conversion at 12 hpi in the early time course.
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Figure 19: Flow cytometric Plots of tdTomato-positive cells at 12 hpi and 4 dpi with
sgC275Y-gRNA1. a. Representative FACS plot showing 37.2% tdTomato-positive cells
(dsRed™) in PMU315 organoids 4 days after lentiviral transduction with the sgC275Y-
gRNA1-tdTomato construct. This lentiviral infection experiment showed 92% Editing
(C275Y-gRNA1 (92% E)) at 4 dpi. b. Approximately 27.1% of the organoid cells were
tdTomato-positive (dsRed™) at 12 hpi in the next lentiviral transduction experiment
where we showed 60% Editing (C275Y-gRNA1 (60% E)). Despite the low tdTomato
signal in both experiments, corresponding Sanger sequencing analysis of genomic DNA
from 4 dpi and 12 hpi revealed 60% and 92% A—G base conversion efficiency respec-
tively.

While tdTomato served as a marker for infection rate, its expression did not accurately
reflect the percentage of edited cells. Two possible explanations were considered: (1)
heterogeneous viral packaging during lentivirus production, leading to separation of
the tdTomato and gRNA sequences, or (2) transcriptional silencing of the tdTomato
promoter (EF1la) sequence in organoid cells.

To assess which of these two hypotheses was more likely, we next performed an exper-
iment using another characterized cell model which routinely used in our laboratory
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and known to robustly express lentiviral transgenes.

5.1.6 Characterization of tdTomato Reporter Expression in Panc-1 Cells

To investigate whether the reduced tdTomato expression observed in lung cancer organoids
was caused by virus packaging problems or by organoid-intrinsic mechanisms, we de-
signed an experiment using a cell line established in the laboratory, the well character-
ized pancreatic cancer cell line Panc-1. The same lentiviral vectors used in the previous
experiments were tested for their ability to drive tdTomato expression in this cell line.
The following conditions (viral constructs) were included:

1. sgC275Y-tdTomato (92% E)— used in the experiment showing 92% editing effi-
ciency at 4 dpi.

2. sgC275Y-tdTomato (60% E) — used in the experiment showing 60% editing effi-
ciency at 12 hpi.

3. sgR173H-tdTomato and V133-tdTomato — additional control viruses targeting un-
related genomic sites.

The last two viruses served as positive controls for proper viral packaging and reporter
expression, as they are known to yield strong tdTomato signals in other assays done in
our laboratory. Panc-1 cells were infected with each of the four viral preparations using
increasing viral volumes (1 uL, 10 uL, and 50 uL) and analyzed by flow cytometry at 24,
48, and 72 hours post infection (hpi). Flow cytometric analysis revealed that tdTomato
expression in Panc-1 cells increased in a dose-dependent manner for all viral constructs.
Here I will show the example of the infection with one viral volume, 50ul.

Notably, the sgC275Y-tdTomato (92% E) virus produced the highest tdTomato-positive
cell percentages, almost 100% across all tested viruses, followed by sgC275Y-tdTomato
(60% E) with 80% tdTomato-positive cells at 24hpi and almost 100 at 72 hpi (Fig. 20).
Both constructs exhibited robust reporter expression levels comparable or even exceed-
ing to those of the positive control viruses sgR175H-tdTomato and V133-tdTomato.
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Figure 20: Time course of tdTomato-positive Panc-1 cells over 72 hours follow-
ing infection with four different lentiviral constructs. Flow cytometry quantification
of tdTomato-positive Panc-1 cells at 24, 48, and 72 hours post infection (hpi). The
sgC275Y-tdTomato infected cells exhibited a steadily increasing tdTomato-positive pop-
ulation, reaching nearly 100% by 72 hpi. Control infections with sgR173H-tdTomato
and sgV133-tdTomato also shows high tdTomato expression levels, though slightly
lower than those observed in sgC275Y-tdTomato—infected cells at the same time point
(72 hpi).

Together, these experiments demonstrate that adenine base editing can efficiently and
precisely correct the TP53 C275Y mutation in patient-derived lung cancer organoids.
The high correction rates, combined with the subsequent depletion of corrected cells, in-
dicate that the C275Y mutation provides a strong survival advantage to the lung tumor
organoids PMU315 and that restoring wild-type p53 function may reactivates tumor-
suppressive pathways. Despite partial reporter silencing, the overall findings establish
a robust framework for functionally question TP53 mutations directly in organoid mod-
els. These results highlight the feasibility and biological relevance of base-editing ap-
proaches in lung cancer organoids and set the stage for applying CRISPR strategies to
additional oncogenic alterations such as the KIF5B-RET fusion examined in the next
section.

5.2 Targeting approaches of Fusion Oncogene KIF5B:RET in Lung
Cancer Organoids

Fusion oncogenes involving REarranged during Transfection RET represent potent driver
mutations in non-small cell lung cancer (NSCLC). RET encodes a receptor tyrosine ki-



5.2 Targeting approaches of Fusion Oncogene KIF5B:RET in Lung Cancer Organoids 50

nase that plays an important role in cell growth and differentiation. Its constitutive ac-
tivation through gene fusion leads to uncontrolled oncogenic signaling. Despite the de-
velopment of selective RET tyrosine kinase inhibitors (TKIs), patients frequently develop
acquired resistance during treatment [7]. Recent advances in CRISPR-Cas9 genome-
editing technologies have opened new ways to directly disrupt oncogenic fusion genes.
By introducing double-strand breaks (DSBs) at defined genomic loci, CRISPR—Cas9 in-
duces an error-prone non-homologous end joining (NHEJ) repair pathway, which can
generate insertions or deletions (indels) that disrupt gene function [52].

Therefore, I aimed to establish a genome-editing approach to selectively disrupt fusion
oncogenes in patient-derived lung cancer organoids. This approach is designed to serve
as functional analysis of oncogenic drivers and to explore its potential use for future
personalized therapeutic platform. To achieve this, two CRISPR-Cas9 nuclease-based
targeting strategies were designed. The first strategy is Breakpoint targeting, which tar-
gets the unique junction region of the KIF5B-RET fusion gene. The second is Dual-intron
targeting, which involves two gRNAs designed to cut within intronic regions, designed to
delete a larger genomic fragment encompassing the fusion breakpoint [53]. While the
breakpoint-targeting strategy is designed to directly cleave the unique KIF5B-RET fu-
sion junction, the dual-intron-targeting approach induces double-strand breaks within
introns flanking the fusion region, resulting in a large genomic deletion. Unlike the
breakpoint-targeting method, the dual-intron strategy does not require prior knowl-
edge of the exact fusion breakpoint sequence, which represents a potential advantage
for therapeutic applications, as it could be applied based on standard diagnostic infor-
mation alone [53].

Both approaches mostly followed by the non-homologous end joining (NHEJ) DNA re-
pair mechanism. In the breakpoint-targeting approach, repair through NHEJ often in-
troduces small indels at the cut site, leading to frameshift and the generation of prema-
ture stop codons that disrupt the fusion transcript. In the dual-intron approach, repair
following cleavage and excision results in the joining of distant exons in an out-of-frame
configuration, also producing premature stop codons and a non-functional fusion tran-
script [54].

For experimental validation, we utilized the PMU315 organoid line, derived from a lung
adenocarcinoma patient harboring the KIF5B-RET fusion oncogene, which is known to
act as a key oncogenic driver in this cancer subtype [23]. If the CRISPR components
successfully induced double-strand breaks and disrupted the oncogenic KIF5B-RET fu-
sion, a reduction in the number of live cells was expected in the treated conditions due
to loss of oncogene function.
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5.2.1 Validation of oncogenic Fusion KIF5B-RET in PMU315 organoids

Before applying CRISPR-Cas9 strategies, it was necessary to confirm the presence and
precise genomic sequence of the KIF5B-RET fusion in PMU315 organoids. For this pur-
pose, genomic DNA (gDNA) was isolated from the organoids and used as a template
for polymerase chain reaction (PCR) to amplify the region encompassing the predicted
fusion breakpoint. The amplified fragments were then analyzed by agarose gel elec-
trophoresis, purified, and analyzed to Sanger sequencing for breakpoint verification.
Fusion coordinates were initially predicted based on deep RNA sequencing data gener-
ated by collaborators at the NCT Institute (Fig. 21). Because the exact genomic fusion
junction was unknown, several primer pairs were systematically designed to cover po-
tential breakpoint regions across the KIF5B and RET introns and exons (Fig. 21).

AGGAATTGCTGTGGGAAATAATGATGTAAAGIBAGATCLAAAGTGGGAATTCCCTCGGAAG

P5Intron 12 P7Intron 14 P35Intron15 P37 Intron 11 P33 Exon 12 P18 Intron 13 P20 Intron 15
P36 Intron 15 P38 Intron 11 P34 Exon 12
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z

Figure 21: Schematic representation of KIF5B-RET fusion region and primer design
strategy. The diagram illustrates the gene structures of KIF5B (red) and RET (blue) on
chromosome 10, with exon—intron organization shown based on deep RNA Sequencing
analysis of the fusion oncogene. The fusion involves the 5-region of KIF5B and the
3’-region of RET. It shows the breakpoint between exons (15 and 12) since it reflects
only the transcript-level fusion. Multiple candidate primer sites were designed within
the intronic and exonic regions surrounding the predicted breakpoint to identify the
exact correct sequence fusion junction. Arrows indicate the positions and orientations
of primers used for PCR reactions. KIF5B primers (P5, P7, P35, P36) are located within
introns 12, 14, and 15, while RET primers (P18, P20, P33, P34, P37, P38) are positioned
within introns 11, 13 and 15 or exon 12. The KIF5B primers are forward and the RET
primers are reversed.

Initial PCR attempts using Phusion High-Fidelity DNA Polymerase and Taq DNA Poly-
merase did not produce specific amplification products. Consequently, Herculase II Fu-
sion DNA Polymerase was selected for subsequent reactions due to its higher processiv-
ity with complex or GC-rich templates. PCR conditions were optimized for each primer
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pair, including annealing temperature and extension time. To accommodate the ex-
pected large amplicon size, the extension phase was gradually increased to 2.5 minutes
per cycle.

PCR products obtained with Herculase II were evaluated on a 1% agarose gel to assess
amplification specificity and yield. Among all tested primer combinations, only the P31,
P33 pair generated a distinct and reproducible product. Gel electrophoresis using DNA
Ladder 1 kb Plus as a reference revealed a single prominent band of approximately 4
kb (Fig. 22), indicating successful amplification of the genomic region containing the
KIF5B-RET fusion breakpoint.

Herculase II Fusion DNA Polymerase successfully amplified the target region, showing
higher processivity and better tolerance for complex templates.

To confirm that the amplified fragment encompassed the predicted KIF5B-RET fusion re-
gion, the corresponding 4 kb PCR product was analyzed by Sanger sequencing. Sanger
sequenced PCR product from PMU315 organoid aligned to regions within KIF5B intron
15 and RET intron 11, using reference sequences (GRCh38) obtained from the UCSC
Genome Browser (Retrieved March 20, 2025). The alignment can be visualized using
SnapGene software, confirmed that the amplified fragment spans the genomic junction
between KIF5B intron 15 and RET intron 11 (Fig. 22). The sequencing results verified
that the amplicon contained sequences derived from both the KIF5B and RET genes,
confirming the successful amplification of the genomic fusion fragment. Finally, I ex-
perimentally validated that the KIF5SB-RET genomic fusion in the PMU315 organoid
line occurs between KIF5B intron 15 and RET intron 11. This results amends the initial
illustration provided by our collaborators at the NCT, which presented an exon—exon
fusion based on exome sequencing data. Confirming the exact intronic breakpoint es-
tablished PMU315 organoids as a reliable model for subsequent CRISPR—Cas9 targeting
experiments.
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Figure 22: PCR amplification and validation of KIF5B-RET fusion. Agarose gel
electrophoresis showing PCR products amplified from genomic DNA of PMU315 cells
using several primer pairs. Only the primer combination P31 + P33 (indicated by
black box) produced an amplicon of approximately 4 kb. A 1 kb Plus DNA Ladder was
used as a molecular size reference. Sanger sequencing reads visualized in SnapGene
chromatogram showing the validated junction between KIF5B intron 15 (red) and RET
intron 11 (green) in PMU315 genomic DNA. Single, narrow peaks indicate a confident
base call. The corresponding nucleotide sequence alignment is shown above the chro-
matogram, illustrating the precise transition from KIF5B to RET. The data confirm the
presence of the fusion mutation KIF5B-RET.
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5.2.2 Targeting KIF5B-RET Fusion Oncogene in Lung Cancer Organoids using
CRISPR-Cas9 based viral Infection Approach

After confirming the KIF5B-RET fusion breakpoint in the PMU315 organoid line, guide
RNAs (gRNAs) were designed to disrupt the fusion using two CRISPR-Cas9 strate-
gies. The first strategy aimed to cleave directly at the fusion breakpoint (breakpoint-
targeting), while the second was designed to introduce double-strand breaks within
intronic regions flanking the fusion junction (dual-intron targeting). A total of 20 gRNA
candidates were designed using the design tool Integrated DNA Technologies (IDT)
CRISPR, based on predicted on-target efficiency and minimal off-target activity. The top
candidates were further cross-validated using Cas-OFFinder and CCtop to confirm speci-
ficity. Based on these analyses, 14 gRNAs with the highest predicted cutting efficiency
and lowest off-target potential were selected for experimental testing (Supplementary
Fig. S1). Due to limited organoid material, only a subset of sgRNA combinations could
be tested. Therefore, the experiment was conducted using two dual-intron-targeting
(DI) gRNA pairs (DI5 and DI8) and one breakpoint-targeting (BP) gRNA (Fig. 23).

AGGAATTGCTGTGGGAAATAATGATGTAAA AGGATCCAAAGTGIEGAATTCCCTCGGAAG
gRNA1
(BP)
\ v
B1 B12
(DI5) (DI5)
v %
B4 B9
(DI8) (DI8)

Figure 23: Schematic representation of the KIF5B-RET fusion and gRNA design.
The diagram shows the gene structures of KIF5B (shown in red) and RET (shown in
blue) located on chromosome 10. The KIF5B-RET fusion involves the 5’ region of KIF5B
and the 3’ region of RET. Candidate guide RNAs (gRNAs) were designed to target within
intronic regions, Dual-Intron-Targeting (DI), and at the breakpoint (BP) of the fusion
junction. The arrows indicate the positions of the designed gRNAs: B1 in KIF5B intron
8, B12 in RET intron 19 (both in blue), B4 in KIF5B intron 14, B9 in RET intron 16 (both
in green), and BP-gRNA1 (orange) targeting the breakpoint region.

To deliver the CRISPR components into lung cancer organoids, a lentiviral vector system
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was employed. Each gRNA was cloned into the pL-CRISPR.EFS.GFP.gRNA vector (Ad-
dgene plasmid #57818; see Supplementary Fig. S3), which expresses Cas9 and a GFP
fluorescent reporter. Lentiviral particles were produced using transfer vectors encoding
different gRNAs to create the following experimental conditions:

1. One gRNA targeting the fusion breakpoint (BP gRNA),

2. Two gRNAs targeting the flanking introns. Each gRNA was cloned under different
promoter on the same vector (e.g. U6-gRNA-B1, H1-gRNAB12),

3. One gRNA against an essential region within Psmal as a positive control, and

4. One gRNA targeting an irrelevant region within VEGF, serving as a negative con-
trol.

The same number of organoids was transduced with each lentivirus condition and flow
cytometry analysis was performed at 6 dpi to evaluate transduction efficiency by quan-
tifying GFP-positive cells (Table 12). Across all tested conditions, the percentage of
GFP-positive cells did not exceed 6%, whereas an infection efficiency of approximately
50% was desired.

Table 12: GFP expression following lentiviral transduction at 6 dpi with
CRISPR-Cas9 constructs targeting RET:KIF5B fusion.Table showing the percentage
of GFP-positive cells following lentiviral infection with pL-CRISPR-gRNA-Cas9-GFP con-
struct using different targeting gRNAs. Treatments include breakpoint-targeting gRNA
(BP-gRNA), Dual-Intron-Targeting gRNAs (DI8), Psmal targeting gRNA (+ control),
non-targeting control (NTC), and no infection (baseline control). The proportion of
GFP+ cells ranged from approximately 4% to 6%, means the level of transduction
achieved was insufficient.

Lenti viral Infection with

pL-CRISPR-gRNA-Cas9-GFP GFP+ cells
BP-gRNA 4,16 %
BP-gRNA 208 %

Dual-Intron-Targeting-gRNAs (DI8) | 6,24 %
Dual-Intron-Targeting-gRNAs (DI8) | 5,80 %

Psmal (+ control) 4,69 %
Psmal (+ control) 4,87 %
NTC (- control) 5,27 %
NTC (- control) 4,85 %
no infection 4,00 %
no infection 4,02 %

The observed low infection rate likely resulted from the large size of the transfer vector
used for the virus production, which can hinder efficient viral packaging and results
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in low virus titer. Thus, the infection of the organoid line was insufficient. Conse-
quently, the level of transduction achieved was insufficient to observe any meaningful
CRISPR-mediated editing or phenotypic changes. Given these limitations, we decided to
pursue an alternative virus-free delivery approach to deliver CRISPR-Cas9 components.
Based on recent studies demonstrating successful RNA transfection approach and effi-
cient targeting of fusion oncogenes [53], we proceeded to test Cas9 mRNA and gRNA
transfection as an alternative delivery method.

5.2.3 Targeting KIF5B-RET Fusion Oncogene in Lung Cancer Organoids using
RNA Transfection Approach

To demonstrate the functionality of the two CRISPR-Cas9 strategies, Breakpoint Tar-
geting and Dual-Intron Targeting) we next employed a virus-free RNA transfection ap-
proach to deliver Cas9 and the gRNA into lung cancer organoids. This method was
selected to overcome the low infection efficiency observed with lentiviral delivery. The
designed sgRNAs targeted either the KIF5B-RET fusion breakpoint or distinct intronic
regions along the fusion locus (as illustrated in Fig. S1). Therefore, the experiment
was conducted using two dual-intron-targeting gRNA pairs (DI5 and DI8) and one
breakpoint-targeting gRNA (Fig. 23).

Several experimental and control conditions were included:

1. BP gRNA targeting the fusion breakpoint.

2. DI5 and DI8 dual-intron gRNA combinations, each targeting two intronic regions
within KIF5B and RET.

3. POLRIC gRNA, targeting an essential region within POLRIC, used as a positive
control for Cas9 activity.

4. VEGF gRNA, targeting an irrelevant region within VEGF, used as a negative con-
trol.

5. Non-transfected organoids, used to control for potential transfection toxicity.

I first tested transfection efficiency using 2 pmol of Cas9 mRNA and GFP mRNA as
controls. Organoids were then transfected with Cas9 mRNA and the respective fusion-
targeting gRNAs. If the CRISPR components successfully induced double-strand breaks
and disrupted the oncogenic KIF5B-RET fusion, a reduction in the number of live cells
was expected in the treated conditions due to loss of oncogene function. To evaluate
these effects, we performed flow cytometry analysis at two time points, 3 dpt and 7 dpt,
to quantify live cell number and transfection efficiency, alongside Sanger sequencing at
3 dpt to verify genomic alterations at the target sites. The FACS dot plot displays the tar-
geted cell population on forward scatter (FSC-A) in conjunction with GFP fluorescence
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intensity (B1-A, GFP FITC-A). A distinct GFP' population was observed, representing
successfully transfected cells. Quantification from the FACS plot (Fig. 24A) shows that
73.8% of the cells were GFP-positive at 3 dpt compared to the non-treated condition
(Fig. 24B), indicating efficient mRNA delivery.
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Figure 24: GFP expression following mRNA transfection at 3 days post-transfection
(3 dpt).Flow cytometry (FACS) dot plots display the distribution of the targeted cell
population based on forward scatter (FSC-A; y-axis) and GFP fluorescence intensity
(GFP-FITC-A; x-axis). Plot A represents cells transfected with GFP mRNA, and Plot B
shows non-treated control cells analyzed at 3 days post-transfection. At 3 dpt, 73.8% of
the cells were GFP-positive (GFP") compared to only 0.9% in the non-treated control,
indicating a high transfection efficiency and successful delivery of GFP mRNA.

Cell viability analysis revealed a reduction in live cell numbers in both the GFP and
targeting conditions at 3 dpt, indicative of mild transfection cytotoxicity. At 7 dpt, a
more pronounced decline in live cell numbers was detected in all targeting conditions
BP, DI5, and DI8 compared to the VEGF control (Fig. 25). This reduction suggests
impaired proliferation and recovery in organoids. These observations might be due to
the expected functional consequences of efficient sgRNA-mediated cleavage at critical
fusion sites.
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Effect of RET:KIF5B Targeting- 3 & 7 days post transfection
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Figure 25: Effect of RET:KIF5B targeting on organoid viability at 3 and 7 days
post-transfection. Bar graph showing the average number of live cells (two replicates)
under different transfection conditions at 3 days after transfection (3 dpt, blue bars) and
7 days after transfection (7 dpt, orange bars). Treatment conditions include breakpoint
targeting gRNA (BP gRNA), dual-intron targeting gRNAs (DI5 and DI8 gRNA pairs),
POLRIC targeting gRNA, VEGF targeting gRNA and GFP mRNA-transfected organoids
(transfection efficiency control), and Non-transfected organoids.

To confirm that the observed effects were indeed caused by CRISPR-Cas9-mediated
editing I did a genotypic analysis. For each gRNA, the corresponding genomic region
was amplified by PCR. For this, PCR performed on the gDNA isolated from organoids at
3 dpt across all experimental and control conditions. PCR amplicons were purified and
analyzed by sanger sequencing. Here are the corresponding genomic regions surround-
ing the gRNA predicted cut site:

1. B1: KIF5B intron 8
2. B4: KIF5B intron 14
3. B9: RET intron 16

4. B12: RET intron 19

All PCR products were purified and sequenced. The resulting chromatograms (Fig. 26)
display the wild-type reference sequence at the top and the treated and non-treated
control sequences below. The gRNA target site is indicated by an orange arrow. For B1,
a noisy sequence pattern was detected downstream of the predicted cleavage site, typ-
ical observation for NHEJ-mediated repair following Cas9 cutting. These mixed reads
suggest the presence of indels that could cause frameshifts and introduce premature
stop codons, thereby inactivating the fusion oncogene.
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Figure 26: Sanger sequencing validation of CRISPR-Cas9-induced edits in KIF5B
and RET target introns. locus. Sanger sequencing chromatograms showing the ge-
nomic regions surrounding the predicted Cas9 cleavage sites for the selected gRNAs:
B1 (KIF5B intron 8), B4 (KIF5B intron 14), B9 (RET intron 16), and B12 (RET intron
19). The orange arrows indicate the positions and orientations of the designed gRNAs
relative to the target sequence. Wild-type reference sequences are shown at the top (in
bold). Target squences from CRISPR-Cas9-treated organoids and non-treated controls
displayed below. a. In the gRNA-B1 treated sample mixed sequencing peaks down-
stream of the predicted cut site can be observed.

CTGCAGTTCTGAAAGCTCCGGE}[}GCATGA@}GCCGAGCAGGEhGCCAGTAACCCAGCCT

gRNA-B9 treated:

To validate editing outcomes, we used the EditCO software, which applies Inference
of CRISPR Edits (ICE) algorithm. ICE analysis estimate the predicted editing efficiency
by comparing the sanger sequencing mixed reads with that of a wild-type control to
quantify indels introduced at the Cas9 cleavage site. In Figure 27, the sequence of
the non-treated condition is shown on the top (green arrow), the edited sequence is
shown below (After the red arrow). The cut sites are indicated by black vertical dotted
lines, the PAM sequences by red horizontal dotted lines, and the gRNA target region is
underlined. Mixed reads are clearly visible after the cutting site in the B1-treated sample
(Upper one), confirming editing activity. ICE analysis predicted that approximately 10%
of the sanger sequencing reads contained a single nucleotide insertion directly after
the cutting site. Additional indels included 3% of reads with a deletion, 1% with two
insertions and 1% with three deletions.
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@ Succeeded ACTCTAGTTCAACCCATAAG TGG 15 0.98 14 spcas9
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+2 1% TTGACCATACTCTAGTTCAACCCAT: NNAAGTGGTTTCTATGACTTAAGATATGTTCATAGTGAGAACTGGTTCAG
-3 1% TTGACCATACTCTAGTTCAACCCAT ---TGGTTTCTATGACTTAAGATATGTTCATAGTGAGAACTGGTTCAGCA

Figure 27: ICE analysis of CRISPR editing outcomes using EditCO software. The
sequence targeted by gRNA B1 is shown in bold at the top. The sequence of the non-
treated condition is shown on the top (green arrow), the predicted edited sequences
are shown below (After the red arrow). The predicted cut site is indicated by black
vertical dotted lines, the PAM sequence (TGG) by red horizontal dotted lines, and the
gRNA target region is underlined. ICE analysis revealed an 15% indel prediction rate.
Among edited reads there is a predominant +1 insertion (10%), with 5% minor contri-
butions from deletions and other insertions. Sequencing data for gRNA B4 and B9 were
excluded due to poor read quality.

The sequencing results for gRNA B4 could not be analyzed due to low read quality in the
treated sample. Similarly, for gRNA B9, both the treated and control samples showed
poor sequencing quality. In contrast, the gRNA B12 treated sample produced clean,
high-quality reads identical to the control sequence, indicating that gRNA B12 was not
effective in inducing a cut at the target site.

Taken together, these experiments demonstrate that CRISPR-Cas9 can successfully in-
duce approximately 15% targeted editing at intron 8 of KIF5B using gRNA-B1 in patient-
derived lung cancer organoids. Although editing efficiency remained low and no strong
phenotypic effects were detected, the results establish an important foundation for fur-
ther optimization of Cas9 delivery and disruption strategies of fusion oncogenes. These
findings set the stage for a broader discussion of technical limitations, biological factors,
and future improvements in the following section.

6 Discussion

6.1 TP53 C275Y Correction

In this project, I applied CRISPR-mediated adenine base editing (ABE8e) to correct the
TP53 C275Y (G—A) point mutation in patient-derived lung cancer organoids. This
work demonstrates, for the first time, the feasibility of precise genetic correction of
TP53 mutations in primary lung tumor organoids. These results demonstrate not only
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the technical feasibility of achieving high editing efficiency in a complex 3D model but
also provide functional evidence that repairing TP53 C275Y point mutation impacts tu-
mor cell survival in lung cancer.

6.1.1 Efficient and Rapid Correction of the TP53 C275Y Mutation in Lung Cancer
Organoids

The editing kinetics revealed that correction the G—A mutation occurred remarkably
fast after lentiviral transduction, with approximately 92% editing efficiency detectable
at 4 days post infection. The rapid 60% editing already at 12 hours after infection high-
lights the high efficiency of the NG-ABE8e base editor and underscores its potential for
precise genome correction in organoid systems. The editing efficiency of 37% in early-
time course experiment was lower than the 92% observed previously, both measured at
4 dpi. This variation likely reflects differences in viral titer between two independent
lentiviral preparations. Nevertheless, the consistent detection of rapid and efficient
A—G conversion demonstrates the reproducibility of the base editing approach, the ef-
ficiency of the designed gRNA1 and confirms the feasibility of correcting TP53 point
mutations in lung cancer organoids using base editors.

Importantly, this work provides the first demonstration of successful base-editing-mediated
correction of the TP53 C275Y mutation in human lung cancer organoids, establishing a
proof of principle that disease-relevant mutations can be efficiently repaired in patient-
derived 3D cancer models. Although editing efficiencies varied between experiments,
the consistent detection of early A—G conversion validates the robustness of the ap-
proach and confirms that TP53 can be efficiently and precisely corrected.

6.1.2 Functional Consequences of TP53 Correction

A key finding of this study is that the population of cells carrying the corrected TP53
allele was progressively depleted over time, as seen by the decline in tdTomato-positive
cells following infection with the C275YgRNA-targeting construct. This depletion indi-
cates that restoration of wild-type p53 function confers a strong growth disadvantage
or loss of viability to the edited cells. In other words, tumor cells harboring the C275Y
mutation appear to rely on the mutant p53 for survival, and its correction reactivates
tumor-suppressive pathways leading to growth arrest and apoptosis. This functional
outcome provides direct biological evidence that the TP53 C275Y mutation is essential
for maintaining tumor cell viability. Thus, beyond technical success, the data reveal a
functional dependency on mutant p53, underscoring the oncogenic importance of this
C275Y mutation. Together, these findings represent the potential of base editing to test
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such mutation dependencies in organoid systems, and a significant step toward applying
base editing as a potential therapeutic tool in personalized cancer models.

6.1.3 Deviation between Editing Efficiency and Reporter Expression

An interesting technical observation was the deviation between high editing efficiency
and relatively low tdTomato reporter expression. While tdTomato served as a marker
for infection rate, its expression (27.1-37.2%) did not accurately reflect the percentage
of edited cells (60-90%).

This clear discrepancy between tdTomato expression and measured editing percentage
raises an important technical question: how can a relatively low infection rate, indi-
cated by tdTomato-positive cells, correspond to such a high base editing efficiency?

We considered two main hypotheses to explain this observation.

First, incomplete or heterogeneous viral packaging during lentiviral production could
have led to unsuccessful encapsulation of the full-length transfer vector (U6-C275YsgRNA-
EFla-tdTomato) in some viral particles, leading to separation of the tdTomato reporter
cassette from the gRNA expression cassette [55]. As a result, some viral particles may
have delivered only the functional gRNA without the linked tdTomato sequence. Given
that the organoid line already constitutively expresses the ABE8e base editor, the pres-
ence of the gRNA alone would be sufficient to induce rapid editing immediately after
viral-RNA entry, without requiring reverse transcription and integrating into the genome
of the transducted RNA sequence. Second, as Tdtomato is expressed from EF1la polll
DNA promoter, in contrast to the gRNA expressed from the U6 pollll RNA promoter,
the organoids may exhibit transcriptional silencing of the EF1« promoter, potentially
through epigenetic mechanisms such as promoter methylation or chromatin remodel-
ing. Such silencing could lead to incomplete or variable reporter expression even in
cells that were successfully transduced with the full construct.

Taken together, these results suggest that tdTomato expression alone may underestimate
the actual infection and editing rates in this particular Lung cancer organoids. To as-
sess which of these two hypotheses was more likely, we next performed an experiment
using Panc-1 cells, a well characterized pancreatic cancer cell line established in our
laboratory and known to robustly express lentiviral transgenes. This experiment aimed
to determine whether the reduced tdTomato signal observed in lung cancer organoids
resulted from intrinsic silencing mechanisms within the organoids or from technical is-
sues related to virus production.

Subsequent validation in Panc-1 cells confirmed strong and consistent tdTomato expres-
sion for all constructs.
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These findings demonstrate that the tdTomato reporter gene and its promoter within
the sgC275Y-tdTomato construct is functional and efficiently expressed in Panc-1 cells.
Therefore, the reduced tdTomato signal observed in the patient-derived lung cancer
organoids is more likely due to cell type specificity rather than to defective viral pack-
aging. Thus, a plausible explanation for this phenomenon is that patient-derived lung
cancer organoids may exhibit transcriptional silencing of the tdTomato gene, potentially
through epigenetic mechanisms such as promoter methylation or histone modification
around the integrated reporter gene locus. Indeed, a study has shown that lentiviral-
delivered transgenes can undergo silencing in human and murine cells. This could
happen via methylation of promoters and heterochromatin formation [56].

Together, these results support the conclusion that the low tdTomato expression ob-
served in lung cancer organoids is primarily due to intrinsic silencing mechanisms,
rather than errors in viral vector packaging of tdTomato sequence beside the gRNA.
However, we cannot definitively exclude that, in some viral particles, the gRNA se-
quence may have been packaged independently of the tdTomato reporter gene [55]
[57]. Moreover, the detection of editing events within hours after infection points to the
possibility of gRNA-mediated editing occurring even before a complete tdTomato tran-
scription and translation. These data therefore confirm our hypothesis that organoid-
intrinsic silencing of the tdTomato reporter likely contributes to the deviation between
editing efficiency and tdTomato expression, although partial separation of gRNA and
reporter packaging remains a potential co-occurring event.

6.1.4 Implications and Future Directions

These findings have both biological and methodological implications. Biologically, they
reveal that restoring wild-type TP53 in tumor organoids triggers cell loss, providing
direct evidence that the TP53 C275Y mutation is critical for tumor cell survival. This
establishes base editing not only as a correction tool but also as a functional approach
for identifying mutation-specific dependencies in cancer.

Future work should focus on integrating deep sequencing and single-cell transcriptomic
profiling to better understand editing heterogeneity and the cellular consequences of
TP53 restoration. In particular, performing deep sequencing on genomic DNA isolated
at 26 dpi from sorted tdTomato-positive cells will be crucial to determine whether the
30% of persistent tdTomato-positive cells at 26 dpi represent successfully edited cells
that survived, or non-edited tdTomato-positive cells that escaped base editing. This
analysis will clarify whether a subpopulation of this tumor can tolerate p53 reactiva-
tion or whether resistance mechanisms may have emerged in edited cells. In paral-
lel, bulk RNA sequencing would enable a direct assessment of p53 pathway activation,
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confirming whether the corrected TP53 allele is not only genetically reverted but also
functionally expressed and translated. This approach would also identify downstream
p53 target genes and reveal which transcripts are up- or downregulated upon TP53 cor-
rection. Such information would provide insight into which p53-dependent cell death
pathways, such as apoptosis, ferroptosis, or pyroptosis, are activated in the organoids
and help map the transcriptional programs driving growth arrest or cell death in edited
cells. Single-cell RNA sequencing would further allow us to assess whether different cell
subpopulations within the organoids respond differently to p53 restoration or whether
they uniformly activate the same p53-dependent stress programs. Finally, extending
and validating TP53 C275Y correction in additional cell lines or organoid models carry-
ing the same mutation would be essential to confirm the reproducibility of the observed
p53 activation and strengthen the biological conclusions of this study.

6.2 Targeting the Oncogenic Fusion KIF5B-RET

In this experiment we aimed to establish a CRISPR-Cas9-based genome editing strate-
gies to selectively target oncogenic fusion genes in patient-derived lung cancer organoids.
The KIF5B-RET fusion, a well-characterized driver oncogene in non-small cell lung can-
cer (NSCLC), was chosen as a model to evaluate two editing strategies in the lung cancer
organoids: (1) breakpoint targeting and (2) dual-intron targeting. Both strategies were
developed with the goal of establishing functional analysis platform of fusion mutations.
A total of 14 gRNAs were successfully designed and computationally validated based on
predicted on-target activity and low off-target potential. Candidate guides were cross-
validated using Cas-OFFinder and CCtop to ensure target specificity.

6.2.1 Validation of oncogenic Fusion KIF5B-RET in PMU315 organoids

Determining the precise KIF5B-RET fusion breakpoint in the PMU315 organoid line
required several rounds of PCR optimization using different primer combinations, poly-
merases, and cycling conditions. Multiple attempts with standard high-fidelity enzymes
failed to yield a product, indicating that the fusion locus is a technically challenging
region to amplify. Although Phusion polymerase is known for its exceptionally low er-
ror rate (=~ 4.4-10~7) [58] and high fidelity, it did not yield detectable products for the
KIF5B-RET fusion region. This outcome is likely due to the technical challenges associ-
ated with amplifying long genomic fragments ( 4 kb) that encompass intronic regions
with high GC content and potential secondary structures [59]

However, amplification was successful only when using the primer pair P31/P33 to-
gether with the Herculase II polymerase, which enabled amplification of the genomic
junction between KIF5B intron 15 and RET intron 11.
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This outcome highlights an important methodological consideration. PCR success could
depends on the compatibility between the polymerase and the structural complexity
of the target sequence. Long genomic regions, high GC content might significantly re-
duce amplification efficiency. Previous studies have similarly shown that polymerase
choice greatly affects amplification of GC-rich or complex templates [59]. Herculase II,
optimized for long, GC-rich, and structurally difficult amplicons, proved most suitable
for amplifying the fusion breakpoint in PMU315. This underscores the importance of
systematically optimizing PCR parameters, including polymerase selection, annealing
temperature, and extension time, to achieve amplification of challenging genomic re-
gions. Successfully resolving the KIF5B-RET breakpoint was essential for confirming
the exact intronic junction in this organoid line and provided the required foundation
for designing and validating CRISPR-Cas9 targeting strategies in the subsequent exper-
iments.

6.2.2 Targeting KIF5B-RET Fusion Oncogene in Lung Cancer Organoids using
CRISPR-Cas9 based viral Infection Approach

First we produced a lentiviral system to deliver the CRISPR-Cas9 components via all-
in-one lentiviral plasmid (Fig. S3). However, the infection efficiency, as measured by
GFP-positive cells at six days post-infection, was markedly low. This inefficiency can be
attributed to the large size of the lentiviral transfer vector, which is known to hinder
viral packaging efficiency during virus production and dramatically reduce viral titers
[60]. Lentiviruses have a packaging limit of approximately 8-9 kb, and exceeding this
range often lead to low titer virus. As a result, the transduction efficiency in PMU315
organoids was insufficient to induce genome editing or phenotypic effects. Therefore,
the big vector size contributed to the poor infection rates observed in this experiment.

6.2.3 Targeting KIFSB-RET Fusion Oncogene in Lung Cancer Organoids using
RNA Transfection Approach

Due to the limitations of viral delivery, a virus-free RNA transfection approach was
tested as an alternative method for delivering the CRISPR-Cas9 components. Trans-
fection of Cas9 mRNA and gRNAs led to efficient uptake, as confirmed by GFP mRNA
transfection control. A slight reduction in live cell numbers was observed in the tar-
geting conditions compared to the non-targeting control (VEGF), suggesting potential
cutting related activity (Chapter 5.2.2).

Sanger sequencing analysis of the B1 gRNA target site indicated that approximately
10% of the sequencing reads contained a single-nucleotide insertion downstream of
the Cas9 cleavage site, as predicted by ICE analysis (Inference of CRISPR Edits). This
finding is consistent with successful DSB induction and subsequent error-prone repair
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NHEJ pathway, which commonly introduces small indels leading to frameshift muta-
tions. However, sequencing of other target regions (B4, B9, B12) resulted in low-quality
chromatograms, likely due to insufficient genomic DNA resulting from limited organoid
material.

Because the observed editing efficiency was not sufficient and phenotypic changes were
not significant, a second round of optimization was performed using increased Cas9
mRNA concentration (6 pmol) and new gRNA combinations (B1 + B9 and B4 + B9).
Despite these efforts, no distinct genotypic phenotypic effects were detected. A likely
reason for the limited editing efficiency observed could be an imbalance between the
amounts of Cas9 mRNA and gRNA, which could have reduced the formation of active
Cas9-gRNA complexes. Future experiments could test different ratios with higher Cas9
concentrations (up to 10 pmol). Increasing the number of organoids per experimental
condition would also allow more robust analysis by providing sufficient genomic DNA
concentration for sequencing at multiple time points, capturing early and late repair
events.

Another possible explanation for the low editing efficiency is the instability or silencing
of exogenous Cas9 mRNA in organoid cells. Previous reports have shown that exoge-
nous nucleic acids, particularly those encoding large proteins such as Cas9, can undergo
rapid degradation or transcriptional silencing in mammalian and stem cell-derived sys-
tems [61].

6.2.4 Future Optimization

In this project, two CRISPR-Cas9-based strategies were designed to disrupt the KIF5B-RET
fusion oncogene in patient-derived lung cancer organoids. Although measurable Cas9
activity was achieved, overall editing efficiencies remained modest, and no strong phe-
notypic changes were observed. Several technical and biological factors likely con-
tributed to these outcomes.

An additional and important explanation lies in the biological context of the organoids.
The PMU315 organoid line carries the TP53 C275Y mutation, located within the DNA-
binding domain of p53. Mutant p53 alters the cellular response to DNA damage and
can shift the balance between DNA repair pathways [62]. Specifically, TP53 mutations
within DBD have been shown to reduce the efficiency of NHEJ, the primary pathway
that introduces disruptive indels following CRISPR-Cas9 DSBs [62]. If NHEJ activity
is compromised, cells may increasingly rely on alternative, more precise repair mecha-
nisms such as homology-directed repair (HDR) or microhomology-mediated end joining
(MMEJ), which can religate double-strand breaks in a manner that maintains the onco-
gene function [63].

This raises the possibility that CRISPR-induced double-strand breaks at the KIF5B-RET
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locus were repaired in a way that preserved the oncogenic reading frame, thereby pre-
venting functional knockout of the fusion. In the context of oncogene addiction [64],
TP53 mutant cells may even selectively favor repair outcomes that maintain survival,
enabling the fusion to remain functional despite Cas9 cleavage. Therefore, the co-
occurrence of the KIF5B-RET fusion with a TP53 mutation is likely to have had a direct
impact on the genome-editing outcome.

This interpretation highlights the importance of studying how p53 status influences
CRISPR editing outcomes, particularly in cancer models where multiple driver alter-
ations interact. It also reinforces the need to compare editing efficiency of the same
CRISPR strategy in TP53-mutant and TP53-unmutant organoids. Such comparisons
would clarify whether the reduced editing efficiency observed here stems from techni-
cal delivery limitations, p53-dependent DNA repair biases, or both.

To overcome technical limitations, future work could employ engineered cell line mod-
els carrying the KIF5B-RET fusion, which would provide a more controlled and repro-
ducible system for testing the targeting strategies and gRNA efficiency before moving
to organoid validation. Once efficient gRNAs are established, they could then be in-
troduced into patient-derived organoids to confirm editing and functional effects in a
clinically relevant setting.

Alternatively, implementing two lentiviral delivery systems, one lentiviral plasmid de-
livering Cas9 sequence and another carrying gRNAs and the GFP reporter gene, could
overcome the packaging limitations of the large size lentiviral construct. Such separated
plasmids have been shown to significantly enhance infection efficiency and enable sta-
ble expression of large genetic elements in organoid and primary cell cultures (Chapter
5.1.3).

Despite the technical challenges encountered, this study lays the groundwork for the
CRISPR-Cas9-mediated disruption of oncogenic fusion genes in patient-derived lung
organoids. Successfully establishing a reliable delivery and editing platform would en-
able functional analysis of driver mutations directly in physiologically relevant tumor
models. This could not only improve our understanding of oncogene dependency but
also provide a foundation for personalized genome editing strategies aimed at selec-
tively targeting patient-specific fusion events.

7 Conclusion

In this thesis, CRISPR-based genome editing strategies were applied in patient-derived
lung adenocarcinoma organoids to target two clinically relevant genetic alterations and
evaluate their biological consequences: the TP53 C275Y mutation within the DNA-
binding domain of p53 and the KIF5B-RET fusion oncogene.

Using adenine base editing (ABE8e), I achieved efficient and precise A—G conversion
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at the TP53 C275Y mutation. Sanger sequencing quantification analysis consistently
showed high editing rates, reaching 60-90%, confirming that base editing can be suc-
cessfully applied in 3D lung cancer organoids. Correction of the mutation resulted in
more than 50% depletion of live cells, indicating that mutant TP53 expression was es-
sential for sustaining oncogenic phenotypes, while reversion toward the wild-type allele
may restore a tumor-suppressive transcriptional program. Excitingly, this study estab-
lishes a robust workflow for base editing in organoids and demonstrates the feasibility
of correcting TP53 point mutations in lung tumor organoids. It provides an important
foundation for future investigations into the functional and transcriptional effects of
cancer hotspot mutations and the development of mutation-targeted therapeutic strate-
gies.

Future experiments could include transcriptomic analysis of TP53-corrected organoids
to assess activation of the p53 pathway and identify downstream genes that become
up-or down-regulated upon mutation correction. Moreover, single cell transcriptomic
analysis would reveal whether individual cell populations within the organoid regulate
different pathways of cell death or senescence.

To evaluate CRISPR-Cas9 approach for disrupting the KIF5B-RET fusion, two strate-
gies were developed: Fusion breakpoint-targeting, and dual-intron-targeting which de-
signed to delete large genomic segment independent of the exact fusion junction. One
of the designed gRNAs successfully induced 10% editing in organoids. However, the
editing efficiency was not efficient, and no significant phenotypic effects were detected.
These observations indicate that the targeting strategies can be further optimized. One
explanation for low editing efficiency is the instability of Cas9 mRNA or the silencing
of exogenous mRNA in organoid cells. Previous studies have shown that exogenous
nucleic acids (especially those encoding large proteins like Cas9) are prone to transcrip-
tional silencing in mammalian and stem cell-derived systems [56].

This project raises the question of whether the mutant p53 altered DNA damage re-
sponses and altered the balance between DNA repair pathways, as has previously been
shown [62]. This highlightes the importance of investigating gene expression programs
of mutant TP53 C275Y and corrected TP53 to understand how such co-occurring muta-
tions influence genome-editing outcomes.

Moving forward, testing the CRISPR-cas9 based targeting strategies in engineered cell
lines (after generating the same fusion) before the application to organoids would al-
low rapid validation of CRISPR-cas9 and gRNA efficiency. Another approach would be
to use two separate lentiviral vectors -one encoding Cas9 and another encoding the gR-
NAs and GFP reporter- to overcome the packaging limitations of a single large lentiviral
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construct. Despite these technical challenges, this project establishes the conceptual
and experimental foundation for CRISPR-Cas9-mediated disruption of oncogenic fu-
sions in patient-derived lung cancer models. Dual-intron targeting, in particular, offers
the advantage of being applicable across multiple patients regardless of individual fu-
sion breakpoint variability, making it a promising strategy for fusion-driven cancers.

The combined findings of both projects highlight the value of establishing CRISPR-
based genome-editing platforms in patient-derived organoids to functionally character-
ize driver mutations in a clinically relevant setting. Moreover, unlike targeted therapies
that act at the protein level and therefore remain vulnerable to resistance mechanisms,
CRISPR technologies offer the possibility to intervene directly at the genomic origin of
oncogenesis. This makes genome editing a fundamentally transformative approach for
cancer therapy, capable of permanently correcting or inactivating pathogenic mutations
rather than inhibiting their consequences.
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ERNAs Combination for Dual-Intron-Targeting

PCR Transfar
Oligo Nr. KIF5B::RET Sequences of gRNAs designed for cloning Amplicon Vector
Number Number
AAAGGACGAAACACCGACTCTAGTTCAACCCATAAG
oSS B1 At IHonE GTTTTAGAGCTAGAAATAGCAAG
PCRS5 PLS
oS RET inronta | TTCTAGCTCTAAAACCTCAGAGGCCACCCGGC
oS85 B12 S ACTGGATCCAAGGTGTCTCATAC
ss KIFSB Inons | AAAGGACGAAACACCGTGTGTAAGTTAGTTGT
s S CTTTGTTTTAGAGCTAGAAATAGCAAG
PCR & PL&
< RET nvomia | TTCTAGCTCTAAAACCCCATGCCTGTCTGTAG
—ree = AGAGGATCCAAGGTGTCTCATAC
<s WiFse Inwon1z | AAAGGACGAAACACCGCATCTCCCCGACCTG
s men ATCCAGTTTTAGAGCTAGAAATAGCAAG
PCR7Y PLY
uss RET nrom17 | TTCTAGCTCTAAAACGGGCCATCTGGAATTAC
oD i CTTGGATCCAAGGTGTCTCATAC
oSS KIFs8 Inron1an | AAAGGACGAAACACCGAGTAGAGTATGTATCC
anins ptEi ACCCGTTTTAGAGCTAGAAATAGCAAG
PCR &8 PLE
osS RET Inronte | TTCTAGCTCTAAAACCCTGCTCGGCTCTCATG
ARG CTCGGATCCAAGGTGTCTCATAC
oS5 KIFSB ntromtap | AAAGGACGAAACACCGGATTTTCGAGCACTTC
e tnn anhe GGAGGTTTTAGAGCTAGAAATAGCAAG
PCRO PLO
TTCTAGCTCTAAAACCACTGCACTAAGGACAT
ORI ©5S-RET-Intron1s-B AAAGGATCCAAGGTGTCTCATAC
AAAGGACGAAACACCGGATTTTCGAGCACTTC
e 055 _KIF5B_Intron14-B GG\F\GG hGAGCTﬂGMATAGCMG
PCR10 PLIO
o5 RET Intonsa | TTCTAGCTCTAAAACCGGGTCAGTATGCTGCC
iy o s AGGGGATCCAAGGTGTCTCATAC
<s KiFse Invon1as | MAGGACGAAACACCGGATTTTCGAGCACTTC
oss o NSRS GOAGGTTTTAGAGCTAGAATAGCAAG
PCR11 PL1
uss RET nroms | TTCTAGCTCTAAMACCTCTGATGGAAAGTGAC
oS5 _B6 - CACGGATCCAAGGTGTCTCATAC

Figure S1: gRNA sequence and construct designs used for dual intron targeting of
the KIF5B::RET fusion. Each gRNA oligo contains a 20-nt target-specific protospacer
sequence (shown in red) flanked by vector-specific cloning sequences. The 5’ flanking
region includes the U6 promoter-compatible overhang and restriction site for cloning
(TTCTAGCTCTAAAAC), while the 3’ flanking region corresponds to the beginning of
the sgRNA scaffold sequence. PCR amplicon numbers and transfer vector identifiers are
listed for reference.
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