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Abstract

Cancer is a global health emergency nowadays, and lung cancer is the
subtype with the highest mortality overall. Understanding the molecular
mechanisms that originate tumors has been the focus of cancer research in the last
decades. This has allowed us to discover novel biomarkers for improving the
diagnosis and the prognosis of patients, and to design novel targeted therapeutic
strategies. Despite the many advances, lung cancer still accounts for millions of
deaths worldwide every year, and the 5-year survival rate remains at around 20%.
There is therefore an urgency to continue studying this disease, and to develop
novel biomarkers and targeted therapies to improve the diagnosis, prognosis, and
treatment of lung cancer patients. In this thesis, we have aimed to increase our
understanding of the molecular biology of lung cancer from two different angles:

1. Identification of novel non-coding RNAs as lung cancer biomarkers.

The identification of frequently dysregulated or mutated genes in cancer is
of the utmost importance for the discovery of novel diagnostic/prognostic
biomarkers, and potential novel targets for molecular therapy. However, to date
most of the research has been focused on the protein-coding part of the genome,
often overlooking non-coding RNAs, such as micro-RNAs (miRNAs) and long non-
coding RNAs (IncRNAs). Non-coding RNAs exert key roles in gene expression
regulation and appear altered in several diseases, including lung cancer. Therefore,
in this thesis we have focused on discovering altered IncRNAs and miRNAs in lung
adenocarcinoma (LUAD) patients, to characterize them and validate their
oncogenic potential and possible use as biomarkers.

Thus, we have discovered a IncRNA, DLG2-AS1, which we found to be
downregulated in a cohort of 65 LUAD patient samples (44/65), compared to their
paired, adjacent non-tumor tissues. DLGZ2-AS1 showed an area under curve (AUC)
of 0.726, which represents a good biomarker potential compared to other already
validated IncRNA and protein biomarkers. We also aimed to demonstrate the
tumor suppressor role of DLGZ2-AS1, and its cis-regulatory role over the
overlapping gen DLGZ in LUAD cell lines. However, we observed no phenotypical
differences upon its overexpression, nor did we find a correlation between DLGZ2-
AS1 and DLGZ expression in our models.

Furthermore, we also studied the oncogenic potential of a miRNA, miR-
133b, which was found somatically mutated in its seed region in a previous miRNA
study in LUAD patients. The overexpression of mutant and wildtype versions of
miR-133b in LUAD cell lines showed a strong oncogenic effect of mutant miR-133b
in the A549 and H2126 cell lines, compared to its wildtype version. A subsequent
RNA sequencing analysis provided us with a series of downregulated cancer-
related genes (e.g., TAGLNZ, and PTBP for wildtype; QKI, and RHOQ for mutant)
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which could explain the phenotype we observed if they are proven targets for miR-
133b in future experimental validations.

2. Development of novel molecular therapies based on the CRISPR/Cas9
system.

On the other hand, some frequently mutated genes can serve not only as
biomarkers, but also as targets for molecular therapies against cancer, such as the
oncogene KRAS, which is the most frequently mutated driver oncogene in LUAD.
For years, mutant KRAS has been an elusive target for therapy until just recently,
with two novel drugs targeting KRASG12¢ mutant tumors having reached the clinic
since 2021: sotorasib and adagrasib. However, these drugs have faced some
difficulties in late-phase clinical trials, as most of the patients develop resistances
and eventually relapse in a one-year time. Therefore, novel strategies for targeting
KRAS-mutant tumors need to be explored, and the CRISPR/Cas9 technology might
be the solution. CRISPR/Cas9 can specifically delete mutant alleles of a target gene
without affecting the wildtype, non-tumor one, therefore selectively eliminating
tumor cells harboring such mutations. We aimed to optimize the design and
delivery, and to test the specificity and efficiency of a novel molecular therapy
against KRAS612¢/612D [,UAD using the CRISPR technology and a high-fidelity version
of Cas9 (CRISPR-KRAS therapy). After assessing the specificity of the designed
single-guide RNAs, our CRISPR-KRAS therapy successfully caused a ~70%
reduction in cell viability in KRAS-mutant LUAD cell lines, without affecting KRAS-
wildtype cells.

Finally, the cellular mechanisms by which tumor cells become resistant to
targeted therapies against oncogenes can be studied by performing a high-
throughput CRISPR screening. This allows us to discover the collateral
dependencies that arise in the surviving cells after knocking out an oncogene. To
apply this cutting-edge technology, we performed a CRISPR-screening on knockout
(KO) clones previously generated in our laboratory for a squamous cell lung cancer
(LUSC) oncogene, PKP1. After the screening, we discovered that the most essential
genes for PKPI-KO clones included a large number of genes implicated in
mitochondrial translation and transcription termination, such as MTERF4 and
several mitoribosome proteins. This opens a new line of research for a future
targeted co-therapy against LUSC, which could involve PKP1 inhibition along with
some mitochondrial translation inhibitor antibiotics, to enhance its effect and
prevent resistances.
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Resumen

Actualmente el cancer es una emergencia sanitaria global, y el cancer de
pulmén el subtipo con una mayor mortalidad. Entender los mecanismos
moleculares que originan los tumores ha sido el foco de la investigacion oncolégica
en las ultimas décadas. Esto nos ha permitido descubrir nuevos biomarcadores
para mejorar el diagnostico y el prondstico de los pacientes, y disefiar nuevas
estrategias terapéuticas dirigidas. A pesar de los muchos avances, el cancer de
pulmon es ain responsable de millones de muertes cada afio en el mundo, y la tasa
de supervivencia a 5 afios se mantiene en torno al 20%. Hay, por tanto, una
urgencia en continuar estudiando esta enfermedad, y en desarrollar nuevos
biomarcadores y terapias dirigidas que mejoren el diagnéstico, prondstico y
tratamiento de los pacientes. En esta tesis se ha tratado de incrementar el
conocimiento sobre la biologia molecular del cAncer de pulmén desde dos angulos
distintos:

1. Identificacién de nuevos ARN no codificantes como biomarcadores de cancer
de pulmén.

La identificacién de genes frecuentemente desregulados o mutados en
cancer es de vital importancia para el descubrimiento de nuevos biomarcadores
diagndsticos/prondsticos, asi como potenciales nuevas dianas terapéuticas. Sin
embargo, la mayoria de los estudios hasta la fecha se han centrado en la parte
codificante del genoma, a menudo olvidando los ARN no codificantes, tales como
micro-ARN (miRNA) y ARN largos no codificantes (IncRNA). Los ARN no
codificantes ejercen funciones reguladoras de la expresion génica muy importantes
y aparecen alterados en numerosas enfermedades, incluido el cancer de pulmén.
Por tanto, en esta tesis nos hemos centrado en hallar IncRNA y miRNA alterados en
pacientes con adenocarcinoma de pulmén (LUAD), para caracterizarlos y validar
su potencial oncogénico y posible uso como biomarcadores.

Asi, hemos descubierto un IncRNA, DLG2-AS1, que aparece regulado a la
baja en muestras tumorales de una cohorte de 65 pacientes de LUAD (44/65),
comparado con sus respectivas muestras pareadas no tumorales. DLG2-AS1 mostré
un area bajo la curva (AUC) de 0,726; lo que representa un buen potencial como
biomarcador comparado con otros IncRNA y proteinas biomarcadores ya
validados. También intentamos demostrar el papel como supresor tumoral de
DLG2-AS1 y su papel regulador en cis sobre el gen solapante DLGZ en lineas
celulares de LUAD, pero no conseguimos observar ninguna diferencia fenotipica
tras su sobreexpresion, ni vimos una correlacion entre los niveles de expresion de
DLG2-AS1y DLGZ en nuestros modelos.

Ademas, estudiamos el potencial oncogénico de un miRNA, miR-133b, el
cual se hall6 mutado somaticamente en su region semilla en un estudio previo de
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miRNA en pacientes con LUAD. La sobreexpresion de las versiones mutante y
silvestre de miR-133b en lineas celulares de LUAD nos mostraron un fuerte efecto
oncogénico de miR-133b mutante en las lineas A549 y H2126 comparado con su
version silvestre. Un andlisis de secuenciacién de ARN posterior nos revel6 una
serie de genes relacionados con cancer (p. €j., TAGLZ y PTBP1 para el silvestre; QKI
y RHOQ para el mutante) regulados a la baja que podrian explicar el fenotipo
observado si demuestran ser dianas de miR-133b en futuras validaciones
experimentales.

2. Desarrollo de nuevas terapias moleculares basadas en el sistema

CRISPR/Cas9.

Por otro lado, algunos genes frecuentemente mutados en cancer pueden
servir no sélo como biomarcadores, sino también como dianas terapéuticas contra
el cancer, como ocurre con KRAS, el oncogén mas frecuentemente mutado en
LUAD. KRAS mutante ha sido hasta hace muy poco una diana elusiva, con tan solo
dos farmacos dirigidos contra KRASG12C aprobados desde 2021: el sotorasib y el
adagrasib. Sin embargo, estos farmacos se han enfrentado a diversas dificultades
en los ultimos ensayos clinicos, ya que la mayoria de los pacientes acababan
desarrollando resistencias y sufriendo una recidiva en un periodo de un afio. Por
ello, se necesita seguir explorando nuevas estrategias terapéuticas contra tumores
KRAS-mutantes, y la tecnologia de edicién génica CRISPR/Cas9 podria ser la
solucion. CRISPR/Cas9 puede de forma especifica eliminar los alelos mutantes de
un gen diana sin afectar a su version silvestre no tumoral. Asi, de forma altamente
selectiva, se pueden eliminar las células tumorales que posean dicha mutacién. En
esta tesis se tratdé de optimizar el disefio y la entrega, y medir la especificidad y
eficiencia de una nueva terapia molecular contra KRAS¢12¢/612D ysando la tecnologia
CRISPR y una versiéon de alta fidelidad del enzima Cas9 (terapia CRISPR-KRAS).
Tras comprobar la especificidad de los ARN guias disefiados, nuestra terapia
CRISPR-KRAS consiguié reducir la viabilidad celular hasta alrededor de un 70% en
lineas celulares de LUAD KRAS mutantes, sin afectar a las células KRAS silvestres.

Por ultimo, los mecanismos celulares por los cuales los tumores se vuelven
resistentes a las terapias dirigidas contra oncogenes pueden estudiarse por medio
de un cribado CRISPR (CRISPR-screening). Esta técnica nos permite conocer las
dependencias colaterales que aparecen en las células supervivientes tras eliminar
un determinado oncogén. Para aplicar esta tecnologia puntera, realizamos un
cribado CRISPR sobre clones “knockout” (KO) que habiamos generado previamente
en el laboratorio para un oncogén (PKPI1) en cancer de pulmdn epidermoide
(LUSC). Tras el cribado, descubrimos que entre los genes mas esenciales para los
clones PKP1-KO se hallaban un gran numero de genes implicados en la traduccién
y terminacion de la transcripcion mitocondriales, como MTERF4 y numerosas
proteinas mitorribosomales. Esto abre una nueva linea de investigacion para una
futura co-terapia dirigida contra el LUSC, que involucraria un inhibidor de PKP1
junto con algun antibiético inhibidor de la traducciéon mitocondrial, con el objetivo
de aumentar su efecto y evitar la aparicion de resistencias.
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Objectives

The general objective of this thesis was to identify, validate, and develop
novel biomarkers and molecular therapeutic strategies against lung cancer. The
specific objectives were:

Objective 1. To detect and validate altered non-coding RNAs in lung cancer
patients that could serve as novel biomarkers for the disease.

1.1 To identify and characterize a dysregulated long non-coding RNA in
lung adenocarcinoma patient samples as a novel candidate biomarker
for the disease.

1.2 To validate the oncogenic driver potential of a mutated micro-RNA in
lung adenocarcinoma patients.

Objective 2. To assess the therapeutic potential of a CRISPR-based molecular
therapy against lung cancer oncogenes.

2.1 To optimize and assess the specificity and efficiency of a CRISPR/Cas9-
based strategy to specifically target KRAS-mutant (G12C/G12D) lung
adenocarcinoma cells.

2.2 To perform a CRISPR-screening to study the collateral dependencies

arisen after the knockout of the PKP1 oncogene in lung squamous cell
carcinoma.
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Objetivos

El objetivo general de esta tesis ha sido identificar, validar y desarrollar
nuevos biomarcadores y estrategias de terapia molecular contra el cancer de
pulmén. Los objetivos especificos fueron:

Objetivo 1. Detectar y validar ARN no codificantes alterados en pacientes con
cancer de pulmén que puedan servir como nuevos biomarcadores para la
enfermedad.

1.1 Identificar y caracterizar un ARN largo no codificante desregulado en
muestras de pacientes con adenocarcinoma de pulmén como candidato
a ser un nuevo biomarcador para la enfermedad.

1.2 Validar el potencial como gen conductor del cancer de un micro-ARN
mutado en pacientes con adenocarcinoma de pulmén.

Objetivo 2. Estudiar el potencial terapéutico de una terapia molecular basada
en CRISPR contra oncogenes en cancer de pulmon.

2.1 Optimizar y estudiar la especificidad y eficiencia de una estrategia
basada en CRISPR/Cas9 para eliminar de forma especifica células de
adenocarcinoma de pulmén KRAS mutantes (G12C/G12D).

2.2 Realizar un cribado CRISPR para estudiar las dependencias colaterales

que aparecen tras la eliminacién del oncogén PKP1 en cancer de pulmoén
epidermoide.
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Chapter 1. Introduction

Chapter 1. Introduction

This first chapter is meant to serve as a general introduction to the topics
that will be discussed in this PhD dissertation. In addition, for each results chapter
(Chapters 3 to 6) a brief, more specific background section will also be included to
contextualize the obtained results with the state-of-the-art and the previous
research carried out in our group. This introduction begins by highlighting the
impact of lung cancer in nowadays’ global health landscape. Following that, it
explains the molecular bases of cancer, with a focus on concepts such as
oncogenes/tumor suppressor genes, and driver mutations. Then, it discusses the
roles of non-coding RNAs as potential driver elements in tumorigenesis. Finally, it
details the functioning of the CRISPR/Cas9 gene editing technology, and some of its
applications to today’s biomedicine and the development of novel therapies
against cancer.

1.1 Lung cancer in the global health landscape

1.1.1 Lung cancer is a preventable global health emergency

Cancer is the common term for a group of diseases, also known as
neoplasms or malignant tumors, which consist in the rapid, uncontrolled growth of
aberrant cells in our bodies, leading to the invasion of adjacent tissues and organs,
which ultimately causes their malfunction. Cancer usually begins as a mass of
aberrant cells forming a primary tumor, which then grows and causes local
invasion of healthy tissues, and eventually a metastasis process might occur, when
cancer cells gain the potential to spread to distal places in the body, affecting the
normal function of several organs, and finally leading to the death of the patient.
According to the World Cancer Report 2020 from the World’s Health Organization
(WHO), before the COVID-19 pandemics, cancer was the leading cause of death in
most of the high-income countries in the world, overtaking cardiovascular diseases
(Figure 1) (Wild etal., 2020).

Cancer can be roughly classified according to the primary tumor initiation
site. Lung cancer is the second most prevalent cancer in both sexes, after breast
cancer, and it stands out as the top cancer type in terms of mortality, accounting
for around 1.8 million deaths worldwide in 2020 (Figure 2). The primary cause for
lung cancer is active or passive tobacco smoking, accounting for 63% of all lung
cancer deaths (Forouzanfar et al., 2016). Current lung cancer incidence is a clear
reflection of the smoking trends in the last 20-30 years. The “smoking epidemics”,
as it has been named, is slowly declining in high-income countries, but starting to
hit regions with previously low incidence of lung cancer, mainly Asian and Pacific
countries (Dai et al., 2022). Following the trends of the smoking epidemics, in a few
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decades this will result in a rising number of lung cancer cases in such regions, first
in men, then in women (Thun et al,, 2012). These alarming numbers add up to the
poor prognosis that lung cancer patients have nowadays, as the overall 5-year
survival rate remains at around 20% (Siegel et al., 2023). Therefore, lung cancer is
a global health emergency nowadays, and several efforts are being made (i)
towards the prevention of new cases by promoting healthier lifestyles and
minimizing exposure to carcinogens (i.e., smoking habitude), and (ii) towards
investing in cancer research to improve the diagnosis and prognosis, and to
develop novel treatments for these patients.

-

LY

Ranking of cancer, 30-69 years old

1s1 (55) 1}

2nd (79) 3

Srdl = 4th (45) T ”
sth =6th (4)

[ o data [ | Mot applicable

Figure 1. Ranking of cancer as the leading cause of premature death (ages 30-69) in the world. Figure
extracted from the WHO'’s World Cancer Report 2020 (Wild et al., 2020) with copyright permission of
the International Agency for Research on Cancer (IARC)/WHO.
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Figure 2. Number of estimated global new cancer cases and deaths in 2020. Graph generated with
data from the Global Cancer Observatory (https://gco.iarc.fr/).
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1.1.2 Classification of lung cancer

Lung cancer has been traditionally divided in two main types, according to
the histomorphological features that the tumors showed upon surgery: non-small
cell lung cancer (NSCLC), the main subtype, accounting for 80-85% of all lung
cancers; and small cell lung cancer (SCLC, 10-15%) (Barta et al., 2019). In addition,
there are some other rare types of lung tumors (<5% of all lung cancer cases), such
as lung carcinoid tumors (Barta et al., 2019), and some newly defined tumor
subtypes whose distinction from others is “omics”-based, and they can now be
more accurately classified thanks to the advances in molecular genetics from the
past decade (Nicholson et al.,, 2022).

Following the classical, histomorphological classification, NSCLC can be
further subdivided into different subtypes, the biggest three being lung
adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), and large cell lung
carcinoma (LCLC). LUAD is the most common subtype of lung cancer overall (40-
50% of total), and the most frequent in non-smoker patients. LUSC is the second
most common (~20% of total), and the most related to a smoking history. Finally,
LCLC is a much rarer (>5% of total) and faster-growing cancer than LUAD or LUSC
(Figure 3) (M. Wang et al,, 2021).

Lung cancer classification

(20-30%)

SCLC
(10-15%)

Figure 3. Lung cancer classification. NSCLC - non-small cell lung cancer; SCLC - small cell lung cancer;
LUAD - lung adenocarcinoma; LUSC - lung squamous cell carcinoma; LCLC - large cell lung
carcinoma. Data obtained from (Barta et al., 2019; M. Wang et al., 2021).

1.1.3 Current therapies against lung cancer

The first-line treatment for lung cancer patients depends on the specific
lung cancer subtype, but it is mostly surgery, when possible, and a combination of
chemotherapy and radiotherapy. SCLC has a much faster growth rate and more
risk to metastasize to distal organs, therefore chemotherapy is urgent in SCLC
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patients, who tend to be very responsive to it (H. Zhao et al., 2018). For NSCLC,
although it is less aggressive, it is also diagnosed at later stages, therefore tumor
resection is the immediate option for most NSCLC patients. Some studies have
shown the benefit of administering adjuvant chemotherapy after the surgery,
improving the 5-year survival rate (Pignon et al., 2008). For NSCLC patients in
which surgery is not possible, the recommended treatment is a combination of
radiotherapy and double chemotherapy of a platin-based antineoplastic and a
second drug (Hirsch et al., 2017).

Advances in molecular medicine have led to the creation of targeted
therapies, offering a more precise and personalized approach to cancer treatment.
These therapies provide an alternative to the invasive traditional treatments such
as surgery, chemotherapy, and radiotherapy, which often come with significant
side effects for patients. For example, bevacizumab is a monoclonal antibody
targeting the vascular endothelial growth factor (VEGF), which is often
overexpressed in tumor cells and promotes angiogenesis, one of the cancer
hallmarks (Sandler et al., 2006).

In lung cancer, the most used targeted therapies approved for the clinic are
epithelial growth factor receptor tyrosine kinase inhibitors (EGFR TKIs), such as
erlotinib or gefitinib (Hirsch et al,, 2017; Mayekar & Bivona, 2017). The use of
EGFR TKIs as a general adjuvant therapy has not been found to be effective for
early-stage, unselected lung cancer patients (Hirsch et al,, 2017), but they are a
highly promising treatment option for EGFR-mutated and advanced-stage patients.
Indeed, several clinical trials have demonstrated the better performance of EGFR
TKIs primary treatment for EGFR-mutant patients in terms of objective response
rate, progression-free survival, and overall quality of life compared to
chemotherapy (Hirsch et al, 2017). Several more other targeted therapies are
approved for its clinical use, such as crizotinib and alectinib for ALK
rearrangements-driven tumors; or dabrafenib and trametinib for BRAF-mutant
NSCLC (Mayekar & Bivona, 2017). More research and clinical trials are underway
developing more of these precision medicine strategies, as the main problem of
targeted therapies is that almost all tumors eventually develop a resistance against
them, which makes patients relapse in a 1-2 years’ time (Hirsch et al., 2017;
Sequist etal., 2011).

Finally, in recent years a lot of focus has also been put on immunotherapy,
which consists in the development of drugs that stimulate the patient's immune
system to attack cancer cells. For instance, some drugs have reached the clinical
use as second-line treatments for lung cancer, such as nivolumab, which blocks the
receptor of the immune suppressor protein PD-1 (programmed cell death protein
1), thus activating the patient’s own T-cells for enhanced cancer cell recognition
and elimination (Hirsch et al., 2017).
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1.2 The molecular origins of cancer

Cancer is a disease greatly dependent on environmental factors, with 44.4%
of total cancer deaths being attributable to avoidable risk conducts, such as
smoking, alcohol use, an unhealthy diet, or a sedentary lifestyle (Tran et al., 2022).
Despite the great influence of external factors, the molecular origins of cancer are
intrinsically genetic. Cancer appears fundamentally due to the accumulation of
genomic abnormalities (i.e, mutations, translocations, amplifications,
chromosomal rearrangements...) that confer the cells a proliferative advantage
over their neighbors, which ultimately leads to the process of tumorigenesis.

1.2.1 From normal to tumor: the tumorigenesis process

The tumorigenesis process is very complex, as it usually involves the co-
occurrence of several of these advantageous aberrations in a single cancer clone
(Campbell et al., 2020), enabling it for what are called “the cancer hallmarks”. This
includes removing constraints on cell growth, promoting angiogenesis, scaping
from the immune system vigilance, invading through tissue barriers, or spreading
to other organs, to name a few (Hanahan, 2022). All these cancer hallmark
acquisitions are not controlled by one specific cellular program. Instead, there is a
vast collection of potential cellular abnormalities that cancer cells can choose from
to create their own unique combinations (Campbell et al.,, 2020). Thus, although
tumors may share similar macroscopic and clinical features, the cellular
abnormalities that cause them are highly diverse, and this is the cause for the great
heterogeneity that cancer presents between different patients, and why it is
virtually unfeasible to develop a universal cure for it (Campbell et al., 2020;
Marusyk & Polyak, 2009).

Tumorigenesis follows a dynamic that resembles classical Darwinian
evolution (Campbell et al., 2020; Marusyk & Polyak, 2009). It all starts with a single
cell clone gaining a certain proliferative advantage that allows it to expand and
overgrow its neighboring cells. The more clonal expansions a cancer cell has, the
more genomic instability it generates, which leads to further secondary or tertiary
somatic aberrations that accumulate in the cells’ DNA, ultimately resulting in
different cancer subclone populations within the same tumor mass (Marusyk &
Polyak, 2009). As happens in classical species evolution, not all genomic
abnormalities, mainly mutations, are advantageous for the cells. Quite the
contrary, most mutations (97%) are under neutral selection, or a few of them are
directly wiped out of the population because they are disadvantageous (Mcfarland
et al, 2017). The neutral or slightly deleterious mutations that do not confer a
proliferative advantage are called “passenger” mutations, whereas the less
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frequent, advantageous ones, which are selected in the cancer cell population and
drive the tumorigenesis process are called “driver” mutations (Vogelstein et al,,
2013).

Driver mutations often appear in hotspots across the genome of tumor cells,
with a mean of 2-8 driver mutations per tumor (Vogelstein et al.,, 2013). Genes
which harbor driver mutations and are therefore crucial for tumorigenesis are
called “driver genes”. Importantly, not all driver genes harbor driver mutations, as
some may be altered at an expression level by other mechanisms, such as
epigenetic regulation (Vogelstein et al, 2013). The term “epi-driver” has been
proposed for such cases, for example, the tumor suppressor gene SMARCAZ2, whose
sequence is rarely mutated in NSCLC cell lines and patients, but its expression is
often lost due to promoter hypermethylation (Peinado et al., 2020; J. Wu et al,,
2019).

1.2.2 Driver oncogenes and tumor suppressor genes in NSCLC

Driver genes can have different roles during cancer development. On the
one hand, oncogenes promote tumorigenesis and are often found overexpressed or
harboring activating mutations in cancer cells. On the other hand, tumor suppressor
genes usually control normal cell growth and proliferation. Therefore, inactivating
mutations in their sequence, or a downregulation of their expression might lead to
tumorigenesis.

Most frequently mutated single
oncogenic driver genes in LUAD
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Figure 4. Most frequently mutated single oncogenic driver genes in lung
adenocarcinoma (LUAD). Graph adapted from (Skoulidis & Heymach, 2019).
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In LUAD, the major form of lung cancer, the most frequently mutated genes
are TP53 (46% of patients), KRAS (33%), STK11 (17%), KEAP1 (17%), and EGFR
(14%) (Collisson et al., 2014). TP53 (Tumor Protein 53), STK11 (Serine/Threonine
Kinase 11), and KEAP1 (Kelch-like ECH-Associated Protein 1) are critical tumor
suppressor genes that appear altered not only in LUAD, but also in the vast
majority of malignancies, often co-occurring with other driver mutations. KRAS
and EGFR are proto-oncogenes whose mutations are mutually exclusive in LUAD,
and that are considered single oncogenic driver genes (Figure 4), meaning that the
mutation of one of them is sufficient to trigger tumorigenesis (Skoulidis &
Heymach, 2019). While driver mutations in tumor suppressor genes like TP53 are
very common and useful as prognostic biomarkers, they are also more challenging
to target clinically (Collisson et al,, 2014). Conversely, single oncogenic drivers
such as KRAS (more frequently mutated in smoker patients and Caucasian
populations) and EGFR (more common in non-smokers and Asian populations) are
very valuable prognostic biomarkers and promising therapeutical targets for the
clinical care of LUAD patients (Cheng et al., 2016; Marks et al., 2008):

e The KRAS oncogene

KRAS (Kirsten Rat Sarcoma Viral Proto-oncogene) is a member, along
NRAS and HRAS, of the Ras family of proteins. The Ras-family genes were firstly
identified as human homologs to some sarcoma-related genes in rats (Pulciani
et al., 1982). Nowadays, we know that Ras-proteins are a family of ~21 kDa
membrane proteins which present guanosine triphosphatase (GTPase) activity.
Ras-family proteins are involved in an important plethora of cell pathways that
control cell proliferation, differentiation, and apoptosis, such as the MAPK
(Mitogen-Activated  Protein  Kinases), and the  PI3K/AKT/mTOR
(Phosphoinositide 3-Kinase / Protein Kinase B / Mammalian Target of
Rapamycin) signaling cascades (Riely et al.,, 2009). Specifically, KRAS acts a
molecular on/off switch: when bound to GTP, the protein is at its active form,
allowing the signal to go downstream, and thus promoting cell proliferation
(Figure 5). When the phosphate from GTP is hydrolyzed, either by GTPase-
activating proteins (GAPs) or intrinsic GTPase activity from KRAS, this results
in the GDP-bound, inactive form of KRAS, blocking the downstream signaling.
The action of guanosine exchange factors (GEFs), such as SOS1/2, which are
activated by the upstream signal of receptors tyrosine kinase, promote the
exchange of GDP for GTP, thus returning KRAS to its active state (Karachaliou
etal., 2013).

KRAS is one of the most frequently mutated genes not only in NSCLC
patients, but also in many other types of cancer, such as pancreatic
adenocarcinoma (mutated in 88% of patients), colorectal adenocarcinoma
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(50%), and multiple myeloma (18%) (Prior et al., 2020). The most frequently
mutated position falls in codon 12 (G12), where a glycine residue is usually
replaced by a cysteine (G12C mutation - 42% of all KRAS mutations in NSCLC),
a valine (G12V mutation - 21%), or an aspartic acid residue (G12D mutation -
17%) (Karachaliou et al., 2013). These aminoacidic changes impede GTPase
activity by preventing the interaction with GAPs, thus blocking KRAS mainly at
the GTP-bound, active state of protein. This causes an over-activation of the
proliferation pathways where KRAS is involved, leading to excessive cell
proliferation, apoptosis inhibition and, ultimately, the tumorigenesis process
(Trahey & Mccormick, 1987).
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Figure 5. Simplified schematics of the EGFR and KRAS signaling cascade interacting with the MAPK
(RAF-MEK-ERK) and PI3K/AKT/mTOR pathways. Targeted FDA-approved therapies against
EGFR/KRAS, with the specific targeted mutations in parentheses, are also shown.

As for its clinical value, KRAS serves as a prognostic biomarker for EGFR-
blocking immunotherapies such as cetuximab. Cetuximab is used as a first-line
treatment only for KRAS-wildtype colorectal and head-and-neck cancer
patients, either as a monotherapy or in combination with irinotecan
(Heinemann et al., 2009; Martinelli et al., 2009). In NSCLC, however, its use is
not yet approved by the U.S. Food and Drug Administration (FDA), and the
correlation between the mutational status of KRAS and the response to EGFR-
blocking therapies is not clear (Roman et al, 2018). Regarding its direct
therapeutical value, KRAS-mutant tumors frequently experiment the
phenomenon that is known as “oncogenic addition”, which makes KRAS-mutant
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tumor cells extremely dependent on mutant KRAS expression, and
consequently, they are more sensitive to its inhibition, compared to their non-
tumor, KRAS-wildtype counterparts (Singh & Settleman, 2009). Therefore,
mutant KRAS has been for a long time a coveted target for therapy. For years,
KRAS has been considered an “undruggable” target protein because of its small
size, relatively smooth and shallow surface, and the lack of drug binding
pockets except for GDP/GTP binding (Nagasaka et al., 2021). Nevertheless, in
the last 5 years two compounds have been tested in clinical trials and approved
by the FDA for its use in KRAS-mutant NSCLC: sotorasib (AMGEN, approved in
May 2021), and adagrasib (Mirati Therapeutics, approved in December 2022)
(Yun et al., 2023). The benefits and limitations of these two drugs targeting
G12C mutant KRAS will be thoroughly discussed later in Chapter 5.

e The EGFR oncogene

EGFR (also known as HER1, or ERBB1) is one of the four members of the
human epidermal growth factor (EGF) transmembrane receptor family. EGFR
operates as an inactive monomer that dimerizes with itself or with another
member of its family in response to EGF binding (Mass, 2004). The
dimerization triggers the activation of a complex downstream signaling
network involving the MAPK and/or PI3K cascade, which ultimately promotes
cell proliferation, differentiation and invasivity.

The most frequent EGFR mutations are a deletion in exon 19 (E19del),
and the substitution of a leucine for an arginine in exon 21 (L858R). Both
mutations are TKI-sensitizing, thus erlotinib and gefitinib are a first line
treatment for these patients (A. R. Li et al.,, 2008). However, after treatment
with EGFR TKIs, almost all patients eventually develop a resistance and relapse,
mostly because of secondary EGFR mutations appearing in the surviving cell
population. The most common resistance mechanism is the T790M mutation,
which confers resistance to first- and second-generation EGFR TKIs, such as
erlotinib or afatinib (Hirsch et al., 2017). Therefore, the FDA and the European
Medicines Agency (EMA) have approved the use of a third-generation,
irreversible EGFR inhibitor, osimertinib, which targets both the T790M and the
previous TKI-sensitizing mutations (Hirsch et al., 2008).

In conclusion, it is evident that determining the patient’'s KRAS and EGFR

mutational status before initiating a treatment is of extreme clinical relevance in
NSCLC. Nevertheless, over a third of patients still lack a well-stablished oncogenic
driver gene (Figure 4), limiting their therapeutic options to the general, untargeted
treatments. Thus, the identification of novel driver genes is of the utmost
importance for the development of novel diagnostic and prognosis biomarkers,
and therapeutic strategies against cancer, as we will further discuss in the
following sections.
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1.3 Non-coding RNAs: the forgotten ones

The central dogma of biology defined by Francis Crick in 1958 (Crick, 1958)
states that the genetic information of organisms lies encoded into the DNA, which
is then transcribed to messenger RNA (mRNA), and finally mRNAs are translated
into proteins, which exert different functions (structural, enzymatic, metabolic...)
in the cells. This laid the foundation for molecular biology research during the next
60 years, expanding the knowledge about the concepts of gene expression,
transcription, and translation as we know them today. Thus, we now estimate that
only ~1.1% of the human DNA actually translates to protein, what we know as the
protein-coding genome (Andrades, 2022; Frankish et al., 2019). Most research up
to date looking for driver alterations in cancer has focused on this protein-coding
part of the human genome (Martinez-Jiménez et al., 2020). However, the complete
catalogue of single driver genes responsible for tumorigenesis is still not known
for a large fraction of patients (Figure 4), which leaves these patients without
specific diagnostic/prognostic biomarkers, or a target for a precision therapy
Therefore, an interesting approach that has been explored in the past decades is
interrogating the other ~98.9% of the genome, the non-coding part, in the search
for novel driver alterations.

The non-coding genome, unjustly referred to at first as “junk DNA”, is
constituted by a vast number of elements, including intronic regions, untranslated
regions (UTRs) proximal to protein-coding genes, promoter and enhancer regions,
pseudogenes, repetitive sequences (retrotransposons, a-satellite regions...), and
non-coding RNAs (ncRNAs), which are DNA sequences that are transcribed to RNA,
but are not translated into proteins at the ribosomes (Palazzo & Gregory, 2014).
Until relatively recently, ncRNAs have been overlooked in massive genomic studies
looking for driver genes, as the implications of their alterations in cell biology were
and are largely unknown. Nowadays, we know that ncRNAs can be important
regulatory elements of gene expression, and therefore their alterations can
potentially affect the development of several diseases, including cancer (Slack &
Chinnaiyan, 2019). For their classification, ncRNAs can be roughly divided into two
categories according to their size: long ncRNAs (>200 bp), and short ncRNAs (<200
bp), which include micro-RNAs and other regulatory and structural ncRNAs.

1.3.1 Micro-RNAs

Among the rest of short ncRNAs, micro-RNAs (miRNAs) stand out as one of
the most studied because of their widespread role in gene expression regulation,
and their implications in disease. They are defined as short (~22 bp), highly
conserved ncRNAs that regulate gene expression by binding to the mRNA of their
targets, usually impeding its translation (Bartel, 2004).
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a. Biogenesis and functions of miRNAs

The canonical biogenesis process of miRNAs in cells involves a sequential
series of processing steps from the primary transcript in the nucleus, until the
mature miRNA binds to its target in the cytoplasm (Figure 6). First, miRNAs are
transcribed in the cell nucleus by the RNA polymerase II or IlII, forming a primary
miRNA transcript, or pri-miRNA. The exact length and sequence of the pri-miRNA
is not well-defined, and it depends on the specific miRNA locus, but they all have in
common a stemloop structure with a hairpin end, and a central mismatch in the
double-strand RNA region. The pri-miRNA is cleaved by a protein complex called
Microprocessor, which is formed by a ribonuclease III enzyme (Drosha), and two
accessory DiGeorge syndrome critical region 8 RNA-binding proteins (DGCR8). The
microprocessor cleaves the pri-miRNA at the basal junction, generating a shorter,
~70 bp miRNA precursor, known as the pre-miRNA. The pre-miRNA is then
exported out of the nucleus via the exportin-5/RanGTP complex (Bartel, 2004;
O’Brien etal., 2018).
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Figure 6. Schematics of canonical miRNA biogenesis.

In the cytoplasm, the pre-miRNA undergoes further processing by the
ribonuclease Dicer with the help of the trans-activation-responsive RNA-binding
protein (TRBP). This processing results in cleavage at the apical junction of the
loop, generating a mature miRNA duplex comprised of two complementary
strands, the 5p and the 3p strands. The miRNA duplex is then loaded onto one of
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the Argonaute family of proteins (AGO1, AGO2, AGO3, and AGO4), thus forming the
RNA-induced silencing complex (RISC) (Bartel, 2004; O’Brien et al,, 2018). Then,
one of the miRNA duplex strands (the “passenger” strand) is degraded, leaving the
other one, or “guide” strand, loaded onto RISC. The mechanism that determines
which strand is preferred over the other is complex and appears to be influenced
by the cellular microenvironment. In certain cases, there is a clear preference for
either the 5p or the 3p strand, while in others the strand selection appears to be
random and follows a 50-50 ratio (O’Brien et al., 2018).

Finally, the mature miRNA bound to RISC is able to silence the expression of
its targets by complementary binding to the mRNA. The binding sites of a miRNA
are generally located in the 3’-UTR of mRNAs, but in some uncommon cases they
might also appear in the 5’-UTR or the coding sequence (O’Brien et al., 2018). What
ultimately determines the specificity of a miRNA is the seed region, defined as the
nucleotides 2-8 in the 5’ end of the mature miRNA. The complementarity of the
seed region with the target mRNA can be perfect, or most times at least one bulge
is formed by an unfavorable GU pair (O’Brien et al., 2018). In either case, this seed
binding is usually sufficient for the miRNA to exert its function, although some
additional pairing at the 3’ end of the miRNA can help the stability and specificity
of the binding (Broughton et al., 2016).

There are several ways of action of the RISC when bound to the target
mRNA, and therefore mechanisms of miRNA regulation:

1. Inducing mRNA decay: if AGO2 is present in RISC, and if there is perfect
complementarity, AGO2’s endonuclease activity is induced and the mRNA is
therefore cleaved and degraded, preventing it from translation (Jo et al,
2015). If the complementarity is not perfect, or some of the other Argonaute
family members are present (AGO1, AGO3, AGO4), the RISC recruits several
accessory proteins such as poly(A)-deadenylases or the decapping protein 2
(DCP2), which remove the 3’-poly(A) tail and the 5’-cap, leaving the mRNA
exposed and ready for degradation by cytoplasmatic exonucleases (Orang
etal, 2014).

2. RISC-mediated translation inhibition: AGO also acts as a competitor for
some translation initiation factors, such as elF4E, elF4G, or PABP, directly
inhibiting ribosomal translation (Orang et al., 2014).

3. Nuclear miRNA regulation: some miRNAs are found enriched, and there is
evidence that RISC can be imported into the nucleus, where it can affect
nuclear mRNA levels (O’Brien et al., 2018). RISC has also been documented
to have non-canonical functions, affecting the transcription of some genes
by interaction with the chromatin or the nascent transcript, although the
full extent of this regulation and the precise way in which it operates are
still not fully understood (Stavast & Erkeland, 2019).
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4. RISC-mediated upregulation: although the general way of action of miRNAs
is downregulating target genes, some cases have been reported of miRNAs
enhancing the translation of target mRNAs. This is done via AGO2 recruiting
FXR1 (Fragile-X Mental Retardation Protein 1), which binds to AU-rich
elements in the 3’-UTR and interacts with the ribosome, promoting the
translation. However, it appears that this mechanism is very context-
dependent, and it only occurs in certain conditions, such as a nutrient
starvation or in quiescent cells (O’Brien et al.,, 2018; Orang et al., 2014).

b. MiRNA roles in cancer

Because of their role as key regulators of gene expression, miRNAs are
candidates for the maintenance of cell proliferation balance, and therefore they are
found frequently altered in cancer (Medina & Slack, 2008). The first studies
described a differential expression of some miRNAs between tumor and non-
tumor tissues (J. Lu et al,, 2005). In addition, some components of the miRNA
biogenesis machinery have also been documented to have a role in tumorigenesis.
Such is the case for some mutations found in Drosha, DGCRS, or Dicer (Kumar et
al,, 2007). This is in agreement with the downregulation of Dicer described in some
tumors, which poses it as a tumor suppressor gene (Karube et al., 2005). MiRNAs
themselves can have different roles in tumorigenesis. Several examples have been
documented of miRNAs acting with either an oncogenic (oncomiRs), or a tumor
suppressor role (tumor suppressor miRNAs) (Medina & Slack, 2008).

OncomiRs are frequently found overexpressed in cancer cells, and they can
exert their role by silencing tumor suppressor genes or indirectly inducing the
expression of other oncogenes. Some of the most studied examples of oncomiRs
are:

1. miR-17-92a cluster: also known as the oncomiR-1 cluster, it was one of the
first oncomiRs described. This polycistronic cluster of 7 miRNAs (miR-17-
5p, miR-17-3p, miR-18, miR-19a, miR-19b-1, miR-20, and miR-92-1) is located
in chromosome 13q31, a genomic region that is frequently amplified in B-
cell lymphomas (He et al., 2005). This amplification results in the
overexpression of the miR-17-92a cluster, which interacts with the
oncogene MYC in a positive feedback loop, enhancing its tumor-promoting
effects (He et al., 2005; O’donnell et al., 2005).

2. miR-21: another well-known example is miR-21, which stands out as the
most overexpressed miRNA across several subtypes of cancer (Volinia et al.,
2010). MiR-21 promotes tumorigenesis by targeting important tumor
suppressor proteins such as PTEN (Phosphatase and Tensin Homolog), and
high levels of miR-21 in tissue, plasma, and serum samples serve as a bad
prognosis biomarker for NSCLC patients (Bica-Pop et al., 2018). Besides,
miR-21 was one of the first examples of “oncomiR addiction”: similarly to
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the oncogenic addiction that some tumors experiment with mutant KRAS
(Singh & Settleman, 2009), some tumors are completely dependent on miR-
21 expression for their development, and its inhibition resulted in complete
tumor regression (Medina et al., 2010).

3. miR-155: it is another of the most important oncomiRs, which is found
overexpressed in several hematological malignancies and solid tumors
(Rupaimoole & Slack, 2017). Inducible models of lymphoma in mice have
been stablished by just overexpressing miR-155, and tumor regression is
observed upon its withdrawal (Babar et al, 2012). Among miR-155’s
downregulated targets we find several tumor suppressor genes involved in
angiogenesis, apoptosis, and cell cycle, such as the von Hippel-Lindau tumor
suppressor (VHL), and the tumor protein p53 inducible nuclear protein 1
(TP53INP1) (Rupaimoole & Slack, 2017).

Conversely, examples of well-stablished tumor suppressor miRNAs are the let-7
family, miR-15a/16-1, and the miR-34 family:

1. Let-7 family: the let-7 family of miRNAs, which is comprised in humans by
12 genes scattered across different chromosomes, were first described as
regulators of temporal differentiation in C. elegans, and it was the first
example of conserved miRNAs in humans (Pasquinelli et al., 2000). Let-7 is
downregulated in several tumor types compared to non-tumor tissues, and
it acts as a tumor suppressor by silencing several oncogenic targets such as
RAS-family proteins (NRAS), and cell cycle-related proteins like cyclin A2
(CCNA2) (Johnson et al., 2007).

2. MiR-15a/16-1: they were the first tumor suppressor miRNAs described.
Initially, it was discovered that the 13q14 region is recurrently lost in B-cell
leukemia, even though no protein-coding genes were annotated in that
region. Two miRNA genes, miR-15a and miR-16-1, were later discovered in
such locus (Calin et al., 2002), which have a strong tumor suppressor role
by targeting the B-cell leukemia oncogene BCLZ (Cimmino et al., 2005).

3. MiR-34 family: the miR-34 family is comprised of miR-34a, b and c. Their
expression is positively correlated and controlled by p53 (He et al., 2007),
and the reintroduction of miR-34a in neuroblastoma showed a tumor
suppressor effect by inducing apoptosis (Welch etal., 2007).

Finally, some therapeutical approaches taking advantage of the miRNAs’
role in cancer have been attempted, either by restoring the expression of lost
tumor suppressor miRNAs with miRNAs mimics; or by blocking the action of
oncomiRs using antagonic molecules known as antagomiRs (Rupaimoole & Slack,
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2017). For instance, MRX34 (Hong et al., 2020) and TargomiRs (van Zandwijk et
al, 2017) are miR-34a/miR-16a mimics that reached phase-I clinical trials for
advanced solid tumors and NSCLC, respectively. Another example is cobomarsen,
an antagomiR for miR-155 that reached phase-IlI clinical trials for mycosis
fungoides, a special type of cutaneous T-cell lymphoma (Seto et al, 2018).
Although these first clinical trials had to be terminated because of low response
rates, immune-related adverse effects, or business reasons, they paved the way for
future miRNA-based therapies against cancer, and hopefully the latest advances in
RNA delivery will allow the development of more of these RNA-based drugs until
their application in the clinic (Arenas et al., 2022).

1.3.2 Long non-coding RNAs

Long non-coding RNAs (IncRNAs) are defined as RNA transcripts longer
than 200 bp that do not encode for proteins. LncRNAs can possess all the elements
that a protein-coding gene has except for a stable open reading frame (ORF),
including promoter and enhancer regions, UTRs, introns, alternative splicing
elements, and polyadenylation signals (Bhat et al., 2016). As happens with
miRNAs, IncRNAs are critical gene expression regulation elements and have
significant implications in various pathologies, including cancer.

a. Functions of IncRNAs

Because of the broadness in their definition, IncRNAs can exert a wide
variety of functions in terms of gene expression regulation, both at nuclear and
cytoplasmatic levels. The versatility of IncRNAs as regulatory molecules comes
from (i) their sequence, (ii) their wide length span, from 200 bp up to ~100
kilobases; and (iii) their ability to bind DNA, proteins, and other RNAs.

LncRNA sequences are overall less conserved than protein-coding genes.
However, their promoters and enhancers have a higher conservation rate, hinting
to the importance of IncRNA transcription (Ginn et al.,, 2020). As a matter of fact,
some IncRNAs exert their function as cis-regulatory elements by enhancing or
suppressing the expression of neighboring genes through their own transcription,
even though the IncRNA transcript molecule itself may not be required for this
regulation. This has been demonstrated by studies in which the full transcription
of some IncRNAs was blocked by insertion of premature polyadenylation signals,
while their promoter regions were left untouched. The authors then observed how
the regulation of neighboring genes persisted, despite the absence of the IncRNA
transcript (Engreitz et al., 2016; Paralkar et al., 2016).

The variable length of IncRNA also allows them to adopt numerous
secondary, and even tertiary structures, which have been related to their function
and their ability to bind DNA, RNA, and proteins. LncRNAs usually exhibit low
conservation across different species, displaying only “patches” of conserved bases
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scattered across large, seemingly unconstrained sequences. As a result, it appears
that evolution has preserved certain domains within IncRNAs that affect their
structure, with the sequence itself assuming a secondary role (Zampetaki et al,,
2018). For example, such is the case for the IncRNA MEG3 (Maternally-Expressed
Gene 3), a tumor suppressor IncRNA which acts by stimulating p53-mediated
transcription. Three functional domains (M1, M2, and M3) are found in MEG3
sequence, of which M2 and M3 are necessary for p53 activation. The substitution
of half of the M2 domain by an artificial sequence that rendered a similar
secondary structure kept its full functionality in activating p53 (X. Zhang et al,,
2010), thus proving that some IncRNAs’ function is dependent on its structure, not
their sequence.
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Figure 7. Summary of different IncRNA functions.

The exact function and way of action for the majority of annotated human
IncRNAs remains largely unknown, as this is a relatively new field of study and the
mechanistical study of IncRNA is complex, as will be further discussed in Chapter 3.
Some of the functions attributed to IncRNAs are (Figure 7):

1. Chromatin remodeling: in the nucleus, IncRNAs can recruit chromatin
remodeling complexes, changing the architecture of the chromatin and
its condensation state (Ginn et al., 2020; Peinado et al., 2018). This is the
case for one archetypical IncRNA, XIST (X-Inactive Specific Transcript),
which binds to the X-chromosome and recruits the polycomb repressive
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complex 2 (PRC2). PRCZ is a chromatin remodeling complex that
condensates the chromatin, thus inactivating the X-chromosome, which
allows the X-chromosome dosage compensation in women (J. T. Lee &
Bartolomei, 2013).

. Epigenetic and transcriptional regulation: likewise, IncRNAs can serve

as scaffolds between the promoter region of target genes and
demethylases or certain transcription factors, enhancing their
expression. Conversely, they can also act as decoys for such proteins,
sequestering transcription factors and repressing the target's
expression (Peinado et al., 2018). In addition, as aforementioned, some
IncRNAs act in cis, regulating the expression of neighboring genes by
means of their own transcription (Kornienko et al.,, 2013).

. Regulation of splicing and stability of mRNAs: some IncRNAs can

interact with the primary transcripts of mRNA and modulate alternative
splicing (Bhat et al.,, 2016; Ginn et al., 2020). This is the case for one of
the first studied IncRNAs, MALAT-1 (Metastasis-Associated Lung
Adenocarcinoma Transcript 1), which has been shown to interact with
splicing factors, altering their distribution, and thus altering the splicing
of mRNAs precursors (Tripathi et al., 2010). Other IncRNAs also interact
with mature mRNAs, regulating their stability by activating or blocking
their degradation by SMD (Staufen1-Mediated mRNA Decay) (Peinado et
al,, 2018).

. Competing endogenous RNAs (ceRNAs): IncRNAs may act as ceRNAs by
binding to other regulatory non-coding RNAs, mainly miRNAs,
sequestering them, and impeding their function. For example, NEAT1
(Nuclear Paraspeckle Assembly Transcript 1) is an oncogenic IncRNA in
NSCLC that promotes cell growth by acting as a “miRNA-sponge” for
miR-377-3p. The miRNA miR-377-3p is normally suppressing its target,
the oncogenic transcription factor E2F3, whose expression is restored
upon overexpression of NEAT1 in NSCLC, which brings down the levels
of free miR-377-3p and initiates the tumorigenesis process (Ginn et al,,
2020).

. Translation regulation: IncRNAs can also interact with the ribosome,

enhancing or suppressing translation. For example, lincRNA-p21
interacts with its target mRNA by base complementarity and induces
ribosome “drop-off”, which slows down translation (Yoon et al., 2012).
Another type of IncRNAs, such as Uchl1-AS, contain SINEB2 sequences
that overlap those of their corresponding sense genes, allowing their
association under certain stress conditions, which enhances interaction
with polysomes, inducing the translation of the sense gene. This has
been proposed to be a mechanism for induction of gene expression
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using “SINEUPs”, a new class of artificial IncRNAs containing these
SINEBZ2 sequences (Zucchelli et al.,, 2015).

6. Scaffold for proteins: some cytoplasmatic IncRNAs can also regulate the
stability and interaction of proteins, by promoting their ubiquitination
and subsequent degradation, or sequestering some of them and
impeding the formation of protein complexes (Schmitt & Chang, 2016).

b. LncRNAs in lung cancer

Similarly to miRNAs, dysregulation of IncRNA expression has been found to
be involved in the development of different human cancers. There are several
examples of IncRNAs involved in tumorigenesis, enabling cancer cells for cancer
hallmarks such as inducing angiogenesis, evading growth suppressors, sustaining
proliferative signaling, inducing migration and metastasis, or suppressing
apoptosis (Gutschner & Diederichs, 2012). In the specific case of NSCLC, hundreds
of IncRNAs have been associated with tumor development through gene
expression microarrays and massive parallel RNA sequencing of lung tumor
tissues and paired adjacent non-tumor tissues (Loewen et al., 2014). In the last
decade, several studies have aimed to validate such dysregulated IncRNAs as
oncogenic/tumor suppressors with functional assays (Ginn et al., 2020).

Two well-known examples of oncogenic IncRNAs in NSCLC are MALAT-1,
and HOTAIR (HOX Transcript Antisense RNA). MALAT-1 expression is upregulated
in metastatic NSCLC patients compared to those that do not present metastasis (Ji
et al, 2003), and it has been reported to be involved in tumorigenesis through
different mechanisms, such as promoting epithelial-mesenchymal transition
(EMT), enabling migration and metastasis, and activating the AKT/mTOR axis
(Ginn et al, 2020). On the other hand, HOTAIR is overexpressed in NSCLC
compared to normal lung tissues, and it can function as a chromatin remodeling
regulator by recruiting PCR2 and silencing gene expression, and also as a sponge
for several miRNAs (Loewen et al.,, 2014). This all results in an increase of cell
migration, growth, proliferation, drug resistance, invasion, and metastasis (Gupta
etal,, 2010; Loewen et al.,, 2014).

Growing evidence indicates that IncRNAs can also function as tumor
suppressor genes, such as TUSC7 (Tumor Suppressor Candidate 7), and GAS5
(Growth Arrest Specific 5). TUSC7 (also known as LOC285194) is downregulated in
NSCLC tissues and cell lines, and its overexpression is shown as a good prognostic
biomarker for this disease. In addition, restoration of TUSC7 in NSCLC cell lines
reduced proliferation, enhanced apoptosis, and diminished cell migration,
apparently because of its interaction with p53 (Z. Wang et al., 2016; Zhou et al,,
2019). As another example, GASS5 is able to post-transcriptionally regulate p53,
p21, and E2F1, thus inhibiting tumor growth and promoting apoptosis in NSCLC
cells (X. Shi etal.,, 2015).
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Regarding their clinical applications, different studies have found that
IncRNAs appear as novel and valuable tools for cancer prognosis, diagnosis, and
treatment. LncRNAs can be detected in body fluids, such as blood or saliva, due to
their capability of being secreted into the extracellular matrix by tumor cells,
either directly, as circulating IncRNAs, or by previous encapsulation into exosomes,
apoptotic bodies, or lipoprotein complexes (T. Shi et al., 2016). A notable example
is PCA3 (Prostate Cancer Antigen 3), an FDA-approved urine diagnostic and
prognostic biomarker for prostate cancer, which even outperforms the widely
used prostate-specific antigen (PSA) in terms of sensitivity and specificity (Bolha et
al, 2017). As for lung cancer, in addition to the aforementioned MALAT-1 and
GAS5, some IncRNAs have been identified as stable blood biomarkers for NSCLC
diagnosis (XIST, and HIF1A-AS1); poor prognosis biomarkers (CCATZ2, and CARLo-
5); and potential targets for molecular therapy (H19) (T. Lu et al, 2018).
Furthermore, a novel antisense oligonucleotides (ASOs) therapy against MALAT-1
was found to be effective in reducing the extravasation and lung nodule formation
capacity of lung cancer cells, both in vivo and in vitro (Gutschner et al., 2013).

1.3.3 Other non-coding RNAs

In addition to miRNAs and IncRNAs, there are some other categories of
ncRNAs that also have been studied for their regulatory functions, and their
potential role in cancer development.

a. Transfer and ribosomal RN As

Transfer RNAs (tRNAs) are small (70-100 bp), conserved, non-coding RNA
molecules that adopt a characteristic cloverleaf shape, and present several
nucleotide modifications. They play a crucial role during protein translation, as
they are in charge of loading the 20 different amino acids, each corresponding with
its matching 3-nucleotide codon in the mRNA, and transferring them to the nascent
polypeptide chain at the ribosome. The study of tRNAs deregulations in diseases,
either by changes in their expression, relative abundance, or modification state, is
still in its early stages. In the context of cancer, an overall overexpression of tRNAs
has been described, but it remains unclear whether this is a cause or a
consequence of the higher protein synthesis and metabolic rates observed in
tumor cells (M. Santos et al., 2019).

On the other hand, ribosomal RNAs (rRNAs) are highly conserved,
structural components of the ribosomes. In eukaryotes, the rRNAs found in
cytosolic ribosomes are the 18S in the small 40S subunit, and the 5S, 5.8S, and 28S
in the large 60S subunit. These rRNA genes are transcribed by the RNA polymerase
I, and they undergo a complex and very tightly-regulated maturation process
before they form part of ribosomes (Pecoraro et al., 2021). Because of their greater
protein synthesis requirements, tumor cells frequently activate different cell
pathways with the aim to increase the synthesis and processing of rRNAs, and can
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therefore be a target for molecular therapies. Indeed, this is the case for the
oncogene MYC, which upon overexpression, it boosts all the steps of rRNA
biosynthesis and maturation through diverse molecular mechanisms, for example,
activating the whole RNA polymerase [ machinery (Gaviraghi et al,, 2019).

b. Circular RNAs

Circular RNAs (circRNAs) are non-coding, single strand RNA molecules that
appear as a covalently closed loop, instead of a linear structure. Some circRNAs
originate from introns that are excised during mRNA processing in the nucleus,
while others come from skipped exons resulting from alternative splicing events
(Dong et al.,, 2021). CircRNAs can function as ceRNAs similarly to IncRNAs, by
acting as miRNA sponges, sequestering them, and impeding their action. In
addition, thanks to their capability to bind to RNA and proteins, some circRNAs
have also been implicated as direct regulators of protein translation, transcription
by RNA polymerase II, splicing, and RNA maturation (Dong et al., 2021).

Because of their closed structure, circRNAs are much more stable and
resistant to degradation by RNA exonucleases than linear RNA molecules. In
addition, they have been detected as either circulating circRNAs or inside
exosomes in human blood plasma, urine, and other body fluids, which makes them
promising molecules for their use as biomarkers (Vo et al., 2019). In fact, several
circRNAs have been described as altered in various types of cancer, and depending
on which miRNAs they sponge, they can have oncogenic or tumor suppressor roles
(R. M. Santos et al., 2020). For example, circFGFR1 is upregulated in NSCLC, where
it acts as a sponge for a miRNA, miR-381-3, which leads to upregulation of a
chemokine receptor (CXCR4), resulting in tumor cell progression. Besides, a high
expression of circFGR1 also works as a prognosis biomarker for resistance to anti-
PD1-based immunotherapy (Santos et al., 2020).

c. Small interfering RNAs

Small interfering RNAs (siRNAs) are very similar to miRNAs in terms of
both their biogenesis and function. The main differences are (i) that siRNAs are
originated from a long, double-strand RNA molecule instead of a pre-miRNA with a
hairpin structure, and (ii) that siRNAs always require perfect complementarity to
their target mRNAs, thus inducing AGO2’s endonuclease cleavage of the mRNA,
whereas miRNAs may have unpaired nucleotides, which triggers other ways of
action as discussed in the previous sections. This results in siRNAs being much
more specific, and usually targeting just one mRNA, while one single miRNA can
regulate multiple different targets at the same time (Lam et al,, 2015).

Although siRNAs were first thought of having an ectopic origin, such as viral
infections, some endogenous siRNAs have also been found in the genome of animal
cells, mostly related to repetitive elements like transposons, where they appear to
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have a role in genome defense by silencing such genomic mobile elements (Piatek
& Werner, 2014; Sontheimer & Carthew, 2005). The role of human endogenous
siRNAs in cancer, however, has been mostly overshadowed by a plethora of studies
about the use of artificial siRNAs as tools for gene silencing in basic and
translational studies (Lam et al., 2015).

d. PIWI-interacting RNAs

Another similar element to siRNAs and miRNAs are PIWI-interacting RNAs
(piRNAs). They are named after their binding to PIWI-domain proteins, which are
a subfamily of the Argonaute protein family that lacks endonuclease activity.
Unlike miRNAs and siRNAs, piRNAs are transcribed from intergenic clustered
regions, and they do not undergo Dicer processing. When loaded onto PIWI-
proteins, piRNAs function mainly by silencing transposable elements of the
genome, although they have also been reported to silence protein-coding genes,
and they appear to be essential for germline development across different animal
species (X. Wang et al., 2022).

Several piRNAs have been found altered in cancer and show potential as
biomarkers for the disease. For example, piR-55490 is downregulated in lung
cancer tissues and cells, and it has a tumor suppressor role by binding to the 3’-
UTR of mTOR, thus suppressing the AKT/mTOR pathway (S. Chen, Ben, et al,,
2021).

e. Other small non-coding RNAs

In the nucleus, two more types of small ncRNAs can be found: small nuclear
RNAs (snRNAs), and small nucleolar RNAs (snoRNAs), both having functions
related to RNA processing. Many alterations of snRNAs have been related to
cancer. Among several other examples, the spliceosome-related snRNA 7SK is
downregulated in tongue, breast, blood, and colon cancer, and has been found to
have tumor suppressor capabilities when restored in cell lines (Guglas et al.,, 2022).

As for snoRNAs, they are an abundant and very stable family of RNA
transcripts which are found in the nucleolus forming ribonucleoprotein complexes.
Although initially thought to have a housekeeping function in the cells, mostly
related to rRNA modification and processing, several examples of oncogenic or
tumor suppressor snoRNAs have been described, and there are distinct snoRNA
signatures that serve as biomarkers to tell apart NSCLC and non-tumor samples
(Thorenoor & Slaby, 2015).
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1.4 CRISPR/Cas9: a new weapon against cancer

Since their biotechnological application developed by Jennifer Doudna and
Emmanuelle Charpentier in 2012, the CRISPR/Cas9 gene edition system has
revolutionized the field of molecular biology thanks to its incredible potential to
specifically knockout or edit the desired target genes. Previous gene-editing
systems, such as zinc-finger and TAL-effector nucleases, have been left outdated
because of the greater performance of CRISPR/Cas9 in terms of specificity against
a determined DNA locus, and its ease of design and synthesis (Doudna &
Charpentier, 2014). As such, applications of CRISPR/Cas9 in biomedicine have
flourished in the last decade, to the point that Doudna and Charpentier were
awarded in 2020 with the Nobel Prize in Chemistry for their contribution to this
groundbreaking discovery.

1.4.1 The CRISPR/Cas system: discovery, function, and variants

The earliest descriptions of CRISPR date back to the late 1980s, where the
first studies analyzing the genome of bacteria and archaea described a mysterious,
clustered, regularly interspaced, palindromic repeats (CRISPR) region, whose
function was unknown (Ishino et al, 2018). More than one decade later, the
independent work of Mojica and two other groups shed light on the origins of
those CRISPR regions, as they were similar to sequences of bacteriophages and
archaeal viruses (Mojica et al., 2005). The parallel work on CRISPR-associated
(Cas) proteins allowed to define the CRISPR/Cas system as a sort of primitive
“immune system” for bacteria and archaea, protecting them against the infection of
bacteriophages or other viruses (Ishino et al., 2018).

a. CRISPR/Cas as a primeval immune system in bacteria and archaea

The way it operates, the CRISPR/Cas system enables bacteria and archaea
to “remember” past infections, thus developing a sort of immunity against future
infections by the same virus. In brief, the process can be divided in three phases:
adaptation, RNA expression and processing, and interference (Figure 8A). In the
adaptation phase, upon infection, a series of Cas-proteins (Cas1, CasZ2...) can digest
the viral genetic material into small fragments, which are then stored in the
bacterial genome as new spacers in the CRISPR array. In the RNA expression and
processing phase, the CRISPR locus is transcribed, and after processing by more
accessory proteins (e.g., Cas6, RNAse-III), short CRISPR-RNAs (crRNAs) are
generated. Finally, in the interference phase, those crRNAs can be then loaded onto
a Cas-endonuclease, the most widely known being Cas9, which directed by
complementarity of the crRNA, can then bind to specific regions in the viral
genome, activate their endonuclease activity, produce double-strand breaks
(DSBs), and therefore digest the viral genome, preventing new infections (Horvath
& Barrangou, 2010; Ishino et al,, 2018).

46



Chapter 1. Introduction

A |
—

/— _——'-"-'--
g @ Adaptation I

palindromic
regions

Regularly
interspaced

DNA I Indels

CRISPR loous I, " IITIITIT

@ Transcription & I l

processing T IIOTIT

crRNA g I Gene knockout (ORF disruption)
\ s9

P I b. HDR

(3) Interference TIITTITTT ITTITTIIT
—— +
\__

ALLLLLILLL DNA donor
I |
T

i Gene edition

Figure 8. (A) Function of CRISPR/Cas9 as a primitive immune system for bacteria and archaea. (B)
CRISPR/Cas9 application in molecular biology. Directed by a single-guide RNA (sgRNA) and a
protospacer adjacent motif (PAM), Cas9 generates double-strand breaks (DSBs) in the target DNA
sequence, thus inducing either non-homologous end joining (NHE]), which results in specific gene
knockouts by ORF-disrupting indels; or homology-directed repair (HDR) favored by the addition of a
DNA donor molecule, which enables specific gene edition.

b. Classification of CRISPR/Cas systems

Because it is an antiviral defensive mechanism conserved across several
species of microorganisms (up to ~90% of archaea and ~40% of bacteria)
(Horvath & Barrangou, 2010), various types of CRISPR/Cas systems have been
found in different organisms. Thus, CRISPR/Cas systems are classified into two
major groups (Makarova et al., 2019):
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i Class 1 systems: they are the most common, found in both bacteria
and archaea. Class 1 CRISPR/Cas systems possess an effector
complex formed by multiple Cas-proteins that bind together with the
crRNA, recognize the target, and cleave it.

ii. Class 2 systems: they are only found in some bacteria, but because of
their simplicity, they are the ones that have been mostly explored for
biotechnological applications. Instead of a multiprotein complex,
they have a single, multidomain effector protein, the most common
being Cas9, but there are others such as Cas12 or Cas13. In addition,
they usually require a secondary RNA molecule for the processing of
crRNAs, known as the trans-activating crRNA (tracrRNA). The
tracrRNA is complementary to the repeat sequences of the crRNA,
and it binds together Cas9 and the crRNA, which triggers the crRNA
processing and promotes the endonuclease activity of Cas9 directed
in their target sequence.

Doudna and Charpentier were the first to discover the possibility of fusing
together the crRNA and the tracrRNA in a single-guide RNA (sgRNA) molecule that
directs Cas9 to their specific targets (Jinek et al.,, 2012). Later, Feng Zhang’s group
was pioneer in developing a protocol for the design of artificial sgRNAs to induce
DSBs in the desired DNA locus of Cas9-expressing human cells (Ran et al., 2013).
The exact cleavage site, and therefore the specificity of Cas9, depends on the
complementarity of the sgRNA with the target sequence, and on the presence of
certain conserved protospacer adjacent motifs (PAMs), juxtaposed to the
complementary region in the target DNA (Jinek et al., 2012). Every Cas protein
variant has a specific PAM sequence, which is necessary for Cas binding to the
target DNA. The PAM sequence also defines the exact location of the cleavage site,
which is usually 3-4 nucleotides upstream of the PAM. For example, the PAM of the
widely used Streptococcus pyogenes’ Cas9 (SpCas9) is 5’-NGG-3’ (N = any base),
whereas the PAM for Cas12a (formerly known as Cpf1l) is a longer, T-rich motif, 5’-
TTTV-3’ (V = any base but thymine) (Anders et al., 2014; Bandyopadhyay et al.,
2020).

In the past years, several variants of Cas9 have appeared, usually by
mutagenesis and directed evolution of bacterial SpCas9. By inducing certain
mutations or deletions in the minimal SpCas9 sequence, we can change the
detected PAM sequences, and the efficiency of Cas9’s endonuclease activity (or
even suppress it), thus increasing the versatility of CRISPR/Cas9 to target
whichever gene we desire (Kleinstiver et al, 2015; Vakulskas et al, 2018).
Furthermore, different applications of other class 2 CRISPR/Cas systems have been
developed, taking advantage of the different molecules they target. For instance,
the Cas13 family targets single or double-strand RNA molecules instead of DNA,
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which has some interesting applications that will be further detailed in later

sections.

1.4.2 CRISPR/Cas9 applications in biomedicine and cancer

The applications of CRISPR/Cas9 in molecular biology mostly come from its
capacity to induce DSBs in the desired DNA locus in a very specific and efficient
manner. Guided by a customized sgRNA, designed specifically against a certain
gene, Cas9’s endonuclease activity induces DSBs at such location. Then, cells are
able to detect those DSBs and try to repair them thanks to their intrinsic DNA
damage repair mechanisms. There are two competing DSBs repair mechanisms,
and either one or the other are favored depending on the cell status (Figure 8B):

I.

il

Non-homologous end joining (NHE]): generally, throughout the

whole cell cycle the main DNA damage repair mechanism that cells
undergo is non-homologous end joining (NHE]). NHE] is induced
when a DSBs is detected, and there is no DNA template that can be
used to repair the damage. In this case, the cell tries to repair the gap
by holding both ends together and directly ligating them. However,
this repair mechanism is very error-prone, as it randomly introduces
small insertions or deletions (indels) of nucleotides at the cleavage
site (Chapman et al., 2012). If the breaking point falls into a coding
sequence, those indels might potentially alter the ORF of the
sequence, thus obtaining a non-functional protein, which could be
useful as a knockout (KO) model of the target gene.

Homology-directed repair (HDR): only during the S/G2 phases, right
after the DNA synthesis, cells have another DNA molecule to use as a
template to repair the DNA damage without the risk of introducing
indels. This mechanism is termed homology-directed repair (HDR),
and it is favored with the presence of another, partially
complementary DNA molecule that acts as a donor, albeit with a
lower efficiency than NHE] (25% vs 75%) (H. Yang et al,, 2020). By
using an artificial donor DNA template which is complementary to
the flanks of the break, we can generate knock-in models that
express a gene of interest, or correct a certain mutation, thus editing
the targeted gene (Song & Stieger, 2017). Some small molecules that
inhibit NHE] mediators can be used to favor HDR over NHE] when
inducing Cas9 edition, but the efficiency still remains low and there
are toxicity issues, as NHE] is critical for the maintenance of genome
stability in cells (H. Yang et al., 2020).
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a. CRISPR/Cas9 as a tool for gene therapy of genetic diseases

In biomedicine, CRISPR/Cas9 has been widely applied to generate cell and
animal models for the study of human diseases. The specificity and efficiency of
CRISPR allows us to obtain stable-over-time, gain-or-loss models of genes, which
are excellent tools to study their implications and functions in diseases, and how to
cure them. In addition, CRISPR has supposed a revolution in the context of gene
therapy against previously incurable genetic diseases. Indeed, several clinical trials
are being carried out for patients with hematological diseases such as sickle cell
disease and B-thalassemia, which are caused by inactivating mutations in the
hemoglobin 8 gene (Ahumada-Ayala et al., 2023). In one of the concluded ones, by
performing an ex vivo CRISPR/Cas9 editing of two patients’ hematopoietic stem
cells, fetal hemoglobin was successfully re-expressed, and after an autologous graft
of such edited cells, these two patients’ symptoms remitted in just 30 days after the
transplant, without needing further blood transfusions (Frangoul et al., 2021).

Another important milestone of CRISPR/Cas9 in therapeutics was a phase-I
study for patients with transthyretin amyloidosis, a neurodegenerative disease
caused by the accumulation of misfolded transthyretin (TTR) in nervous and
cardiac tissues. Six patients were intravenously injected with lipid nanoparticles
containing SpCas9 and a sgRNA against the TTR gene. One month after the
treatment, the levels of TTR were reduced up to 87%, with only some mild adverse
effects in half of the patients (Gillmore et al., 2021). Moreover, several other
diseases have been approached with CRISPR/Cas9 strategies in preclinical and
clinical studies, including Duchenne’s muscular dystrophy, type 1 diabetes
mellitus, and even infectious diseases such as human immunodeficiency virus
(HIV) infection, and the coronavirus disease 2019 (COVID-19) (Ahumada-Ayala et
al,, 2023).

b. CRISPR/Cas9 applications in cancer

Regarding cancer research, thanks to CRISPR/Cas9 we have a plethora of
cell and murine models for the basic research of oncogenes and tumor suppressor
genes, and preclinical testing of drugs and molecular treatments. In terms of
clinical applications in patients, most approaches up to date have focused on using
CRISPR/Cas9 for immunotherapy and chimeric antigen receptor (CAR) T cell
generation.

CAR-T cells are immune cells from the own patients engineered to express
ligands for certain tumor antigens, such as CD40 or CD19. Thus, after an
autologous transplant of CRISPR-modified CAR-T cells, tumor cells that present
said target antigens in their surface are eliminated (Azangou-Khyavy et al., 2020; Z.
Liu et al,, 2023). Another application of CRISPR in CAR-T cell immunotherapy is
desensitizing CAR-T cells to immune checkpoint inhibitors that tumor cells often
overexpress for immune evasion, such as the programmed cell death protein
ligand 1 (PD-L1). For example, in a phase-I clinical trial for NSCLC (NCT02793856),
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12 patients were infused with autologous CAR-T cells knocked out for the PD-1
gene, thus preventing immune evasion without any safety issues (Bender et al,,
2021). CRISPR has also been used to increase safety and performance of CAR-T
cells, for example, by knocking-out the CD7 receptor that induces fratricidal
activity among CAR-T cells, and also to generate “off-the-shelf”, universal CAR-T
cells with modified HLAs to avoid graft-versus-host-disease (Z. Liu et al., 2023;
Maldonado-Pérez et al, 2022). Moreover, in addition to CAR-T cell
immunotherapy, CRISPR has been employed to engineer more tumor-selective and
efficient oncolytic viruses, which preferably infect and replicate within tumor cells
and constitute a novel line of immunotherapy (Azangou-Khyavy et al., 2020).

Finally, a few approaches have also been attempted for the application of
CRISPR/Cas9 as a direct therapeutic strategy, though only in mice models. For
instance, one study was able to successfully target and correct TP53-mutant
tumors in mice by using adeno-associated viruses (AAVs) injected intravenously
and loaded with an inducible cassette of Cas9, two sgRNAs flanking the TP53
mutation, and a cDNA donor with TP53 wildtype sequence (Chira et al., 2018).

1.4.3 The ever-growing CRISPR toolbox

CRISPR/Cas’ functionality is not limited to generating knockout/knock-in
models by inducing DSBs and repairing them by NHE]J/HDR. One discovery that
broadened the applications of CRISPR is the catalytically inactive, “dead” Cas9
(dCas9), which harbors two silencing mutations preventing the DNA endonuclease
activity, while maintaining the specificity of its sgRNA-driven DNA sequence
recognition (L. S. Qi et al,, 2013). Thus, by fusing dCas9 to an effector module that
instead of inducing DSBs fulfills another function, the applications of CRISPR in
molecular biology are countless (Table 1).

For example, dCas9 has been applied to develop CRISPR tools for studying
the epigenetic regulation of some genes. One of the most studied epigenetic
regulation mechanisms is the hypermethylation of DNA at the CpG islands found in
promoter regions of genes, which is associated with gene silencing (Portela &
Esteller, 2010). However, the study of hypermethylation at specific loci is
challenging because chemical demethylating agents, such as decitabine, have
genome-wide effects. By fusing a methylase (DNA-methyltransferase 3A, DNMT3A)
or a demethylase (ten-eleven translocation methylcytosine dioxygenase 1,
TET1CD) domain to sgRNA-driven dCas9, we can direct the epigenetic
modification to a concrete part of the genome, thus removing the background
effect of other genes (Smith et al,, 2022).

Another application is coupling dCas9 to a series of transcription factor
recruiters (such as the VPR domain) or repressor domains (e.g., the Kriippel
associated box, or KRAB) which results in CRISPR-activating (CRISPRa) or
inhibiting (CRISPRi) technologies, respectively. These two applications present
several advantages over classical overexpression of plasmids for gain-of-function
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models, or CRISPR-KO and miRNA mimics/siRNAs for loss-of-function models.
CRISPRa achieves overexpression levels within the physiological range, and
because it acts at a transcription level, it does not overlook transcription regulation
events that could be crucial to determine the function of certain genes, especially
for some ncRNAs (Morelli et al., 2021). On the other hand, CRISPRI is better than
CRISPR-KO and miRNA mimics/siRNAs in some instances, as the KO of a gene is
often associated with more intracellular bypass mechanisms to overcome its loss,
thus raising more clonal-specific events, whereas the downregulation by CRISPRi
is reversible and leaves the genomic gene sequence unperturbed (L. S. Qi et al,,
2013). Besides, as opposed to what happens with siRNAs or miRNA mimics,
CRISPRi downregulation is less artificial and less prone to secondary effects
derived from overexpressing an interfering RNA molecule way beyond its
physiological levels, thus obtaining more biologically relevant results.

Table 1. The CRISPR toolbox: summary of different CRISPR applications in molecular biology.

CRISPR Cas variant + Application Reference
technology complements
CRISPR-KO Cas9 + sgRNA Gene KO by indel induction (Ran et al,
after DSB and NHE] 2013)
CRISPR- Cas9 + sgRNA + Gene edition by HDR after ~ (Chira et al,,
knock-in Donor DNA DSB 2018)
CRISPR-DiR  dCas9-DNMT/TET1 Targeted (Smith et al.,
+ sgRNA demethylation/methylation 2022)
CRISPRi dCas9-KRAB + Gene expression inhibition (L.S. Qi etal,,
sgRNA 2013)
CRISPRa dCas9-VPR Gene overexpression (Morelli et
+sgRNA al,, 2021)
Base editors dCas9- Gene edition (just one (Jeong et al.,
cytidine/adenosine nucleotide) 2020)

deaminase + sgRNA
Prime editing Nickase-Cas9-RT Gene edition without DSB  (Anzalone et

+ pegRNA al,, 2019)
FiCAT dCas9 + piggyBac  Gene edition of long inserts (Pallares-
transposase (up to ~8 kb) Masmitja et
al.,, 2021)
DETECTR Cas12a + sgRNA + Nucleic acid diagnostics (J.S. Chen et
cleavage reporter (DNA) al,, 2018)
SHERLOCK Cas13a + sgRNA + Nucleic acid diagnostics (Kellner et
cleavage reporter (RNA) al, 2019)

DSB - Double-strand break; NHE] - Non-homologous end joining; HDR - Homology-directed repair;
dCas9 - nuclease dead Cas9; DNMT - DNA methyltransferase 1; TET1 - Tet methylcytosine
dioxygenase 1; KRAB - Kriippel associated box; VPR - V64-p65-Rta domain; RT - reverse-
transcriptase; pegRNA - prime editing guide RNA.

52



Chapter 1. Introduction

Both CRISPRa and CRISPRI, along with classical CRISPR-KO, have been
implemented in high-throughput screenings (CRISPR-screenings) as a way to
detect genome-wide targets for genes involved in diseases, perform high-
throughput cancer functionality studies, discover drug-sensitizing or resistance
genes, or study the appearance of vulnerabilities and collateral dependencies after
the application of a targeted therapy, as will be further discussed in Chapter 6
(Kurata et al.,, 2018; Thomsen & Mikkelsen, 2019).

For the purpose of gene edition, CRISPR-based base editors have also been
developed, which allow correction of single-nucleotide variants (SNVs) or edition
of a specific nucleotide. By fusing a cytidine or adenosine deaminase to dCas9, C>T
and A->C transitions can be induced at specific positions, respectively (Jeong et al.,
2020). A more versatile approach is prime editing, which can be used to also edit
longer indels, and it is less limited by a PAM presence right next to a determined
base transition. Prime editing consists of fusing a reverse-transcriptase (RT) to a
modified Cas9 that only produces single-strand DNA breaks (Cas9 nickase). By
using a longer sgRNA that includes the complementary RNA sequence to the
desired edit (prime editing guide RNA, or pegRNA), edition can be achieved with a
higher efficiency than by inducing HDR (Anzalone et al., 2019). Another approach
is the find and cut-and-transfer (FiCAT) technology, which combines a dCas9 with
an engineered piggyBac transposase, thus allowing the insertion of sequences up
to 8 kb with double the efficiency than conventional HDR (Pallares-Masmitja et al.,
2021).

Lastly, CRISPR also has applications in the field of nucleic acid diagnostics,
thanks to the promiscuous nuclease activity of some Cas variants upon binding to
their target, namely Cas12a and Cas13. By designing nucleic acid-based, quenched
fluorescent reporters that emit a signal only after being cleaved, Cas12a/13 can be
used to quickly and specifically detect a concrete sequence (i.e., a viral RNA or DNA
genome) in a human serum, urine, or saliva sample. Cas12a was first described by
Doudna’s research group, it cleaves DNA, and it is applied in a technology they
named DETECTR (DNA Endonuclease Targeted CRISPR Trans Reporter) (J. S. Chen
et al,, 2018). Conversely, Cas13 detects and cleaves RNA, and it was applied by
Zhang and colleagues for its diagnostic use in a technology named SHERLOCK
(Specific High sensitivity Enzymatic Reporter unLOCKing), which they used to
detect the infection by Zika virus in human samples (Kellner et al.,, 2019). Both
DETECTR and SHERLOCK require a previous isothermal amplification of the
sample (in addition to a reverse-transcription in the case of SHERLOCK) and
present several advantages over other diagnostic methods such as a quantitative
PCR (qPCR), as it is faster and can be used at point-of-care since it does not require
expensive and specialized instruments like a thermocycler. Because of this, several
studies have tried to use DETECTR, SHERLOCK, and some other similar
technologies for the detection of SARS-CoV-2 during the COVID-19 pandemics, and
as a preparation for massive diagnostics in potential future viral epidemics (W.-F.
Tang etal., 2023).
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1.4.4 Limitations and concerns of CRISPR in today’s medicine

As we have discussed, CRISPR is a revolutionary technology with a wide

range of applications that has the potential to cure or treat genetic disorders, such
as cancer. However, so far, the applications of CRISPR in cancer therapy have been
limited and mostly restricted to CAR-T cell engineering. This is because of some
concerns and limitations associated with the use of CRISPR/Cas9 directly in human
patients, which include:

1.

2.

Off-target effects: one of the main concerns of using CRISPR/Cas9 in
humans is the appearance of off-target effects if CRISPR/Cas9 cleaves the
DNA at unwanted locations. Depending on the affected locus, this could lead
to severe side effects and dramatical consequences, especially if this off-
target edition occurs in germline cells, as these changes would be
transferred to future generations (Ahumada-Ayala et al., 2023). To prevent
this, it is necessary to exhaustively assess the specificity of the sgRNAs
before implementing them into any clinical therapy. Also, as previously
explained, several Cas9 variants are being developed, such as the high-
fidelity Cas9 (HiFi-Cas9), which has fewer off-targets than regular SpCas9
(Vakulskas et al., 2018). Another approach is reducing the time of exposure
to Cas9 edition, either by using an inducible system, or by modifying Cas9 to
have a shorter lifespan (Chira et al., 2018).

Delivery: a key step in every therapeutical strategy is the delivery to target
cells. The delivery of CRISPR therapies can be either local or systemic. Local
administration is easier, but only suitable for certain tumor types, such as
melanomas. Systemic delivery can reach otherwise inaccessible tumors, but
it makes it difficult to direct the expression of CRISPR/Cas9 to tumor cells
and therefore increases the risk of off-target effects in non-tumor cells
(Arenas et al., 2022). Several deliveries strategies for CRISPR/Cas9, either
in the form of plasmids, mRNA, or as ribonucleoparticles (RNPs) have been
attempted. These include viral vectors (lentivirus, adenovirus, AAVs...),
lipid-based nanoparticles, microinjection, or extracellular vesicles, each one
of them with their own pros and cons in terms of efficiency and safety (Yip,
2020).

Immunogenicity: because of its bacterial origin, some elements of the
CRISPR/Cas9 system might trigger immune-related adverse effects in their
therapeutic applications. For instance, out of a random cohort of 22 blood
donors, around 60-70% were found to have antibodies or T-cells reactive to
SpCas9 (Charlesworth et al., 2019). Moreover, some secondary structures of
sgRNAs could also be recognized by the immune system and initiate an
immune response. Further studies are necessary to evaluate to which
extent the immunogenicity of CRISPR/Cas9 can hinder its clinical
applications (Azangou-Khyavy et al., 2020).
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4. TP53-dependence: p53, also known as the “guardian” of the genome, is a
very important tumor suppressor protein encoded by the TP53 gene, which
is implicated in DNA-damage response, apoptosis, and cell cycle control. Its
inactivating mutation is a common feature across several types of tumors,
and therefore a driver oncogenic event. Some authors have proved that
Cas9-derived DSBs trigger a DNA damage response mediated by p53 that
leads to cell apoptosis. However, TP53-mutant clones (which are relatively
common in tumors) might survive and be specifically selected within the
tumor population. Therefore, these authors recommend to carefully
monitor the p53 status before and after edition (Azangou-Khyavy et al,
2020; Enache et al., 2020).

5. Ethical concerns: the therapeutical use of CRISPR is widely accepted and
has proven to be key for the cure of some genetic diseases. Nevertheless,
ethical concerns may arise when gene editing is used for eugenic purposes,
which involve modifying genes to enhance or introduce desirable traits in
the human species. In 2018, it was noteworthy the case of one scientist who
acknowledged having applied CRISPR/Cas9 to twin embryos before their
development with the aim of making them immune to HIV infection. This
act was highly irresponsible and condemned by the international scientific
community, as the mosaicism and potential off-target effects resulting from
the editing may have fatal consequences on the health of these twins in the
future, who will need to be monitored for the rest of their lives. Nowadays,
most international guidelines and expert bioethics committees only allow
the use of CRISPR on somatic cells with a therapeutic purpose, whereas its
application in germline cells or viable embryos pre-implantation is strictly
forbidden (Ahumada-Ayala et al., 2023).

In conclusion, while CRISPR/Cas9 holds tremendous potential for treating
genetic diseases in human patients, it also presents some limitations and ethical
concerns that are being addressed before its widespread application in clinics.
Furthermore, some socioeconomic implications should also be considered, such as
the lax regulations of CRISPR use in some developing countries, the equitable
distribution of this technology, and the potential for it to exacerbate already
existing inequalities. As CRISPR/Cas9 research continues to advance, it will be
crucial for us scientists, clinicians, and politicians to engage in dialogue and ethical
reflection to ensure that the technology is used safely and responsibly.
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This chapter will compile the general methodology and materials employed
throughout this thesis. The methods are divided in molecular biology methods
(general DNA, RNA, and protein protocols), cell experiments in vitro and in vivo,
gene delivery methods, screenings and high-throughput methods, and
bioinformatic methods, statistics and ethics.

2.1 Molecular biology methods

2.1.1 DNA extraction and PCR

First, cell pellets were obtained by centrifugation of trypsinized cells at 300
xg for 5 min. Total genomic DNA (gDNA) was extracted from the cell pellets using
the QuickExtract™ DNA Extraction Solution (Lucigen, #QE09050) following
manufacturer’s guidelines. A polymerase chain reaction (PCR) was afterwards
performed to amplify concrete regions within that gDNA, using specific forward
and reverse primers for each gene that are compiled in Supplementary Table 1.

For regular PCR amplification, the DreamTaq Green PCR Master Mix
(ThermoFisher Scientific, #K1081) was used, following the manufacturers’
recommendations. In brief, 50-100 ng of DNA were mixed with the DreamTaq
reaction buffer and the corresponding primers, and incubated in a thermocycler
following the program:

Hold PCR (%35 cycles) Hold
95 °C 95 °C . ]
2 min 30s r2°c r2°C
Tm-5°C 1 min 10 min
30s 4°C
2.1.2 RNA extraction

Before reverse transcription quantitative PCR (RT-qPCR), total RNA was
extracted from dry cell pellets using TRIzol (TRI Reagent®, Sigma-Aldrich,
#93289), following the manufacturer’s recommended protocol, and inside a clean
air hood to prevent RNase contamination. RNA concentration and purity (260/280
and 260/230 ratios) were then measured using a NanoDrop 2000
spectrophotometer (ThermoFisher Scientificc ND-2000). To avoid DNA
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contamination, extracted RNA was digested with DNase I (Invitrogen, #18068015)
following the recommended protocol. RNA was then stored at -20 °C for early use,
or at -80 °C for long-term storage.

2.1.3 RT-qPCR

Total RNA (2 pg) was reverse-transcribed to copy DNA (cDNA) using
RevertAid RT kit (ThermoFisher Scientific, #K1691). A SYBR Green quantitative
PCR reaction was then performed from 25-100 ng of cDNA template, using KAPA
SYBR® FAST (Merck, #SFUKB), in 96-well plates, and measured at the
QuantStudio™ 3 Real-Time PCR System (ThermoFisher Scientific, #A28567). The
next program was followed:

Hold PCR (x40 cycles) Melting curve
95 °C 95 °C 95 °C 95 °C
30s 15s . 60°C A 15s 60 °C 15s 60 °C
50 c 1 min 1 min 15s
2 min

Relative expression was then calculated using the AACt method, using a
reference gene to normalize the gene expression among samples (GAPDH for
protein-coding genes, U1 snRNA for IncRNAs, and SNORD44 for miRNAs).

Because of their short length, for RT-qPCR of miRNAs a polyadenylation
strategy was followed as described by (R. Shi & Chiang, 2005). Briefly, a
polyadenylation step using Poly(A) Polymerase Tailing kit (Epicentre,
#PAP5104H) was added before reverse-transcription. Then, the reverse-
transcription was performed substituting the random hexamer primer included in
the RevertAid RT kit for an adapter-oligo-dT primer (see sequence in
Supplementary Table 1). This allows the elongation of the miRNA with a poly(A)
tail and an adapter sequence, so that in the qPCR the forward primer matches the
sequence of the miRNA, whereas the reverse primer is universal and
complementary to the adapter sequence.

2.1.4 Protein extraction and Western blot

For protein extraction, cell pellets were resuspended in RIPA lysis buffer
containing phosphatase (7 mM sodium orthovanadate) and protease inhibitors
(0.2 mM phenylmethylsulfonyl fluoride (PMSF), and Pierce™ Protease Inhibitor
Minitablets (ThermoFisher Scientific, #A32955), according to manufacturer’s
instructions). Cell suspensions were incubated at 4 °C for 20 min, and then
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centrifuged at 4 °C, 16,000G for 15 min. The protein-containing supernatant
fraction was collected, and the protein concentration was quantified by Bradford
(VWR, #A6932) at 600 nm in a GloMax® Microplate Reader (Promega, #GM3000).

For the detection of specific proteins by Western blot, 30-50 ug of extracted
protein were loaded into a sodium dodecyl sulfate (SDS) protein acrylamide gel
electrophoresis (SDS-PAGE) to separate proteins according to their molecular
weight. Proteins were then transferred to a polyvinylidene difluoride (PVDF)
membrane, and then the membrane was blocked with phosphate-buffered saline
(PBS) + 5% powder milk + 0.1% Tween-20. The membrane was then incubated
with the primary antibodies overnight at 4 °C with constant shaking. The next day,
the membrane was washed for 10 min three times in PBS + 0.1% Tween-20, and
then incubated with the secondary antibodies labeled with horseradish peroxidase
(HRP). All the used antibodies are listed in Supplementary Table 3.

Protein specific bands were revealed using SuperSignal™ West Femto
substrate (ThermoFisher Scientific, #A43841) and an ImageQuant™ LAS-4000
imaging system. Lastly, Western blot bands were digitalized and then analyzed by
densitometry using the Image] software and normalizing with the expression of
the protein taken as loading control (-actin or a-tubulin).

2.1.5 Vector cloning

The empty vector (EV) pLVX-IRES-zsGreen1 (Clontech, #632187) was used
as the backbone to generate a vector to introduce the IncRNA DLG2-AS1 into the
cells. Two oligonucleotides containing overhanging restriction sites for EcoRI and
Xbal were designed (sequences shown in Supplementary Table 1). To amplify the
insert, a PCR was performed using Phusion High-Fidelity DNA Polymerase
(ThermoScientific, #F530S) because of its better performance in terms of less
error introduction compared to other polymerases. The reactions were set using
the manufacturer’s recommendations and the following program:

Hold PCR (x35 cycles) Hold
95 °C 95 °C
5 min 30s 27¢ r27¢
60 °C 30s 5 min
30s 4°C
= o]

Then, the PCR product was run and the ~200 bp insert was purified from an
1.5% agarose gel using a GenElute™ Gel Extraction Kit (Sigma-Aldrich, #NA1111).
The purified insert was then double-digested along with the EV using EcoRI and
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Xbal (ThermoScientific, #£R0271 and #ER0681). The cut insert and EV were
ligated using T4 ligase (New England Biolabs, #M0202) and then the resulting
plasmid was introduced into chemically competent bacteria (E. coli DH5-a) for its
amplification. All reactions were set up following the manufacturers’
recommendations.

2.1.6 Sanger sequencing

PCR reaction products or plasmid digestions were run in a 1-2% agarose
gel, then the band corresponding to the expected size of the amplicon was excised,
and the DNA was extracted using a GenElute™ Gel Extraction Kit (Sigma-Aldrich,
#NA1111). Purified DNA was measured using a NanoDrop 2000 device
(ThermoFisher Scientific, ND-2000), and then ~200 ng of DNA were mixed with a
sequencing primer and shipped to STABVIDA (Caparica, Portugal) for Sanger
sequencing. Results were downloaded and analyzed using the SnapGene Viewer
(v4.3.11) software.

2.1.7 T7 endonuclease assay

To analyze the efficiency of the different sgRNAs designed for CRISPR/Cas9
edition, a T7-endonuclease 1 assay was performed (New England Biolabs,
#M0302). In brief, gDNA was extracted from CRISPR/Cas9 edited cells, and a PCR
was performed to amplify the KRAS region (primer sequences found in
Supplementary Table 1). Then, a heteroduplex reaction and a T7 endonuclease
digestion were carried out following the manufacturer’s recommendations, and
the digestion product was run in an agarose gel electrophoresis. The T7-
endonuclease only cleaves the DNA if it detects mismatches in the formed
heteroduplexes, which should only be present if there has been Cas9 edition.
Therefore, a double band should be expected when edition is successful, whereas a
single band is representative for the lack of edition.

2.1.8 Biotin pull-down

To detect direct interaction between miRNAs and their mRNA targets, a
biotin pull-down experiment was carried out to first prove that biotinylated
miRNAs were being loaded onto the RISC. First, we performed an in vitro RNA
synthesis of the miRNAs using biotin-labelled deoxyribonucleotides (IDT,
#232691864/#232691865), the T7 RNA polymerase (Promega, #P2077), and a
DNA template containing the T7 RNA polymerase promoter (5'-
TAATACGACTCACTATAGGG-3’) followed by the specific miRNA sequence. The
transcription product was treated with DNase I (Invitrogen, #18068015) and the
RNA was purified using the RNeasy Mini kit (Qiagen, # 74104).
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For the pull-down, the protocol described by (Gerber et al, 2006) was
followed, with some modifications. In brief, 2-3 million cells were lysed using a
home-made IP buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA, 5% glycerol, 0.5%
Triton X-100, 1 mM DTT, 0.1 mg/mL heparin, 0.1 mg/mL tRNA, and 2 protease
inhibitor tablets). Then, the lysates were incubated along with the biotinylated
miRNAs and streptavidin-labelled Dynabeads™ M-280 (ThermoFisher Scientific,
#11205D). Finally, after several washes, the proteins bound to the streptavidin
beads were eluted, run in an SDS-PAGE, and blotted against the AGO2 protein.
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2.2 Cell experiments in vitro and in vivo

2.2.1 Cell culture

All tumor cell lines used were purchased from the American Type Culture
Collection (ATCC). Cells were kept frozen in cryovials in liquid nitrogen (-196 °C)
suspended in fetal bovine serum (FBS) + 10% dimethyl sulfoxide (DMSO). RAS-less
mouse embryonic fibroblasts (MEFs) models of human KRASWT (#RPZ25854),
KRASG12C (#RPZ26186), and KRAS¢?P (#RPZ26198) were kindly donated by the
RAS initiative team at the Frederik National Laboratory for Cancer Research
(https://www.cancer.gov/research /key-initiatives/ras/outreach /reference-

reagents/cell-lines).

For daily 2D culture, cells were kept in T-75 culture flasks or P-100 dishes
for a maximum time of 2 months, changing the medium and splitting the cells by
trypsinization every 3-5 days depending on their confluence state. Cells were
cultured under standard conditions (at 37 °C, in a 5% COz atmosphere) using
DMEM High Glucose medium (Biowest, #1.0104) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (P/S); or RPMI 1640 medium
(Biowest, #L0501) supplemented with 10% FBS, 1% P/S, and 1% L-glutamine;
depending on the requirements of each cell line (see Supplementary Table 4).

For spheroid 3D culture, 2,000 cells/well were plated in ultra-low
attachment 96-well plates (Corning Costar ®, #3474). Cells were mixed with 50 pL
Matrigel (Corning, #354248) in RPMI 1640 complete growth medium in a 1:1
proportion to establish the scaffold system for the spheroid suspensions. Then,
100 pL of RPMI medium was added on top of each well to reach a final volume of
200 pL. The wells were refilled once a week with fresh medium to compensate the
liquid evaporation.

2.2.2 Cell viability assays

For regular cell viability assays with resazurin, 2,000 cells/well were plated
on 96-well plates, and then 20 pL of resazurin (0.1 M resazurin sodium salt
powder (Sigma-Aldrich, #R7017) diluted 1:200 with fresh medium) were added at
0, 24, 48, and 72 hours. Cells were left in the incubator at 37 °C for 4-6 hours after
adding the resazurin, then the reaction was stopped by adding 30 pL of 3% SDS,
and fluorescence was measured at 590 nm using a GloMax® equipment.
Fluorescence measure results were normalized by the fluorescence at t=0 h. All the
experiments were performed in triplicates or quadruplicates.

For CellTiter-Glo® cell viability assays (Promega, #G7571), 3,000 cells/well
were plated in 96-well culture plates. Cell viability was measured 7 (2D culture) or
12 days (3D culture) later according to the manufacturer’s instructions. Briefly,
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100 pL of CellTiter-Glo reagent were added; vigorously mixed for 5 min, ensuring
the dissolution of the spheroid matrix in the case of 3D cultures; and then placed
on a plate shaker for 25 min to ensure complete cell lysis prior to assessment of
the luminescent signal at 525 nm in a GloMax® equipment.

2.2.3 Colony assay

Cells were plated in 6-well plates at very low density (1,000-3,000
cells/well), and they were kept in incubation for 1-2 weeks at 37 °C, depending on
the cell growth rate. Medium was renewed once a week. After that time, cells were
fixed with a fixating and staining solution (PBS + 13% formaldehyde + 0.1% crystal
violet) to visualize the colonies. Pictures were taken using a scanner, and the
Image] software was used to analyze the images and count the number of colonies.

2.2.4 Scratch wound-healing assay

Cells were cultured in 6-well plates until a 100% confluence was reached.
Then, a scratch with a sterile pipette tip was made and the regular media were
substituted by starvation medium (regular medium supplemented with 1% FBS
instead of 10% FBS). Pictures were taken at 0 and 24 hours after the scratch was
made, they were analyzed using the Measure Wound Healing Tool from the
software Image], and the percentage of closed wound after 24 hours was
calculated.

2.2.5 Tumor cell-derived xenografts in mice

Around 1x10°¢ tumor cells/xenograft were collected by centrifugation and
resuspended in 200 pL of 1:1 RPMI:Matrigel (Corning, #354248). Then, 8-week-old
female NOD Scid Gamma (NSG) mice were anesthetized in a sealed chamber using
2.5% isoflurane in Oz at 0.2 L/min, and the cells were injected subcutaneously into
the rear flanks of the mice. Tumor xenografts were left to grow for 2 weeks until a
small bulge was visible in the flanks of the mice, and then doxycycline treatment
was started as described in (Cawthorne et al.,, 2007). In brief, doxycycline was
administered orally ad libitum mixed with jelly (2 mg/mL), inside small cups of
~15 mL that were placed in the mice cage every two days for a week. Tumor
growth was then evaluated twice a week by measuring tumor sizes, and the tumor
volume was calculated using the formula V' = asz, where a is the tumor’s longer
axis, and b the shorter one. Mice were euthanized and the experiment concluded
when one of the flank tumors reached 3,000 m3 in volume, or more than 21 days

had passed.
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2.3 Gene delivery methods

2.3.1 Transfection of plasmids and miRNA mimics

Cells were seeded (250,000 cells/well) in 6-well plates and cultured until a
cell confluence of 60-70% was reached. Different transfection reagents were
employed, always following the manufacturer’s recommended reaction settings:
TransIT (Mirus Bio, #MIR-6000) for regular transfection of plasmids, and
lipofectamine RNAimax (ThermoFisher Scientific, #13778075) for miRNA mimics
(Merck, #900010/20/30). Cells were incubated in reduced serum OptiMEM™
medium (ThermoFisher Scientific, #31985062) with the plasmid and the
transfection reagent for 24 hours, and then transfection medium was replaced by
fresh medium. Overexpression of the desired gene was then confirmed by RT-qPCR
48 or 72 hours after transfection, and by daily observation under a fluorescence
microscope when expressing a reporter fluorescent protein
(zsGreen1/EGFP/mCherry).

2.3.2 RNPs delivery

CRISPR RNA (crRNA) for KRASG12C or KRASG12D, trans-activating crRNA
(tracrRNA) and a high-fidelity version of Cas9 (HiFi-Cas9) were purchased from
Integrated DNA Technologies (IDT), and then properly conjugated to form
ribonucleoproteins (RNPs) according to the manufacturer’s instructions.

RNPs were delivered into the cells either by regular lipofection using
CRISPRMAX™ transfection reagent (ThermoFisher Scientific, #CMAX00001), or by
electroporation using an Amaxa 4D-Nucleofector (Lonza, #AAF-1003), testing
different nucleofection programs (EH-158, EN-138, CM-130, or CA-137). All
procedures were performed following the manufacturer’s recommended
protocols.

2.3.3 Lentivirus preparation

Lentiviral particles (LVs) were prepared using HEK-293T cells and the
packaging plasmids VSV-G (Addgene, #8454) and psPAX2 (Addgene, #12260).
First, HEK-293T were kept in culture in T-175 flasks and then co-transfected with
the two packaging plasmids and the desired lentiviral plasmid, using LipoD293™
(SignaGen Laboratories, #SL100668). LVs were collected 2 (15t pick-up) and 3 days
(2nd pick-up) after transfection, filtering the old media with 0.45 pm filters. For LV
concentration, we performed an ultracentrifugation for 2 hours, at 4 °C and 70,000

xg.

For lentiviral titration, we used K562 cells because of their easiness to be
infected. Cells were infected with 5, 10, and 50 pL of the LV to be titrated, and then
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incubated at 37 °C for 5 days. Finally, a FACS Aria cytometer was used to measure
the percentage of fluorescent green positive cells, and the titer of the virus was
calculated taking a fluorescence percentage < 20%, and applying the following
formula:

LV ul
- (ﬂ> _ (% - 100,000 1To) +1000 £
mL x uL

2.3.4 Lentiviral infection and clone selection

The day before infection, ~250,000 cells/well were plated in a 6-well plate.
The next day, or when the cell confluency reached 60-70%, the calculated amount
of LV considering the chosen multiplicity of infection (MOI) was added to the wells
mixed with 1 mL of fresh media. For inducible HiFi-Cas9 LVs infection, a low MOI
(0.3-1) was used to ensure a single integration. Cells were incubated with the LV
for 5 hours, and then the virus was removed and replenished with fresh medium.

For selection of successfully infected cells, cells were either incubated in
medium with puromycin (1 pg/mL) for at least one week, or sorted by green
fluorescence using a FACS Aria cytometer, depending on the reporter gene
included in the lentiviral vector. Infected cells were regularly checked for green
fluorescence under the microscope to check that the lentiviral integration had not
been lost.

2.3.5 Adenoviral infection

Adenoviral vectors (AdVs) were designed to contain HiFi-Cas9 + both
KRASG12¢/612D sgRNAs + EGFP (AdV-Cas9), or just EGFP as a control (AdV-GFP). The
plasmid cloning and the viral packaging were performed by VectorBuilder
(Guangzhou, China), obtaining ultra-purified, high-titer AdVs (>1012 viral
particles/mL).

For AdVs infection, ~300,000 cells were infected with a MOI = 1000 viral
particles/cell. Cells were collected and mixed with AdVs and then left for
incubation at 37 °C in a 1.5 mL tube. After 2 h, cells were replated in 2D or 3D 96-
well plates for cell viability assays.
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2.4 Screenings and high-throughput methods
2.4.1 LncRNA array profiling

LncRNA expression profiles were studied in LUAD patient samples paired
with their adjacent, non-tumor samples by RT-qPCR, using the Human LncRNA
Profiler Array kit (System Biosciences, #RA900A-1). This commercial kit includes
the primers for the detection of a panel of 90 disease-related IncRNAs in humans
(https://www.systembio.com/Incrna-profiler-gpcr-array-kit-human), along with 5
reference genes (18S rRNA, RNU43, GAPDH, LAMIN A/C, and U6) for normalization
of expression results, and a negative reaction control.

2.4.2 RNA-sequencing
a. RNA sample preparation and sequencing

RNA sequencing (RNAseq) was performed to discover genes or pathways
altered after the overexpression of wildtype (WT) or mutant (MUT) miR-133b.
After transfection of two cell lines (A549 and H2126) with scramble, miR-133b%T,
or miR-133bMUT mimics, cell pellets were freshly obtained and flash-frozen in liquid
nitrogen. RNA was immediately extracted from frozen pellets using a miRVana™
miRNA isolation kit (ThermoFisher Scientific, #AM1560). Three replicates were
performed for every condition of the experiment.

Before shipping the samples in dry ice to GENEWIZ (Leipzig, Germany), the
concentration, purity, and integrity of extracted RNA were checked using an
Agilent TapeStation Instrument. An RNA Integrity Number (RIN) threshold of at
least 8 was considered optimal for RNA sequencing. Finally, a strand-specific
RNAseq, with poly(A) selection and 20-30 million reads per sample was
performed.

b. Quality check and initial data filtering

‘FASTQC’ (v0.11.9) was used for the initial quality check (QC) of raw FASTQ
files downloaded after completion of the sequencing. Reads were aligned to the
GRCh30.d1.vd1 human genome from GDC, and BAM files were obtained using STAR
(v2.6.0b). BAM general QC was performed using ‘qualimap’ (v2.2.1), and the read
counts per gene were calculated using ‘HTSEq’ (v2.0.2) with the following
parameters: htseq-count -m intersection-nonempty -f bam -t exon -i gene_id -r pos -s
reverse.

Data were first filtered by removing expression counts from unaligned
reads (__not aligned), non-unique alignments (__alignment_not_unique), low
alignment quality (__too_low_aQual), ambiguous association to more than one gene
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(_ambiguous), and not associated to any feature defined in GENCODE
(__no_feature). Genes without >=10 reads in at least 2 samples were filtered out.

c. Expression data analysis

For the analysis of differential expression, ‘DESeq2’ (Bioconductor 3.15)
with independent filtering was used, specifying a threshold of alpha = 0.01, and
abs(logFC) > logz(1.5). Graphs were plotted using ggplot2 R package.

d. Pathway analysis

First, low-expression filters were applied, and genes were ranked by their
shrunken logFC. The mean of logFC was taken for duplicate gene names
corresponding to different Ensembl genes IDs. Then, ‘fgsea()’ was used against the
whole MSigDB database. Also, ‘collapsePathways()’ was used to simplify the list of
pathways and remove the redundant ones, pre-filtering the list of pathways by
padj < 0.05.

2.4.3 CRISPR-screening

A CRISPR-screening was performed to discover which collateral
dependencies appear after knocking out the PKP1 oncogene in the LUSC cell line
SK-MES-1. The top candidate genes could be a source of resistance and/or
potential co-targets of a future molecular therapy against PKP1 in LUSC.

In brief, a lentiviral, whole genome-targeting library of sgRNAs is used to
infect the cell lines, and they are kept in culture for growth selection for 21 days.
After that time, cells are collected, the DNA is extracted, and next generation
sequencing (NGS) is performed to analyze the enrichment or loss of sgRNAs. Those
sgRNAs that are depleted from the KO populations, but not in the control, are
essential genes for the KO cell, and therefore, potential collateral dependencies or
vulnerabilities that arise after targeting the KO gene in a molecular therapy (Figure
9).

a. Lentiviral library preparation and titration

Prior to the screening, lentivirus containing the CRISPR/Cas9 system were
delivered to the 3 cell lines (parental SK-MES-1, PKP1-KO1, and PKP1-KO2) and
selected after infection to ensure stable SpCas9 expression. The human CRISPR
Knockout Pooled Library Brunello (Addgene, #73178) was expanded in HEK-293T
cells and packaged into lentiviral particles as described by (Thomsen & Mikkelsen,
2019). The Brunello library contains 76,441 sgRNAs targeting 19,114 human genes
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(4 sgRNAs/gene), and its integrity was regularly checked by sequencing after
every expansion.

For the titration of the library prior to its use, 100,000 cells/well were
plated in 6-well plates, and then serial dilutions of the virus ranging from 10-2 to
10-¢ were prepared. Two days after infection, puromycin (2 ng/pL) was added to
the medium for selection of successfully infected cells. Cells were left in culture for
2 weeks, and then 0.6% methylene blue in methanol was added to visualize the
colonies. The number of colonies was then counted, and the colony forming units
(CFU) per mL of virus was calculated.

Lentiviral genome-wide
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Figure 9. Schematics of a genome-wide CRISPR-screening protocol for the detection of collateral
dependencies appearing after the KO of an oncogene under study.

b. Lentiviral library infection and selection

To ensure enough coverage of the screening (at least 500 cells/sgRNA), 80
million SK-MES-1 control, KO-1 and KO-2 cells were plated in 20 T-175 flasks per
condition. One day after seeding, cells were infected with the Brunello library
(MOI=0.5) and three days later puromycin (2 ng/pL) was added to the growth
medium for selection of positively infected cells.

Cells were trypsinized, counted, and 80 million cells per condition were
replated into T-175 flasks every 2-3 days, keeping the puromycin selection until
day 10 after infection, when half of the cells (40 million) were pelleted (t=7 days
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post puromycin selection), and the rest were kept in culture for another 14 days
(until t=21 days post puromycin selection).

c. gDNA extraction and NGS sample preparation

Cell pellets were resuspended in 12 mL of lysis buffer (10 mM Tris-HCl, 1
mM EDTA, 0.5% SDS, 150 mM NacCl, pH=10.5) and 60 uL of proteinase K (Sigma-
Aldrich, #539480) were added. The lysis reaction was incubated overnight at 55°C,
and then an ethanol/salt DNA precipitation was performed.

Next, to amplify the sgRNA region before PCR, a large-scale PCR protocol
optimized by Dr. Emil A. Thomsen from Giehm’s lab was used. Briefly, it was
estimated that approximately 26 PCR reactions/sample using 10 pg of gDNA as a
template are necessary to maintain coverage. Reactions were set up using Ex-
Tag® DNA polymerase (Takara Bio, #RR01CM), and a set of 22 forward primers,
each one containing a different stagger region, are used to increase library
diversity and to prevent sequencing errors during NGS. The next PCR cycling
protocol was followed:

Hold PCR (%26 cycles) Hold
94 °C 94 °C
1 min 30s 72°C r2°C
61 °C 30s 10 min
30 s 4°C
o0

An aliquot of one PCR reaction/sample was run in a 1% agarose gel to check
the proper functioning of the PCR by appearance of a sole band. Then, all the
reactions from the same sample were pooled together and a magnetic bead DNA
purification was performed using HighPrep™ PCR Clean-Up system (Magbio, #AC-
60050), following the manufacturer’s recommended protocol. Finally, purified
DNA concentration was measured in a Qubit™ fluorometer (ThermoFisher
Scientific, #Q33327) before shipping the samples to the NGS facility.

d. NGS analysis

Library preparation and NGS (I[llumina NovaSeq 6000, 650-800M reads)
were performed at MOMA NGS Core Center (Department of Molecular Medicine,
Aarhus University Hospital, Denmark). The initial quality check was performed
using ‘FASTQC’ (v0.11.9). Next, ‘cutadapt’ (v2.10) in Python (v3.8.5) was used to
trim down the reads to the sgRNA region, and then ‘bowtie’ (v1.3.0) was used to
map the reads to all the sgRNAs of the Brunello library. Finally, the statistical
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analysis was performed using the JACKS tool (Allen et al, 2019), and further
network analysis was performed using ‘FDRnet’ (L. Yang et al., 2021) and the
STRING database.
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2.5 Bioinformatic methods, statistics, and ethics

2.5.1 Omics databases and bioinformatic analysis tools

The following databases and online tools were employed for the purposes
thereafter detailed:

- UCSC Genome Browser (https://genome.ucsc.edu/): primer design, in
silico PCR, genome loci and gene annotations visualization.

- Ensembl v109 (https://www.ensembl.org/): download of cDNA
sequences, identification of isoforms and transcripts.

-  TGCA/cBioportal (https://www.cbioportal.org/): download of RNAseq
data from external LUAD cohorts.

- miRbase v22.1 (https://www.mirbase.org/): sequence and annotation
retrieval of mature and pre-miRNAs.

- TargetScan  v8.0  (https://www.targetscan.org/) and _ miRDB
(https://mirdb.org/): prediction of miRNA targets.

- DepMap portal (https://depmap.org/portal/ccle/): includes the Cancer
Cell Line Encyclopedia (CCLE), containing gene expression and mutation
data for most cancer cell lines.

- Synthego’s Inference of CRISPR Edits (ICE) (https://ice.synthego.com):
analysis of CRISPR gene edition efficiency from Sanger sequencing files.

- STRING v11.5 (https://string-db.org/): obtention of a map of protein-
protein interactions.

- Metascape v3.5 (https://metascape.org/): meta-analysis of a list of
genes, including pathway analysis and protein interactions.

2.5.2 Analysis of TCGA-LUAD data

Raw RNA-Sequencing (RNA-Seq) gene expression counts were downloaded
from the TCGA-LUAD project (n = 533) using the Genomic Data Commons Data
Transfer Tool (v 1.4.0) (May 9th, 2019). RNA-Seq data were analyzed using the R
package ‘edgeR’ (R version 3.5.3, Bioconductor version 3.8). Data were normalized
using the trimmed mean of M-values method, and the counts per million (CPM)
were extracted for DLG2-AS1 (ENSG00000274006.1) and for DLG2
(ENSG00000150672.15).
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2.5.3 Statistical analysis

GraphPad Prism 9.0.0’s two-tailed Student’s t-test considering the mean
values, the standard deviation, and the number of replicates (at least, three) was
used to determine whether the difference between two sets of normally
distributed data is significant (p-value < 0.5).

Correlation between the expression of DLGZ2 and DLG2-AS1 was calculated
using Pearson’s correlation test. For the ROC curves, we fitted logistic regression
models to predict the classification of samples as “tumor” or “normal” based on
gene expression, using the R package ‘pROC’ (R v3.5.3).

2.5.4 Ethics for human patients and animal procedures

RNA samples from LUAD patients were obtained from the Basque Biobank
(Bilbao, Spain). Participants provided written consent in accordance with the
procedures of the Declaration of Helsinki and the institutional and national
guidelines. Seventy tumor samples were taken from primary malignant LUAD
tumors, as well as their adjacent non-tumor tissues, based on macroscopic
examination by trained pathologists. The study was approved by the Ethics
Committee (CEI Granada), Department of Health, Andalusian Regional
Government, and by the Basque Foundation for Health Innovation and Research,
Spain.

The animal research procedures were performed following the European
Directive 2010/63/EU. The PhD candidate who performed the experiments is
habilitated for mice and rats care, euthanasia, and experimentation (FELASA
functions A, B, and C, capacitation certificate #EXP-001057).
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Chapter 3. Characterization of novel
IncRNA biomarkers for LUAD

This chapter will address Objective 1.1. Here, we aimed to characterize
IncRNAs whose expression is dysregulated in LUAD patients and could
therefore be used as diagnostic or prognostic biomarkers for the disease. Most
of the contents from this Chapter are compiled in our publication: “DLG2-AS1
as a novel biomarker for lung adenocarcinoma.” (Arenas et al., 2020).

3.1 Background

Because most research up to date searching for novel biomarkers and
altered genes in cancer has focused on the protein-coding part of the genome,
in our group we aimed to discover and characterize novel non-coding
elements that appear altered in LUAD patients. In here, we focused on
IncRNAs, which as previously discussed in Chapter 1, are greatly versatile
molecules with an important role in gene expression regulation. Overall,
IncRNAs exhibit a range of qualities that makes them interesting candidates as
biomarkers for cancer, and, in some instances, they even surpass protein
biomarkers or protein-coding mRNAs in terms of:

1. Stability: IncRNAs show high stability when circulating in body fluids,
especially if they are encapsulated into exosomes or lipoproteins
(Bolha et al., 2017). In addition, they can withstand harsh conditions,
such as several freeze-thaw cycles, and up to 24 h at room temperature,
without affecting their measured expression levels by RT-qPCR in
plasma samples from lung cancer patients (Yuan et al., 2020).

2. Specificity: overall, IncRNA expression patterns display a higher tissue-
and cell type-specificity than protein-coding genes (C. Jiang et al.,
2016), which makes them useful biomarkers for specific tissues or
cancer types.

3. Quantifiability: IncRNAs can be easily quantified using RT-qPCR, a well-
stablished and relatively low-cost detection method. Also, some panels
of disease-related IncRNAs and microarrays are already commercially
available for a higher throughput (P. Qi et al,, 2016).
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4. Accessibility: IncRNAs dysregulation in primary tumors is mirrored in
the circulating IncRNA levels in several body fluids, including whole
blood, plasma, urine, and saliva. This reduces the need for invasive
procedures such as biopsies and allows for frequent monitoring of
cancer progression (Bolha et al,, 2017).

There are several examples of clinically relevant IncRNAs as cancer
biomarkers, such as PCA3 (prostate cancer), MALAT-1 (lung cancer), HOTAIR
(oral squamous cell carcinoma), and H19 (gastric cancer) (Bolha et al.,, 2017).
Of note is the case of PCA3, which was approved by the FDA in 2012 for its use
in patients under suspicion of requiring a biopsy for the diagnosis of prostate
cancer (G. L. Lee et al,, 2011). Therefore, in this chapter, we will address the
discovery and characterization of novel IncRNAs as potential biomarkers for
LUAD.
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3.2 Results

3.2.1 Selection of a candidate IncRNA

First, to select a IncRNA candidate dysregulated in LUAD, an initial RT-
qPCR screening was performed using a commercial panel of disease-related
human IncRNAs (Human LncRNA Profiler® kit from System Biosciences).
With such panel, we measured the expression of 90 disease-related IncRNAs in
5 initial LUAD samples from patients, each one with its paired, adjacent, non-
tumor tissue. We found 3 IncRNAs (EZ2F4-antisense, DLG2-AS1, and lincRNA-
SFMBTZ2) which were downregulated (tumor/normal fold change < 0.66) in all
of the 5 patient samples (Figure 10). DLG2-AS1 was selected as our main
candidate for further validation because no cancer-related studies were
published about it and, moreover, it was the candidate that presented the best
amplification results after running the qPCR products in an agarose gel
(Supplementary Figure 1).

R A R B SRS T A SR B
A R T
gt e T W
4

o
& ¥
& Ed

Figure 10. Heatmap of the expression of 90 IncRNAs included in the Human LncRNA Profiler ®
kit (System Biosciences) in an initial screening of 5 LUAD patients.

3.2.2 DLG2-AS1 is downregulated in LUAD patients

After designing a new pair of specific oligonucleotides for DLG2-AS1, we
performed RT-qPCR on the rest of our 70 patients cohort to measure the
expression levels of DLG2-AS1 in LUAD and paired, non-tumor RNA samples.
Five patient samples (#19, #28, #33, #34, and #41) were discarded due to low
quality amplification, possibly because of RNA degradation. The expression of
DLG2-AS1 in the remaining tumor samples (n=65) were lower than those
observed in the paired, non-tumor samples (p<0.0001) (Figure 11A). Out of
the 65 patients, 67.7% of them (44/65) presented DLGZ2-AS1 downregulation
in the tumor sample (Figure 11B), thus showing, for the first time, that DLG2-
AS1 is downregulated in LUAD patients, which could suggest a tumor
suppressor role of this IncRNA in LUAD (Arenas et al., 2020).
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Figure 11. (A) DLG2-AS1 expression in normal and tumor paired samples. (B) Tumor/normal
fold change (FC) of DLG2-AS1 expression in the 65 LUAD patients. Shown in a darker color are
the patients who presented DLG2-AS1 downregulation (FC < 0.66). *** = p-value < 0.001.

3.2.3 Phenotypical assays in DLG2-AS1 restoration cell models

To further explore the tumor suppressor role hypothesis, we tried to
perform some functional studies on the DLG2-AS1 gene to unravel whether it
has any cancer-related functions. We first generated a vector construction
containing the DLGZ2-AS1 gene sequence (pLVX-DLG2AS1-IRES-zsGreenl), and
we used the same plasmid without the DLG2-AS1 sequence as an empty vector
(EV) control (pLVX-IRES-zsGreen, Clonetech #632187). The pLVX-DLG2AS1-
IRES-zsGreen1 lentiviral vector contains the sequence of the DLG2-AS1 gene
under the control of the cytomegalovirus (CMV) strong promoter, followed by
an internal ribosome entry site (IRES) that links the expression of DLG2-AS1 to
the expression of a green fluorescent protein (zsGreenl) used as a reporter
gene for selection of successfully infected cells.
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We first delivered both vectors to the A549 LUAD cell line by transient
transfection, and then checked by RT-qPCR that the overexpression of DLG2-
AS1 was successful. Although DLG2-AS1 overexpression was evident, the
DLG2-AS1 expression levels decayed over time in 72 hours (Figure 12A). Thus,
we considered that a lentiviral, integrative delivery was perhaps more
adequate to conduct long-term experiments such as a colony assay. Therefore,
we generated LVs, and we infected three LUAD cell lines (A549, H1944, and
H23) to obtain three DLGZ2-AS1 stable-over-time overexpression models
(Figure 12B).
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Figure 12. DLG2-AS1 overexpression measurement by RT-qPCR in a transient model (A), and an
integrative, stable-over-time one (B). Error bars in (A) represent technical replicates and not
biological ones, therefore no statistical test was performed. * = p-value < 0.05

Once the models were obtained, we used them to perform resazurin,
cell colony, and scratch wound-healing assays to test if DLG2-AS1 restoration
was affecting cell viability, clonogenicity, or migration, respectively.
Unfortunately, according to our results in these restoration models, no
statistically significant phenotypical changes were observed for any of these
cancer hallmarks, as there were no differences between EV- and pLVX-
DLGZ2AS1-infected cells in terms of cell viability, clonogenicity, or migration (

Figure 13).

3.2.4 DLG2-AS1 does not act as a cis-regulator for DLG2

Next, due to previous evidence showing that some antisense IncRNAs
may exert their function by up- or downregulating their overlapping protein-
coding genes (Villegas & Zaphiropoulos, 2015), we studied whether there was
any correlation between the expression of DLG2-AS1 and the expression of its
overlapping protein-coding gene, DLGZ. First, we studied the expression levels
of DLG2-AS1 and DLGZ in a set of 20 matched tumor-normal patients, finding
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no significant correlation (Pearson correlation r = 0.378, p = 0.1, n = 20)
(Figure 14A). To corroborate this result, we also analyzed an external dataset
of 12 tumor-normal paired samples from LUAD available at the TCGA data
portal (https://portal.gdc.cancer.gov). Analysis of this external dataset further
confirmed the lack of correlation between DLGZ2-AS1 and DLGZ in patient
samples (Pearson correlation r=0.16, p = 0.62,n = 12) (Figure 14B).

8 A549 54 H1944

> EV
-+ pLVX-DLG2AS1

-« EV
-+ plLVX-DLG2AS1

Relative fluorescence
£
Relative fluorescence

oh 24h 48h 72h oh 24h 48h 72h
Time after transfection Time after transfection
C 51 H23 D
44
L]
Qo
c
@
o
£
':o; - EV
= -+ pLVX-DLG2AS1
o
22
5
3
.4
14
0 r T T T
oh 24h 48h 72h
Time after transfection
100
200+ =
3 -
- A549 3 804 A549
150 2 H23
£ B3 Has & =
3 3 H1944 g 604 [ H1944
e -_—
% 1004 S
- -
- £ o1
4 g
zZ gl 5
32 204
0- [E
S ¢ B¢ &,fo" ¢ s & & ¢ &
o o o >
vc’ v@ % Vc’ \5’ \9
+9 by k) +9 by o
5 & & § & &
L < Q d q 4

Figure 13. Functional assays performed in three LUAD cell lines (A549, H1944, and H23),
comparing DLG2-AS1 restoration (pLVX-DLG2AS1) versus empty vector control (EV). We
observed no significant differences between pLVX-DLG2AS1 and EV cells when measuring cell
viability by resazurin assay (A, B, C), cell clonogenicity by a colony assay (D, E), and cell
migration by a scratch-wound healing assay (F).
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Figure 14. Correlation plots of DLG2-AS1 (X-axis) and DLG2 (Y-axis) in (A) a subset of our 65
LUAD patient samples (n=20), and (B) the LUAD patients from TCGA portal which presented
some detectable DLG2-AS1 expression (n=12).

Furthermore, we also measured DLGZ2 expression by RT-gqPCR in the
DLG2-AS1 restoration models we had previously generated, and we observed
that the mRNA levels of DLG2 were unaffected by DLG2-AS1 overexpression
(Figure 15A). Finally, we also considered that some IncRNAs may regulate
gene expression at a translational level by interacting with the ribosome
(Zucchelli et al., 2015). Such IncRNAs might not affect the mRNA expression
levels of the genes they are regulating, but directly their protein expression
levels. To fully discard this option, we measured the expression of the DLG2
protein by Western blot after introducing a plasmid containing DLG2-AS1
(pLVX-DLG2AS1) or the empty vector (EV). However, we observed no
significant differences in DLG2 protein levels between pLVX-DLG2AS1 and EV-
transfected cells (Figure 15B). Therefore, we ruled out DLG2-ASI mRNA
expression as a regulator of DLG2 expression in LUAD patient samples.
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Figure 15. DLGZ expression in the DLG2-AS1 overexpression models of LUAD cell lines (A549,
H1944, H23), both at RNA levels by RT-qPCR (A), and protein levels by Western blot (B).
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3.2.5 DLG2-AS1 shows a good potential as a biomarker for LUAD

Lastly, we assessed the usefulness of DLGZ2-AS1 expression as a
biomarker for the classification of samples as tumor or normal. Using the data
from our patient cohort (n = 65 tumor-normal pairs), a receiver operating
characteristic (ROC) curve was generated. For each possible threshold value of
DLG2-AS1 expression, samples were classified as tumor or normal based on
whether DLG2-AS1 expression was below or above the threshold. Sensitivity
and specificity of the classification were assessed for each possible threshold
value, and they were plotted yielding the ROC curve. Then, the area under
curve (AUC) was calculated as a measure of the idoneity of DLG2-AS1
expression to distinguish between tumor and normal patients. The AUC of
DLG2-AS1 was 0.726 (95% CI = 0.638-0.815) showing a threshold of -0.916
for logz (Delta-Cq), an optimal specificity of 80%, and a sensitivity of 60%
(Figure 16A). To compare its specificity and sensitivity with other well-known
cancer biomarkers (C. H. Wu & Hwang, 2019) and cancer-related IncRNAs (T.
Lu et al,, 2018), we calculated the ROC curves of the EGFR and TP53 genes, as
well as the oncogenic IncRNAs MALAT-1 and NEAT1, using TCGA-LUAD data.
We obtained AUC values of 0.539, 0.703, 0.542, and 0.573, respectively, which
are considerably lower than the AUC values obtained for DLG2-AS1 (Figure
16B).
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Figure 16. (A) Receiver operating characteristic (ROC) curve and area under curve (AUC) value
of DLG2-AS1 expression in our cohort of LUAD patients. (B) ROC curves and AUC values of other
LUAD biomarkers (EGFR, TP53, MALAT-1, and NEAT1), obtained from TCGA data.

Furthermore, to put in context the value of DLG2-AS1 as a LUAD IncRNA
biomarker, we downloaded gene expression data from TCGA and classified the
patients according to their MALAT-1 or NEAT1 expression, two of the most
studied IncRNAs in lung cancer, which are validated as LUAD biomarkers (Ji et
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al, 2003; Yu et al, 2017). We calculated the fold change (FC) between the
tumor and the non-tumor sample of 57 patients where both of those data were
available in TCGA (a similar cohort size to our 65 LUAD paired samples), and
we classified the patients based on whether they presented MALAT-1 or
NEAT1 upregulation (FC >1.5), no change in expression (0.66 < FC < 1.5), or
downregulation (FC < 0.66), in a similar manner as we did for DLG2-AS1
(Table 2).

Table 2. Expression status of DLG2-AS1, MALAT-1, and NEAT1 in our patient
cohort (n=65, DLG2-AS1) or TCGA (n=57, MALAT-1 and NEAT1).

Gene Expression status % of patients

Upregulated 4.6

DLG2-AS1 No change 27.7

Downregulated 67.7

Upregulated 21.1

MALAT-1 No change 42.1
Downregulated 36.8

Upregulated 28.1

NEAT1 No change 24.5
Downregulated 47.4

Patients were classified according to their tumor/non-tumor fold change (FC)
expression of the genes: upregulated = FC>1.5; no change = 0.66<FC<1.5;
downregulated = FC<0.66.

Taking all this into consideration, DLG2-AS1 proved to be a better
biomarker than the IncRNAs MALAT-1 and NEAT1 in cohorts of similar size.
Together with the rest of results presented in this section, DLG2-AS1 is
proposed as a novel IncRNA tumor biomarker for LUAD (Arenas et al., 2020).
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3.3 Discussion

There is a growing body of evidence suggesting that the dysregulation
of IncRNAs is associated with several human diseases, including lung cancer,
where IncRNAs play a significant role in diagnosis, prognosis, and treatment
(T.Lu et al, 2018). In fact, several studies have proven the value of IncRNAs as
cancer biomarkers in the clinic. PCA3 is used as a biomarker for prostate
cancer, complementing the PA test in patients under the suspicion of requiring
a biopsy (G. L. Lee et al,, 2011), and serving also as a prognosis biomarker,
since its expression levels correlate with tumor aggressiveness (Bolha et al,,
2017). For NSCLC, current biomarkers used in the clinic are mostly tumor-
secreted proteins, such as CEA, NSE, CA125, or CYFRA21-1. Despite their high
sensitivity, these protein biomarkers display overall a low specificity (P. Qi et
al, 2016). In comparison, the expression signature of three IncRNAs, SPRY4-
IT1, ANRIL, and NEAT1, showed an AUC of 0.876, with an 82.8% sensitivity
and a 92.3% specificity. In addition, the circulating levels of these IncRNAs
correlated well with tumor size, with higher levels indicating a higher tumor
burden (Hu et al., 2016). Therefore, the identification and research of cancer-
associated IncRNAs is critical for understanding the roles of IncRNAs in the
carcinogenesis and improving the current clinic.

For the first time, in here we propose the IncRNA DLG2-AS1 as a
potential biomarker for LUAD (Arenas et al., 2020). DLG2-AS1, also known as
AP001825.2 (NCBI Gene ID: 100302690), is an antisense IncRNA within the
first intron of the overlapping protein-coding gene DLGZ2 (Disks Large
Homologue 2). DLG2-AS1 and DLGZ are mainly expressed in brain adult
tissues, as DLG2 is a MAGUK family protein for which a role in NMDA-receptor
assembly has been proposed (E. Kim et al,, 1996). DLG2Z is a homologous
protein to Drosophila’s dlg-A, which is considered a tumor suppressor protein
(Mazoyer et al., 1995). In humans, a DLG2 isoform was overexpressed in renal
oncocitoma (Zubakov et al., 2006). Regarding DLG2-AS1 expression, one study
showed a downregulation in brain tissues from patients with schizophrenia
(Polesskaya et al., 2003). However, before our study, no information of DLGZ2-
AS1/DLGZ2 in lung cancer was published, which makes our results on DLG2-AS1
downregulation in LUAD patients a novel discovery (Arenas et al., 2020).

Gene expression regulation roles of IncRNAs depend on their molecular
way of action, including interfering with transcription, serving as ceRNAs,
mRNA maturation, mRNA stability or translation, among others (Peinado et
al, 2018). LncRNAs may act regulating in cis the expression of neighboring
genes, or in trans modulating distant gene expression. Antisense IncRNAs like
DLG2-AS1 are transcribed from the opposite strand of other genes, and they
usually regulate in cis the expression of their overlapping protein-coding
genes (Villegas & Zaphiropoulos, 2015). However, according to our results,
there is no correlation on the expression of DLG2-AS1 and DLGZ2, neither in
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patient samples nor in our DLGZ2-AS1 restoration cell models. In external data
from TCGA (n=582 patients), DLG2-AS1 expression was very low and only
detectable in 12 patients. Therefore, we could not perform a correlation
analysis for DLGZ and DLG2-AS1 in a larger cohort. Although our results do not
support the modulating role in cis of DLG2-AS1 over DLG2 expression, other
regulating roles in trans could be discovered in future mechanistic studies, as
was done with other trans-acting IncRNAs like HOTAIR, NEAT1, or Braveheart
(Zampetaki et al., 2018). The methodology for these mechanistical studies,
however, is complex. For example, HOTAIR forms an intricate secondary
structure that was determined by chemical probing (Selective 2’-Hydroxyl
analyzed by Primer Extension, or SHAPE), and thus, some binding domains to
PRC2 were discovered (Somarowthu et al., 2015). NEATI’s function as a
structural scaffold for nuclear paraspeckles was also discovered by SHAPE
probing, combined with complex computational analyses (Y. Lin et al., 2018).
Finally, Braveheart is a IncRNA that promotes cardiovascular lineage
commitment thanks to its binding to a zinc finger transcription factor, which
was discovered after selective CRISPR deletions of G-rich motifs in its
sequence, followed by immunoprecipitation of bound factors (Z. Xue et al,,
2016).

One important limitation of our study is the use of ectopic
overexpression models for the study of a IncRNA’s function. As discussed in
Chapter 1, sometimes IncRNAs exert their function by activating or silencing in
cis neighboring genes upon their own transcription, independently from the
IncRNA transcript itself (Engreitz et al, 2016; Paralkar et al.,, 2016). If this
were the case for DLG2-AS1, neither an ectopic plasmid overexpression, or a
lentiviral integration model of DLG2-AS1’s RNA molecule would be helpful to
unravel their functions and phenotypical effects. This could explain the lack of
phenotype, as well as the lack of correlation between DLGZ2 and DLGZ2-AS1
expression observed when overexpressing DLGZ2-AS1 in LUAD cell lines. In
general, IncRNAs possess unique biological properties and roles that make
their functional study challenging (Morelli et al, 2021). For trans-acting
IncRNAs, finding the interactions of a IncRNA and performing complex
mechanistical studies can be daunting for non-specialized laboratories, as the
previous examples of HOTAIR, NEAT1, and Braveheart's characterizations
show (Y. Lin et al., 2018; Somarowthu et al., 2015; Z. Xue et al., 2016). For cis-
acting and overlapping IncRNAs within protein-coding genes, it is difficult to
genetically manipulate their expression without affecting the neighboring
genes. One of the technologies that has allowed the study of IncRNAs within
their genomic context is the CRISPR genome editing technology. The CRISPR
technology has been used to provide evidence of IncRNAs acting in cis
unlinking their function from the RNA transcript, for example, by inserting
premature polyadenylation sites, or substituting the IncRNA exons by a
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reporter gene (Mattick et al., 2023). In addition, the CRISPRa technology is a
great tool for gain-of-function studies of IncRNAs because of two main
reasons: (i) it overexpresses a target gene by activating transcription directly
at the genomic locus, therefore conserving all the cis-regulatory implications
of IncRNA expression (Morelli et al.,, 2021), and (ii) it works better with lowly
expressed genes, as it is usually the case for IncRNAs, allowing high
overexpression levels within the physiological range.

Because none of our phenotypical assays (cell viability, clonogenicity,
and migration) displayed a positive result, we could not demonstrate DLG2-
AS1’s role as a tumor suppressor IncRNA in LUAD. However, in order to totally
discard DLG2-AS1 from being a bona fide tumor suppressor gene, it would be
necessary to check if DLG2-AS1 is involved in other cancer-related processes,
such as angiogenesis, immune evasion, or metastasis (Hanahan, 2022). The
further study of these complex cancer hallmarks would require animal
models, which unfortunately were beyond the scope of our study.

Finally, we were interested in determining whether DLG2-AS1 can
serve as a good diagnostic biomarker for LUAD patients. The ROC curves that
we conducted to analyze the diagnostic power of DLG2-AS1 showed that DLG2-
AS1 has a relatively high diagnostic value for LUAD patients (AUC = 0.726) in
comparison with other broadly studied and validated LUAD biomarkers
(EGFR, TP53), as well as other IncRNAs with proven clinical value (MALAT-1,
NEATI). In different cohorts to ours, MALAT-1 displayed AUCs of 0.79 and
0.703 for circulating and exosomal MALAT-1, respectively (T. Lu et al., 2018).
Also, for comparison, the FDA-approved PCA3 has an overall AUC of 0.75
(Bolha et al., 2017). All these results suggest a potential use of DLG2-AS1 as a
LUAD biomarker for the diagnosis of the disease. Nevertheless, further
analyses, such as its detection by RT-qPCR in exosomes or by liquid biopsy,
would be necessary to completely validate its clinical use as a LUAD
biomarker, as has been done with other IncRNAs. This is in fact one limitation
of the use of IncRNAs as biomarkers for diseases: despite their high tissue-
specificity, they are usually very low-expressed, and sometimes RT-qPCR or
microarrays are not sensitive enough for the detection of circulating IncRNAs
in blood plasma (T. Shi et al.,, 2016). Because of this, it is proposed that some
IncRNA markers might be better used in combination with other IncRNAs or
traditional protein markers, as this typically yields a better diagnostic power,
with higher sensitivity, specificity, and AUC values (T. Lu et al,, 2018). This
could open a new research line for DLG2-AS1, aiming to detect it in exosomes
or as a circulating IncRNA in blood plasma, and testing its performance as a
LUAD biomarker in combination with others.
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Chapter 4. Validation of the oncogenic
potential of a mutated miRNA

This chapter will address Objective 1.2. In here, we tried to validate the
oncogenic driver potential of a miRNA, miR-133b, which was found mutated in
LUAD patient samples, thus being another possible biomarker for early diagnosis
or prognosis, or a target for therapy. In section 4.1 we provide a brief background
on the previous work performed in our research group until the discovery of the
mutation of miR-133b in LUAD patients. Then, we proceed with the novel results
we obtained in section 4.2, and a discussion on the matter in section 4.3.

4.1 Background

4.1.1 Mutations in miRNA seed regions are rare, yet existing

Traditionally, most research searching for genomic variants in cancer has
been focused on the protein-coding genome, while often overlooking non-coding
regions (Tan, 2020). The reasons for this are, among others, the poor annotation of
many non-coding genes, the lack of knowledge about the implications of mutations
in non-coding regions, and the higher cost of whole-genome sequencing (WGS)
compared to whole-exome sequencing (WES) (Tan, 2020). Therefore, our group
aimed to address this knowledge gap by identifying, validating, and characterizing
novel mutations in non-coding regions of the genome. To achieve this goal, we
performed a targeted deep-sequencing aiming for non-coding RNA regions,
including miRNAs, IncRNAs, intronic splice regions, proximal promoters, and 3’-
UTRs. We analyzed a cohort of 70 LUAD primary tumor samples, 27 of them with
their paired, non-tumor adjacent tissue samples; along with 37 LUAD-annotated
cell lines, and WES and WGS data we downloaded from the TCGA-LUAD project
(n=582 patients). Thus, we obtained a number of mutated candidates for further
experimental validation.

As it was already discussed in Chapter 1, miRNAs are important players in
gene expression regulation, and their expression is frequently altered in cancer.
However, because of their short length and their high sequence conservation,
mutations are very rare in miRNA genes, especially within the mature seed region
that determines its specificity and the binding to the target mRNA (Bartel, 2004).
For instance, in a pan-cancer analysis of more than 2,600 tumors, only one miRNA,
miR-142, was found recurrently mutated at the seed region in B-cell non-Hodgkin
lymphoma (Rheinbay et al., 2020), as also shown by a previous study (Kwanhian et
al,, 2012). Therefore, despite their rareness, mutations in the seed region of mature
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miRNAs can be drivers of disease, as is the example of miR-142 in lymphoma
(Kwanhian et al., 2012), or some seed-mutated miRNAs in other diseases apart
from cancer, such as miR-96 in progressive hearing loss (Mencia et al., 2009), or
miR-204 in retinal dystrophy (Conte et al., 2015).

4.1.2 The seed region of miR-133b is mutated in LUAD.

From our variant calling in non-coding regions, we found that, indeed,
mutations in the seed region of miRNAs were very rare. We discovered just five
variants, two in cell lines and three in primary tumors, which affected highly
conserved nucleotides within the seed region of a miRNA. The one that presented
the highest conservation score, and that was predicted to have the most
deleterious effect was a variant affecting miR-133b (chr6:52148992_G>T)
(Andrades, 2022).

The mutation of miR-133b was detected in the tumor sample of one patient
from our paired LUAD cohort (n=27), whereas the corresponding non-tumor
sample harbored the wildtype version of miR-133b. This indicates that the
mutation is not germline but somatic, suggesting a higher likelihood of a potential
oncogenic role. An analysis of additional miR-133b somatic variants in data from
the International Cancer Genome Consortium (ICGC) revealed two variants in the
miR-133b seed region in chronic lymphocytic leukemia and colon adenocarcinoma
samples, and 17 more variants across the MIR133B gene in other types of cancer,
including one in LUAD, albeit not in the mature miRNA (Andrades, 2022).

As it will be more extensively reviewed in the discussion section from this
Chapter (section 4.3), miR-133b is overall considered a tumor suppressor miRNA
dysregulated in lung cancer and several other cancer subtypes. This, together with
the variants that we and others found in its sequence, proposes mutant miR-133b
as a biomarker for some of these pathologies, or even as a potential therapeutic
target (D. Li et al., 2017). As such, we proceeded with the validation of the
oncogenic potential of this novel mutation of miR-133b in LUAD.
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4.2 Results

4.2.1 Detection of miR-133b mutation at gDNA and RNA levels

First, we aimed to experimentally validate the miR-133b mutations found in our
targeted sequencing. Because neither PCR nor qPCR are sensitive enough to detect
a one-nucleotide change, we decided to instead perform Sanger sequencing of a
specific PCR product from the MIR133B locus (Figure 17A). Thus, after designing
primers for the genomic DNA sequence of miR-133b (primers
miR133b_gen_Fw+Rv in Supplementary Table 1), we performed a PCR using the
patient samples’ gDNA, and extracted the amplified DNA for Sanger sequencing.
The sequencing data we obtained revealed that, indeed, the miR-133b mutation
(chr6:52,148,992; G>T) was present only in the tumor sample from the patient,
whereas the non-tumor, paired sample presented the wildtype sequence of miR-
133b (Figure 17B).
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Figure 17. (A) Screenshot of the UCSC Genome Browser depicting the genomic coordinates of the miR-
133b mutation (G>T). (B) Sanger sequencing of genomic DNA from the control non-tumor
(16D00523) and tumor sample (16D00524) of the patient harboring the miR-133b mutation. (C)
Sanger sequencing of the pri-miR-133b, showing the mutation at an RNA level.

However, just detecting the mutation at a genomic DNA level is not enough
to ensure that the mutant version of miR-133b is being expressed at an RNA level.
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Therefore, we next tried to Sanger sequence the primary RNA transcript of miR-
133b by designing primers that amplify a wider region (500 bp) up- and
downstream from the mature miRNA sequence, which we considered to be the pri-
miR-133b (primers pri-miR133b-Fw+Rv in Supplementary Table 1). Also, instead
of using gDNA, we performed the PCR using cDNA obtained after reverse-
transcribing the RNA from the patient samples. Again, the sequencing data showed
us that the mutation is present only in the tumor sample, and not in the non-tumor
one, which proved to us that the miR-133b mutation is present at both gDNA and
RNA levels (Figure 17C).

4.2.2 Mutant miR-133b has an oncogenic role in LUAD
overexpression cell models

Once the mutation was validated, we proceeded to analyze its oncogenic
potential by overexpressing both the wildtype (miR-133b%T) and mutant (miR-
133bMUT) versions of miR-133b in LUAD cell lines, in order to study phenotypical
differences between the two of them. We designed miR-133bWT/MUT mimics (Merck,
sequences shown in Supplementary Table 2) and we delivered them to three
LUAD cell lines: H2126, A549, and H1650, which presented high, average, and low
expression of miR-133b according to the CCLE database, respectively (Figure 18).

miR-133b expression in CCLE cell lines
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Figure 18. Expression of miR-133b in Iung adenocarcinoma (LUAD) cell lines according to CCLE
database. Selected cell lines are marked in color: H2126 (high expression), A549 (average), and H1650
(low).
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We first checked that overexpression of miR-133bWT/MUT mimics was
successful by measuring miR-133b RNA levels by RT-qPCR (Figure 19). Of note,
because miR-133bWT and miR-133bMUT differ just in the first nucleotide, a simple
RT-gPCR is not able to distinguish between the two of them, so both are measured
indistinctly using the same primer.
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Figure 19. Measure of miR-133b overexpression by RT-qPCR after transfection with miR-133bWT/MUT
mimics. Because it was measured just once as a check for successful overexpression, no statistical
analyses were performed.

Then, we conducted resazurin and colony assays with the transfected cell
lines to test any phenotypical changes in cell viability or clonogenicity. In terms of
cell viability, we did not obtain any significant differences for the A549 and H2126
cell lines (Figure 20A-B), and only the H1650 cell line showed a significant
reduction of cell viability when transfected with miR-133b"T compared to miR-
133bMUT (Figure 20C).

As for the colony assays, in this case the H1650 cell line formed very small
and irregular colonies, and it did not display any phenotypical difference (Figure
21A). However, we observed a clear tumorigenic effect of miR-133bMUT in the
H2126 cell line, as miR-133b"T did not show any phenotypical differences
compared to the scramble, whereas miR-133bMUT greatly increased the number of
colonies formed (Figure 21B). Finally, A549 transfected with miR-133b"T showed a
huge decrease in the number of colonies compared to the scramble, whereas miR-
133bMUT just brought down the number of colonies very slightly, as if the mutation
was “impairing” the tumor suppressor effect of miR-133b (Figure 21C). All this
showed, for the first time, an oncogenic effect of miR-133bMUT,
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Figure 20. Cell viability assays of A549 (A), H2126 (B), and H1650 (C) cell lines transfected with miR-
133b"T mimic, miR-133bMUT mimic, or the scramble control (scr).
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Figure 21. Representative colony assay pictures for A549 (A), H2126 (B), and H1650 (C). (D) Total
count of colonies (n=4). T-test statistical significance was considered when p-value < 0.05.
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4.2.3 Experimental validation of predicted miR-133b targets

Once we had demonstrated that the miR-133b mutation had an oncogenic
role, we aimed to look for downstream pathways and targets of both miR-133b"T
and miR-133bMUT that could explain the observed phenotype. We figured out two
hypotheses, according to the results of our phenotypic assays: either (i) miR-
133bMUT targets a tumor suppressor gene, hence its oncogenic effect, which would
fit with what we observed in the H2126 colony assays (Figure 21B); or (ii) miR-
133bW"T targets an oncogene which miR-133bMUT does not, therefore the oncogene
downregulation is lost after the mutation, which could explain the results observed
in the H1650 cell viability assay (Figure 20C) and the A549 colony assay (Figure
21C).

Because both previous research (L. Liu et al, 2012) and bioinformatic
predictions from our lab (Andrades, 2022) had identified the oncogene EGFR as a
miR-133b"T target, we initially selected it as our first candidate target along with
DICER1, a tumor suppressor gene that was a predicted target for miR-133bMUT, but
not miR-133b"T. We initially measured the protein expression levels of EGFR and
DICER1 by Western blot 48 hours after overexpressing miR-133bWT/MUT in LUAD
cell lines, thus testing our two hypotheses. However, we could not see any
consistent changes in any of the candidate genes in our cell models (Figure 22), so
we proceeded to search for novel experimental targets that could explain the
observed phenotype.
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Figure 22. Representative images of Western blots of predicted miR-133bWT/MUT targets. DICER1 and
a-TUBULIN were run in 6% acrylamide SDS-PAGE, whereas EGFR and [-TUBULIN were run in 8%
acrylamide SDS-PAGE. Densitometry measures were normalized by the respective reference gene (a-
TUBULIN or -ACTIN) and the scramble control (scr) condition.
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4.2.4 Discovery of novel experimental targets of miR-133bWT/MUT

To identify new genes or pathways that are targeted by miR-133bWT/MUT we
aimed to perform a biotin pull-down to detect direct miRNA-mRNA binding, and an
RNAseq for the detection of both directly and indirectly altered downstream
targets.

Before the pull-down, we first needed to test whether the biotin-labeled
miR-133bWT/MUT mimics that are necessary for the procedure are actually loaded
onto the RISC. Thus, we performed a biotin pull-down (see section 2.1.8) to check if
we were able to detect the AGO2 protein, a member of RISC, bound to our
biotinylated miRNA mimics. We first tried to synthesize the biotinylated mimics
ourselves, which presented the advantage of labeling several nucleotides within
the mimic sequence, thus increasing pull-down efficiency afterwards. However, we
failed to detect any RNA after the in vitro synthesis, possibly because of the short
length of the miRNA mimic, which prevents the T7 RNA polymerase from properly
binding to its promoter and start transcription. Therefore, to continue with the
experiment, we ordered some customized commercial miRNA mimics (Integrated
DNA Technologies - IDT, # 232691864/5) which were already labeled, albeit with
a single biotin molecule at the 5’-end. Unfortunately, according to our pull-down
results, these commercial mimics were either not being loaded onto RISC, or just
one biotin label was not enough to yield a detectable pulled-down amount of
miRNA mimic (Figure 23). Thus, we had to halt the pull-down experiment until this
technical issue is solved.

miR133b WT ~ miR133b MUT
+ - + Competitor

Input

AGO2

B-ACTIN e

Figure 23. Biotin pull-down of biotinylated miR-133b mimics. An AGO2 band would mean that the
miRNA mimic is being loaded onto RISC. The corresponding unbiotinylated miRNA mimic acts as a
competitor and can show whether the binding is specific.

Parallelly, in order to identify new direct or indirect pathways or genes
altered after miR-133bWT/MUT gverexpression, we performed an RNAseq using the
two cell lines where we observed a stronger phenotypic effect of miR-133pWT/MUT
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overexpression (A549 and H2126). The RNA sample preparation, sequencing and
data analysis were performed as previously described in section 2.4.2. The initial
QC analysis revealed that the sequencing data were of great quality. The number of
aligned reads was within the range of ~50-70 million reads, and both the principal
component (PC) analysis and sample-to-sample distance plot showed the three
replicates of each condition clustered very closely and distinctly from other
conditions (Figure 24).
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Figure 24. Quality control analysis of RNA-sequencing data. (A) Principal component (PC) analysis
across samples. (B) Sample-to-sample distance plot. Sample labels: A/H (A549/H2126), S/WT/MUT
(scramble/wildtype/mutant), 1/2/3 (# of replicate).
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Figure 25. Euler diagrams of commonly downregulated genes between WT and MUT (A), and between
the two cell lines (B).
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We obtained a large number of downregulated genes in the A549 and
H2126 cell lines after overexpressing miR-133b%"T or miR-133bMUT, compared to the
scramble. Interestingly, we detected very few downregulated genes in common
between the WT and MUT conditions in both cell lines, but a great overlap of
detected targets between the two cell lines (Figure 25). Furthermore, as depicted
in the volcano plots, there were more downregulated genes than upregulated
genes, which we expected given the overall gene expression repressive function of
miRNAs (Figure 26).
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Figure 26. Volcano plots of RNA-sequencing data. The top 10 downregulated genes, ranked by p-value,
are shown for every condition: A549 WTvsSCR (A), A549 MUTvsSCR (B), H2126 WTvsSCR (C), H2126
MUTvsSCR (D).

Moreover, we performed a gene set enrichment analysis (GSEA) for both
cell lines. The top common downregulated pathways for miR-133b"T were related
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to cytoskeleton, focal adhesion, and secretion, whereas miR-133bMUT pathways
were mostly related to vesicle trafficking (Figure 27).

focal adhesion § . Golgi apparatus subcempartmant .
cell-substrate junction . coated vesicle .
actin oytoskeleton - [ endoplasmic reticulum lumen [ ]
actin filament organization - .
9 . transport vesicle .
cell cortex -
® Golgi stack [ ]
secretory granule membrane | [ ] .
Count Golgi-associated vesicle [ ]
secrefory granule lumen - L ® 3 endoplasmic reticulum-Golgi ® Count
) ° intermediate compartment P
cytoplasmic vesicle lumen - [ ] 6
®: coated vesicle membrane o [
cortical cyloskelston ® @ ) ) ) [ X
Golgi-associated vesicle ° ®
il
cortical actin cyloskeleton - ) [ BB membrane
melanosome o
primary lysosome - [ ] padjust p.adjust
i pigment granule o
azurophil granule- [ ] 0.100 ois
" e COPIl-coated vesicle membrane 5 ®
nucleoside metabolic process - ® ot
05 0.1
s COPl-coated vesicl
azurophil granule membrane - ® nezs coated vesicle °
rough endoplasmic reticulum °
stress fiber- e membrane
contractile actin filament | ® vesicle coat ®
bundle
striated muscle thin filament- ® COP I vesicle coal] @
mRNA cleavage and
myofilament- ® polyadenylation specificity { ®
factor complex
microvillus membrane- ® platelet dense granule| ®
clathrin vesicle coat- ® WT vs SCR MRNA cleavage factor complex| ® MUT vs SCR
0.02 0.04 006 008 0.10 002 003 004 005 006 007
GeneRatio GeneRatio

Figure 27. Gene set enrichment analysis (GSEA) of the common top downregulated pathways in both
A549 and H2126 cell lines.

Finally, to choose our final candidates for future validation, we selected the
top 10 most-downregulated genes, ordered by p-value ranked product of the two
cell lines, and crossed those data with target predictions of the miRDB and
TargetScan databases and literature information on experimental validations and
oncogenic/tumor suppressor roles of the candidates for both miR-133b"T (Table
3) and miR-133bMUT (Table 4).

Table 3. Top 10 common miR-133b"" target candidates from RNA-sequencing

Rank Gene Oncogene? Predicted miR-  Validated miR- References
133bYT target 133bVT target
but not miR- according to
133bmMuT? literature?
1 ARPC5 Yes Yes No (Huang et al,,
2021)
2 TAGLNZ2 Yes Yes Yes (Z.Lietal,
2021;Y.Tang

etal, 2019; F.
Zhao et al.,
2019)
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3

PTBP1

Yes

Yes

Yes (Z.Lietal,
2021; Sugito et
al.,, 2017;
Sugiyama et al,,

2016)

FTL

Yes

Yes* (Z.Lietal,

2020)

TPM4

Yes

No

Yes* (Caporali et al.,

2021)

TPM3

Yes

No

No (S. Chen, Shen,

etal, 2021)

ARLG6IP1

Yes

No

No (Guo et al,,

2010)

CERS2

No

No (Aldoghachi et
al,, 2019; Fan

etal, 2015)

CKAP4

Yes

Yes

No (Kimura et al.,

2016)

10

CLTA

Yes

No (Tsygankova &

Keen, 2019)

*Only in one study. A “?” mark denotes conflicting reports on the exact tumorigenic role of the gene.

Table 4. Top 10 common miR-133bMUT target candidates from RNA-sequencing

Rank Gene Tumor Predicted miR- References
suppressor 133bMUT target
gene? but not miR-
133bvn?

1 CALU No, oncogene No (Y. Yangetal, 2021)
2 GOLGA4 No No -

3 QKI Yes Yes* (Caoetal, 2021)
4 FAM3C No, oncogene No (M. Shi et al., 2018)
5 RHOQ Yes No (Satoh et al,, 2022)
6 ENAH No, oncogene Yes* (D.D.Wang et al,,

2017)

7 GANAB Yes* No (Chiu et al,, 2011)
8 RIDA No No -

9 UXS1 No No -
10 PITPNB No No -
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4.3 Discussion

According to the miRbase database (https://www.mirbase.org/), the miR-
133 family of miRNAs comprises miR-133a-1 (chr18:21825698-21825785;
accession #MI0000450); miR-133a-2 (chr20:62564912-62565013, accession
#M10000451), which shares the same mature sequence than miR-133a-1, but is
found in a different chromosome; and miR-133b (chr6:52148923-52149041;
accession #MI0000822), which differs in just one nucleotide from the others.
Initially, it was thought that these miRNAs were muscle-specific and related to
skeletal muscle development (J. F. Chen et al., 2006). However, neither the deletion
of miR-133b, nor the overexpression of miR-133a had an effect in terms of muscle
regeneration, muscle function, or molecular changes in mice, possibly because of a
compensation effect by the other miR-133 member, or the action of the clustered
miR-1/miR-206 pair (Boettger et al.,, 2014; Deng et al.,, 2011).

The first association of miR-133b with cancer was done by Bandrés et al.
(2006), who found that miR-133b was one of the most downregulated miRNAs in
both colorectal cancer cell lines and patient samples (Bandrés et al., 2006). A later
lung cancer study showed that miR-133b was the most downregulated miRNA in
10 lung tumor samples compared to adjacent, non-tumor tissue. They also
demonstrated that miR-133b targets two antiapoptotic proteins, BCL2L2 and MCL-
1, and that the overexpression of miR-133b sensitized NSCLC cell lines to an
increased apoptosis response after treatment with gemcitabine (Crawford et al,,
2009). This suggested, for the first time, a tumor suppressor role of miR-133b in
lung cancer. Several later studies pointed in the same direction: miR-133b has a
tumor suppressor role in lung cancer by interacting with antiapoptotic and pro-
migration/invasion proteins such as the EGFR pathway or FSCN1 (Pan et al,
2017). Furthermore, miR-133b has been extensively studied in several other
subtypes of cancer, where it also has been found mostly downregulated, and it
appears to have a tumor suppressor role via interaction with different pro-
tumorigenic mechanisms, including apoptosis inhibition, sustained cell
proliferation, the Warburg effect, angiogenesis, migration, and invasion (D. Li et al,,
2017).

Interestingly, one of the first studies of miR-133b in NSCLC was the one
conducted by Liu et al. (2012), who showed that EGFR is targeted by miR-133b,
enhancing apoptosis and drug response, and inhibiting cell invasion (L. Liu et al,,
2012). Although previous work from our group also found EGFR as a predicted
target of miR-133b"T, but not miR-133bMUT (Andrades, 2022), we failed to replicate
these results in terms of EGFR protein downregulation after transfection with miR-
133b mimics, nor was EGFR detected as a hit in our RNAseq analysis.

We demonstrated with our phenotypical assays that miR-133bMUT has
oncogenic potential in terms of cell clonogenicity in at least two LUAD cell lines.
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We observed two distinct phenotypes which could be explained by different
mechanisms of action of miR-133bMUT: either by directly downregulating a tumor
suppressor gene, or by interrupting the tumor suppressor activity of miR-133b"7.
Therefore, we believe that the genetic context of the tumor cell is crucial to predict
the impact of miR-133b mutations, which could also explain why we were not able
to detect EGFR downregulation in our miRNA mimic overexpression models. For
future studies, it would be interesting to explore the effect of miR-133bMUT in other
cancer hallmarks, such as apoptosis inhibition, migration, or invasiveness, and also
to assess whether this oncogenic potential is replicated in in vivo models.

To understand the different phenotypical effects that we observed
depending on the cell line, it would be necessary to identify which targets of miR-
133bWT/MUT are responsible for such phenotypes. There are several possibilities
when trying to experimentally find the targets of a concrete miRNA. The most
used, high-throughput methods can be roughly divided in (i) methods that detect
expression changes after overexpression of the miRNA under study (such as
RNAseq or proteomics), and (ii) methods which aim to detect direct binding
between miRNAs and their target mRNAs (Akbari Mogadam et al., 2012). RNAseq
has the advantage of being a widely used technique with a large number of service
providers and standardized analysis tools, but it is not able to distinguish between
direct and indirect effects of the miRNA overexpression. Therefore, a later
validation would be necessary to demonstrate that the miRNA is effectively
targeting the gene, for example, by a 3’-UTR luciferase assay (Akbari Mogadam et
al,, 2012). Additionally, some miRNAs do not induce the degradation of the target
mRNA. Instead, they exert their function by directly interfering with ribosomal
translation, resulting in alterations in the protein levels of the targeted mRNA
(Orang et al., 2014). In those cases, an RNAseq could not detect such targets, as the
mRNA expression levels would not be affected. Conversely, proteomics has the
advantage of showing the final protein level changes resulting from miRNA
inhibition, but it also detects indirect targets, it is not such a well-optimized
technique as RNAseq, and the protein fold changes that a single miRNA can
generate are often minimal, as some authors report (Baek et al., 2008). Finally,
direct miRNA-mRNA interaction detection techniques such as biotin pull-down
(Gerber et al, 2006), CLIP-seq (cross-linking, immunoprecipitation, and
sequencing) (Imig et al.,, 2014), or CLASH (cross-linking, ligation, and sequencing of
hybrids) (Helwak & Tollervey, 2014) often have the limitation of being more
complex, expensive, and requiring more specific resources such as biotin-labeled
miRNA mimics, radioactivity detection equipment, or transgenic cell line clones
expressing a tagged AGO protein, respectively.

Our attempt to perform a biotin pull-down had to be halted because of
technical difficulties when trying to synthesize the biotin-labeled miRNA mimics,
and after checking that the already-biotinylated commercial miRNA mimics were
not being loaded onto RISC. In the future, we will explore other alternatives for
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direct detection of mRNA targets, such as a recently released miR-CLIP-seq
commercial kit (e.g., miR-eCLIP® from EclipseBio), or a collaboration with
laboratories specialized in CLASH.

On the other hand, the RNAseq results showed us interesting candidates for
further studying the implications of miR-133b mutations in tumorigenesis. Of note,
we first noticed the low number of common targets between miR-133b"T and miR-
133bMUT, which agrees with both the bioinformatic predictions and our initial
hypothesis that a mutation of a miRNA seed region can dramatically change its
potential targets and downstream pathways. Also, contrarily to what we were
expecting because of the different phenotypical effects observed in the A549 and
the H2126 cell lines, we found a lot of overlapping targets between the two cell
lines, meaning that probably the different phenotypes observed in the A549 and
the H2126 are a result of different genetic backgrounds and dependencies on miR-
133b and its downstream targets, instead of different pathways being activated in
each model.

Among the miR-133b"T top downregulated targets, we discovered
transgelin-2 (TAGLNZ) and polypyrimidine tract binding protein 1 (PTBP1). These
two genes have been recurrently reported as targets of miR-133b in previous
research, further reinforcing the reliability of our RNA sequencing results. For
instance, both genes were found as targets of miR-133b in cardiomyocytes, where
they are responsible for the induction of cardiac fibrosis and apoptosis after
doxorubicin treatment (Z. Li et al., 2021). Interestingly, these two genes have a
connection to muscle development. TAGLN2 is a canonical marker for smooth
muscle (Tsuji-Tamura et al., 2021), while PTBP1 is a splice factor necessary for the
generation of muscle-specific isoforms of pyruvate kinases (Sugiyama et al., 2016).
This supports the initial findings that the miR-133 family, also known as myomiRs,
plays a specific role in muscle development. Our GSEA data further reinforces this,
as we discovered that the pathways most strongly affected by miR-133b regulation
are related to the cytoskeleton machinery, a crucial component in muscle
contraction. In addition to muscle-related functions, miR-133b and its targets also
have implications in cancer development. For example, in both bladder cancer and
esophageal squamous cell carcinoma, miR-133b exerts a tumor suppressor role by
downregulating TAGLNZ expression (Y. Tang et al, 2019; F. Zhao et al, 2019).
Similarly, PTBP1 can also act as an oncogene silenced by miR-133b in gastric cancer
(Sugiyama et al., 2016) and rhabdomyosarcoma (Sugito et al., 2017).

As for miR-133bMUT top candidate targets, the most relevant for our study
were quaking RNA binding protein (QKI), and Ras homolog family member Q
(RHOQ). There is growing evidence that QKI is a tumor suppressor in multiple
types of cancer, including oral, prostate, lung, colon, and breast carcinomas (Cao et
al, 2021; de Miguel et al,, 2016; W. Lu et al,, 2014; G. Yang et al,, 2010; Y. Zhao et
al, 2014). Therefore, its targeting by miR-133bMUT could explain the oncogenic
phenotype that we observed in our cell models. In a similar manner, it was found
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that RHOQ functions as tumor suppressor gene in LUAD, as its knockdown led to an
increase in EMT, and patients with high levels of RHOQ expression had better
prognosis (Satoh et al., 2022).

To continue advancing on this project, it would be necessary to individually
validate the selected candidates by analyzing expression changes after miR-
133bWT/MUT gverexpression, both by RT-qPCR or Western blot. Next, we should
implement a luciferase assay testing whether the 3’-UTR of the selected genes is
able to bring down the luciferase signal in vitro. Thus, we could demonstrate that
the repression of the candidate genes is because of direct binding of miR-
133bWT/MUT to the mRNA. Finally, the implication of these targets in miR-133b-
derived tumorigenesis can be definitively proven by using phenotypical assays to
check whether knocking down TAGLNZ/PTBP1 or QKI/RHO phenocopies the
results observed from overexpressing miR-133b"T or miR-133bMUT, respectively.

Finally, regarding the biomarker potential of miR-133b, future research
should aim to optimize its detection by non-invasive methods and with single-base
resolution to differentiate between miR-133b"T and miR-133bMUT, This has been
already done for the detection of other disease-related miRNAs (e.g., miR-122 in
human serum samples) by using dynamic chemistry labeling (DCL) probes, which
can be implemented for single-base resolution (Lépez-Longarela et al., 2020;
Robles-Remacho et al., 2023).
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Chapter 5. CRISPR-based molecular
therapy against KRAS-mutant LUAD

This chapter will address Objective 2.1. In here, we aimed to design and
optimize a CRISPR/Cas9-based molecular therapy targeting G12C/G12D KRAS-
mutant LUAD (CRISPR-KRAS therapy). To do that, we optimized the sgRNA design
and delivery, assessed its specificity and efficiency in vitro, and attempted an in
vivo inducible approach of our CRISPR-KRAS strategy.

5.1 Background

As discussed in Chapter 1, KRAS stands out as the most frequently mutated
oncogene in LUAD, and it serves as an important diagnostic and prognostic marker
for the disease, as well as a long-wanted target for therapy. In LUAD, the most
frequent mutations of KRAS fall in codon 12, (G12C for smoker patients and G12D
for non-smoker patients) (Karachaliou et al., 2013). Codon 12 mutations prevent
GTPase activity by GAPs, and thus block the KRAS protein mostly into its GTP-
bound active state, leading to an overactivation of KRAS’ downstream pathways
(MAPK, PI3K/AKT/mTOR...), which ultimately results in tumorigenesis, a more
aggressive disease, and poor prognosis of the patients (Trahey & Mccormick,
1987).

However, although the importance of KRAS mutations in several human
cancers has been well-established, to date, no effective anti-cancer therapies
specifically targeting KRAS mutations have reached the clinic, except for two
recently developed KRASG12C inhibitors: sotorasib and adagrasib. The way these
compounds work is by covalently binding to the cysteine residue present in
KRASG12C, and by positioning themselves into an allosteric pocket (switch-II
pocket) only available when KRASG12C is bound to GDP (inactive state). Therefore,
upon binding of these compounds, nucleotide exchange is impeded and KRASG12C is
locked into its GDP-bound, inactive form, thus preventing overactivation of
downstream pathways (Goebel et al., 2020).

Despite the initial enthusiasm over these two G12C inhibitors, the latest
clinical trials have revealed that their performance falls short of expectations,
mainly because of acquired resistance and adaptation mechanisms that arise in
patients within a short time after treatment. One of the main sources of resistance
is the overexpression of KRAS%12C to compensate for the KRASG12C-GDP blockade
(Awad et al,, 2021). A potential way to circumvent this bypass mechanism would
be to completely ablate KRAS¢?2C at a genomic level, thus preventing rewiring and
feedback loops. However, specificity is here a concern, since wildtype KRAS
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(KRASWT) is a critical gene for non-tumor cells, and KRAS¢12¢/612D only differ from
the wildtype version in one nucleotide.

In this regard, the CRISPR/Cas9 technology stands out as a specific and
efficient way to knock out any desired gene. By designing a specific sgRNA against
the mutant version of KRAS (KRASMUT), Cas9 is directed to the target DNA and
induces DSBs. These breaks trigger a DNA damage response and an error-prone
repair mechanism (NHE]), which results in random insertions and deletions
(indels). Such indels can cause frameshifts and premature stop codons, thus
altering the ORF and potentially rendering the target KRASMUT non-functional
(Chapman et al., 2012).

Thus, here we aimed to design a CRISPR/Cas9-based strategy against
KRASMUT (CRISPR-KRAS) that is summarized in Figure 28. Briefly, we designed
specific sgRNAs against both KRAS¢12C and KRASG12D, and used a high-fidelity
version of Cas9 (HiFi-Cas9) to disrupt KRASMUT in tumor cells without affecting
KRASYT in surrounding non-tumor cells. As will be later discussed in section 5.3,
our CRISPR-KRAS therapy presents some advantages over the KRASG12C inhibitors
(sotorasib and adagrasib), which makes it an interesting strategy for future clinical
approaches against KRAS-mutant LUAD.

Non-tumor cell \ Tumor cell

HiFi-Cas9 HiFi-Cas9
KRAS """ KRAS M
OO se TSI
sgRNA sgRNA
< +
MUT oy
Unedited KRAS " KRAS ™" specific
KO induction

! !

Survival Death

Figure 28. Schematics of our CRISPR-KRAS strategy, using HiFi-Cas9 and KRASG12¢/G12D sgRNAs
targeting specifically the mutant versions of KRAS (KRASMUT), without affecting wildtype KRAS
(KRASWT).
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5.2 Results

5.2.1 Optimization of delivery and design of sgRNAs

Our first approach was testing whether the Cas9 technology is specific
enough to detect just a single nucleotide change between a mutant sequence and
its wildtype version. To do that, we designed a plasmid containing SpCas9
(pSpCas9(BB)-2A-GFP, Addgene #48138), where we subcloned sgRNAs against
either KRASG12¢C (c34G>T), or against EGFRL88R (c.2573T>G), which represent two
of the most important oncogenic mutations in LUAD. Interestingly, while the KRAS
mutation is upstream of a PAM site, the EGFR mutation itself generates a PAM
which is absent in the wildtype sequence. We transfected a panel of
wildtype/mutant LUAD cell lines with the plasmids, and then we conducted a T7-
endonuclease assay to test SpCas9 edition, which is represented by a double band.
We observed how edition was specific for the EGFR mutation, as only the mutant
cell line (H1975) showed edition. Conversely, KRAS edition was present in both cell
lines, meaning that SpCas9+sgRNA was not specific at recognizing and cleaving
KRASG12C (Figure 29).

KRAS EGFR
H1299 H23 A549  H1975
C+ (WT) (G12C)  (WT)  (L858R)

500 bp

-_—
—— ,
K —

Figure 29. T7-endonuclease assay of a KRASWT (H1299), KRAS¢12¢ (H23), EGFRWT (A549), and
EGFRL858R (H1975) LUAD cell lines after transfection with the corresponding plasmid (SpCas9 +
KRAS/EGER sgRNA). A double band represents edition in the targeted locus (mutant KRAS/EGFR).

To address the issue of KRASWT off-targets, we considered three different
approaches: (i) delivering Cas9+sgRNAs by RNPs instead of plasmid expression, as
RNPs are less prone to induce off-targets (Yip, 2020); (ii) changing the SpCas9 for a
high-fidelity version of Cas9 (HiFi-Cas9), which was reported to induce less off-
targets when delivered in the form of RNPs (Vakulskas et al, 2018); and (iii)
designing other sgRNAs against a second available PAM nearby the mutation site.

In order to optimize the delivery strategy for the RNPs, we tested both
regular lipofection and nucleofection using different Amaxa 4D-Nucleofector™
programs (EH-158, EN-138, CM-130, and CA-137). According to our results, both
delivery strategies worked well, as we could observe edition afterwards
(Supplementary Figure 2). Nevertheless, due to the higher reagent consumption,
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and a higher loss of cell viability after nucleofection, we decided to continue with
regular lipofection for the rest of the experiments. In addition, we designed more
specific sgRNAs against KRAS¢12¢ and KRAS¢14D, testing two different PAMs (shown
in orange in Figure 30A) that were available in the KRAS sequence right
downstream of the mutation site: PAM 1 (P1, AGG) and PAM 2 (P2, TGG). The
sequences of the designed sgRNAs are detailed in Figure 30A.

A KRAS®'C sgRNAs SgRNA KRAS®'?? sgRNAs sgRNA
AAACTTGTGGTAGTTGGAGCTTGTGGCGT!CCCAAGA Pt AAACTTGTGGTAGTTGGAGCTGATGGCGT} -:CAAGA P1
AAACTTGTGGTAGTTGGAGCTTC| CCCGTAGGCAAGA P2 AAACTTGTGGTAGTTGGAGCTGA/ - CCGTAGGCAAGA P2
AAACTTGTGGTAGTTGGAGCTTCTGGCGT/ GGCAAGA P1M
AAACTTGTGGTAGTTGGAGCTTC| :-CGTAGGCAAGA P2M

H838 A427
B P1 P2 (ras) (rasey O
H83v§7 H2312c H83§T H.'ZgzC 800 bp .
1
(KRAS') (KRAS®'™) (KRAS™) (KRAS™) (o P1
800 bp 1S
—_—
o | S
| — :
——
Cc

H838 (KRAS WT) H23 (KRAS 610)

P1 P1IM P2M P1 P1M P2M C- C+
s ot Gmme - - e

-—

o

Figure 30. (A) Sequence of designed sgRNAs against KRAS¢12¢/G12D, [n orange, the available PAMs next
to the mutation site (in red). In blue, the deliberately introduced mismatches for further assessing the
specificity of sgRNAs. (B) T7-endonuclease assays testing the specificity of the newly designed sgRNAs
against KRAS¢12¢ and KRAS¢12D, using PAM1 (P1) and PAMZ2 (P2). (C) T7-endonuclease assay testing
the specificity of HiFi-Cas9 with the sgRNAs containing additional mismatches (P1M and P2M). C-:
negative control; C+: positive control.

| 800 b.p.

- 500b.p.

UL

5.2.2 KRASG12¢/612D sqRNASs are specific and do not target KRASWT

To test the specificity of our CRISPR system against both KRAS¢2C and
KRASG12D, we transfected KRASWT (H838), a KRAS¢12¢ (H23), and a KRAS¢12D (A427)
LUAD cell lines with RNPs formed by the more specific HiFi-Cas9, and our sgRNAs
against both PAMs. Then, we again conducted a T7-endonuclease assay to check
the edition. If unedited, a single, ~800 bp band should appear, corresponding to
the uncut KRAS amplicon. However, if edition has occurred, two shorter fragments
should appear at ~550 bp and ~250 bp. We observed how the G12D_ P1 was not
specific and could not discriminate between KRAS%?0 and KRASYWT. However,
G12D_P2, and both G12C_P1 and G12C_P2 showed great specificity, as edition was
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only detected in the cell lines harboring the KRAS mutation matching to each
sgRNA (Figure 30B).

To further assess the specificity of HiFi-Cas9, we designed two more
sgRNAs for KRAS¢12C (G12C_P1M and G12C_P2M) with an intentional mismatch
(represented in blue in Figure 30A), to test whether the edition efficiency was
affected by it. Indeed, upon the introduction of a single mismatch, HiFi-
Cas9+sgRNA does not recognize its target, and therefore edition does not occur
(Figure 30C), proving again its great specificity.

A
MEF: WT G12C G12D

SgRNA: G12C G12D G12C G12D C- C+

MEF: WT - MEF: G12C MEF: G12D
sgRNA: G12C sgRNA: G12C sgRNA: G12D

0

Figure 31. (A) T7-endonuclease assay of MEF models with human KRASWT, KRAS612¢, and KRAS612D,
treated with specific sgRNAs. C-: negative control; C+: positive control. (B) ICE analysis of Sanger
sequenced files from MEFs targeted with sgRNAs. The dotted vertical line denotes the DNA cut site,
after which the sequence discordance begins if editing occurs.

Finally, to ensure that the observed specificity was not dependent on the
genomic context, but solely on the KRAS mutational status, we conducted an
additional T7-endonuclease assay on an isogenic panel of MEF models, in which
only the KRAS variants (KRAS"T, KRAS¢12¢, and KRAS%12D) were different. Neither of
the sgRNAs targeting mutant KRAS caused DNA editing in KRASYT MEFs, and
editing was only observed when the corresponding sgRNA-KRAS-mutant was
delivered into the MEFs harboring the matching KRAS mutation (Figure 31A).
These results were further validated through analysis of Sanger sequenced
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samples using the ICE tool from Synthego, which confirmed the high accuracy of
our system observed with T7 endonuclease assays (Figure 31B).

5.2.3 CRISPR-KRAS therapy impairs cell viability of KRAS-mutant
cell lines

Once we confirmed that our sgRNAs were specific and did not target
KRASYT, we decided to test the efficiency of our HiFi-Cas9 + KRASG12¢/612D sgRNA
system (CRISPR-KRAS) as a therapeutic approach against KRAS-mutant LUAD cell
lines. To do that, and setting our eyes in a more translational approach for further
in vivo applications, we designed adenoviral vectors (AdVs) containing either an
empty vector with just GFP as a control (AdV-GFP), or the HiFi-Cas9 sequence + a
multiplex cassette including both sgRNAs against KRAS¢12C and KRAS¢1?P (AdV-
Cas9). We infected H358 (KRASG12¢), A427 (KRAS¢12D), and H838 (KRASYT) cells
with both AdVs, and then measured cell viability using CellTiter-Glo® in both 2D
and 3D cultures (Figure 32).
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Figure 32. Cell viability assays of CRISPR-KRAS treated LUAD cells in 2D (A) and 3D culture (B).
Representative images of successfully AdV-infected cells are shown below, where a modest AdV
transduction efficacy (~50%) can be observed. **** = p-value < 0.0001; *** = p-value<0.001; ns = p-
value >0.5.

Despite the modest transduction efficiency of AdVs compared to RNPs, we
reported a reduction in cell viability from around 50% in 2D to nearly 70% in 3D
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for H358, and from staying unchanged in 2D to nearly 25% in 3D for A427, while
the viability of H838 (wildtype control) remained unchanged in both culture
systems.
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Figure 33. Western blot protein analysis of KRAS and its downstream
targets after CRISPR-KRAS treatment of the H358 LUAD cell line.

To further demonstrate that the reduction of cell viability was due to our
CRISPR-KRAS therapy disrupting mutant KRAS, we extracted protein from treated
cells and conducted a Western blot to monitor the levels of KRAS and a series of
downstream targets of the KRAS-signaling cascade (phosphorylated ERK (ph-ERK)
from the MAPK pathway, and phosphorylated AKT (ph-AKT) and p70S6 from the
mTOR pathway). We observed how the overall protein levels of both KRAS and its
downstream targets were downregulated in the AdV-Cas9 treated cells compared
to the GFP control (Figure 33), thus proving that our strategy is efficient at
disrupting KRAS expression.

5.2.4 Development of an inducible murine model for CRISPR-KRAS
therapy

Finally, we attempted a first in vivo approach for our CRISPR-KRAS therapy
by using a doxycycline (dox) inducible model. First, we obtained dox-inducible
clones of the H1792 (KRAS%12C), A427 (KRAS%12P), and H838 (KRASYT) cell lines. To
do that, we first delivered a lentiviral plasmid (pLVX-TRE-HiFiCas9-Puro,
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VectorBuilder #VB181129-1029urq) containing HiFi-Cas9 under the control of a
tetracycline response element (TRE) promoter, and puromycin resistance for
selection of successfully infected cells. By using a low MOI (0.3-0.5), we obtained a
low number of transduced cells, but ensured a single integration which prevents
expression leaking thereafter. Next, we treated the surviving clones with
doxycycline, and selected those clones that did not exhibit leaking of HiFi-Cas9
expression upon dox-treatment (Supplementary Figure 3). Then, we transduced
those clones with LVs carrying a second plasmid (pLVX-dsgRNA-EGFP,
VectorBuilder #VB181004-1106yfp) which contained both sgRNAs against
KRASG12¢/612D and EGFP as a reporter, and we sorted the final clones by green
fluorescence.
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Figure 34. Dox-inducible CRISPR-KRAS xenografts in mice. (A) Measurements of tumor volumes over
time. (B) Western blot measuring HiFi-Cas9 induction and KRAS disruption in final extracted tumors.
Only one xenograft per condition was conducted, so no statistical tests were performed.

After expanding the final clones (dox-inducible HiFi-Cas9 + dual sgRNAs) in
vitro, we introduced subcutaneous cell-derived xenografts into NSG mice of either
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the final clones (CRISPR-KRAS), or the clones without the dual sgRNAs as a control.
Mice were then treated with doxycycline for one week as detailed in section 2.2.5.
The tumor growth rate was monitored during that time taking measures of the
bulges in the flanks of mice, the tumor volumes were calculated, and, at the end of
the experiment, tumors were collected, measured, and protein was extracted for
Western blot analysis.

We observed how the H838 (KRASYT), as expected, did not show any
differences in tumor growth, whereas the H1792 (KRAS%12¢) presented a strong
tumor growth reduction when the CRISPR-KRAS therapy is induced by
doxycycline, compared to the control (Figure 34A). However, the A427 (KRAS¢12D)
did not show any differences in tumor growth and, overall, it did not develop
substantial, measurable tumors over time. This could be attributed to an
inaccurate injection of the xenograft rather than the ineffectiveness of the CRISPR-
KRAS therapy. Moreover, after performing a Western blot analysis to monitor HiFi-
Cas9 induction and KRAS disruption, only the H1792 showed a strong HiFi-Cas9
expression, whereas both H838 and A427 seem to have lost it. In addition, KRAS
expression was consistent among all CRISPR-KRAS treated conditions, which is
opposite to what we observed in the in vitro AdV experiments (Figure 34B).
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5.3 Discussion

It is an undeniable fact that CRISPR/Cas9 has revolutionized the fields of
biomedicine and biotechnology as an efficient and specific technology to induce
KOs and gene edition at the desired DNA locus. Therefore, in the last decade, there
has been a boom of preclinical and clinical studies applying CRISPR/Cas9 to cure
previously untreatable diseases. Cancer is no exception to this, and due to the
clinical importance of KRAS-mutant tumors, several approaches using CRISPR/Cas
to target them have been developed in the last 5 years (Table 5).

Table 5. Summary of studies targeting KRAS using CRISPR/Cas-based technologies.

CRISPR/Cas Tumor KRAS Reference
system subtype variant(s)
HiFi-Cas9 Lung G12C,G12D Alvarez-Pérez et al.
(under review)
SpCas9 + Pancreas, G12D, G12S, (Sayed et al,, 2022)
Base editors  colorectal, and lung G13D
SpCas9 Pancreas G12D (Ischenko et al,,
2021)
SpCas9 Pancreas G12D (McAndrews et al.,
2021)
dCas9-HDAC1 Colorectal Whole KRAS (J. Liuetal, 2021)
and lung
SpCas9 Colorectal Whole KRAS (Wan et al,, 2020)
CasRX Pancreas G12C,G12D (W.Jiang et al,,
(Cas13d) 2020)
SpCas9 + Lung G12S (Gao et al., 2020)
dCas9-KRAB
SpCas9 Pancreas G12D (Lentsch et al,, 2019)
SpCas9 Colorectal G12D, G12V, (W.Kimetal., 2018)
G13D
Cas13a Pancreas, G12D (X.Zhao et al,, 2018)
colorectal, and lung
SpCas9 Colorectal and G12D, G12V (W. Leeetal, 2018)
pancreas
SpCas9 Lung Whole KRAS (S. M. Kim et al,,
2018)
SpCas9 Pancreas Whole KRAS (Muzumdar et al,,
2017)

Adapted and updated from (Bender et al., 2021).

Most of these previous attempts to target KRASMUT tumors using CRISPR
systems were restricted in specificity and did not provide adequate evidence of
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specific KRASMUT targeting, since they either aimed to target all KRAS variants, or
inadequately evaluated KRAS"T targeting (S. M. Kim et al,, 2018; W. Kim et al,,
2018; Lentsch et al, 2019). In contrast, our study thoroughly evaluated the
specificity of our CRISPR-KRAS system by (i) interrogating the specificity of HiFi-
Cas9 with the introduction of additional mismatches in the sgRNA sequence, (ii)
examining edition in KRASYT cell lines, and (iii) checking the specificity of both
KRASG12C and KRASG12D-targeting systems in isogenic MEF models.

Moreover, the CRISPR-KRAS strategy developed as part of this thesis
constitutes a proof-of-concept for the design of a multiplexed system that can be
programmed to target two different mutations, either in KRAS or in other genes. In
fact, CRISPR-targeting of oncogenic mutations has vast potential, as some authors
have proven by analyzing SNVs in the 20 most mutated driver genes in cancer, and
checking whether they fall either in the PAMs, or into the seed sequence next to a
PAM. About half of the SNVs fitted these criteria, and therefore they are targetable
by one of the three CRISPR/Cas system analyzed, which could be a potential tool to
specifically eliminate tumor cells harboring such SNVs (Gao et al., 2020). It would
be interesting to see which ones of those SNVs generate new PAMs in the sequence
of the driver gene, since, according to our data, this results in a better specificity, as
we saw with the EGFR sgRNAs we designed as a first approach, compared to the
KRAS ones.

Our cell viability results indicate that disruption of either KRAS¢12C or
KRASG12D driver mutations inhibits cell growth in LUAD cell lines in vitro, with no
cell toxicity effects or editing observed in KRASYT cells. As previously pointed out
by some authors (Janes et al., 2018), KRASMUT dependency may be underestimated
in 2D culture, which is why we also conducted 3D cell viability assays, and our next
step should be to escalate the AdV delivery system for an in vivo administration
into mice xenografts. Indeed, our results support this idea, as the 3D settings
showed a higher KRAS dependency and greater reduction of cell viability when
inhibiting both KRAS¢2C and KRAS%12P., Furthermore, the observed decrease in
viability correlates with the deactivation of KRAS-dependent pathways, evidenced
by the decrease in the phosphorylation of ERK (MAPK pathway), and p70S6K
(PI3K/AKT/mTOR pathway). We did not observe, however, a consistent change in
AKT phosphorylation as reported in previous studies (Canon et al., 2019).

Regarding the clinical implications of our results, KRAS mutations are
especially prevalent in two of the deadliest cancers: LUAD (32% of patients, with
G12C as the most frequent variant), and pancreatic ductal adenocarcinoma (88%,
mostly G12D) (Prior et al,, 2020). For this reason, the development of antineoplasic
therapies targeting mutant KRAS has been long pursued. After decades of research
efforts, sotorasib (AMG-510, sold under the name Lumakras®, from AMGEN), was
the first specific and irreversibly KRAS612C inhibitor approved in 2021 for NSCLC
patients that had received at least one prior systemic therapy (Canon et al., 2019).
Just recently, in December 2022, another KRASG12C inhibitor, adagrasib (MRTX849,
commercialized as Krazati®, from Mirati Therapeutics), was approved by the FDA
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for the treatment of KRASG12C NSCLC patients previously treated with
chemotherapy and anti-PD-1/PD-L1 therapy, and it is currently in phase-I/II
clinical trials (KRYSTAL-1, NCT03785249) (Janne et al,, 2022). Although to date
only KRASG612C inhibitors have reached the clinics, there are several studies
underway for drugs targeting G12D and other KRAS mutations, albeit still in
preclinical stages (Nagasaka et al, 2021). The high reactivity of the cysteine
residue in KRASG12C has favored the development of irreversible inhibitors for it
instead of other, more frequent KRAS mutations. For example, the lower reactivity
of the aspartic acid in KRAS%12P makes it more difficult to target, and the
compounds in development, e.g, MRTX1133, are reversible inhibitors that do not
bind covalently to it and are therefore less efficient than sotorasib or adagrasib
(Hallin et al., 2022).

Despite the excitement surrounding these two KRASG12C inhibitors, the most
recent clinical trials have shown that their effectiveness has not lived up to
expectations. Overall, their clinical benefit as second-line treatment appears to be
lower (objective response rate of 36-43%) than what has been observed in other
targeted therapies, such as EGFR TKIs (60-70%) (Gourd, 2020; Nagasaka et al.,
2021). In one of the latest phase-IIl clinical trial in KRASG¢12C NSCLC patients
(CodeBreaK 200, NCTO04303780), whilst doubling the response rate to the
anticancer drug docetaxel, only 28% of patients presented an objective response to
sotorasib, and overall survival was not improved compared to docetaxel (de
Langen et al., 2023). As such, currently these drugs are not ready to become first-
line agents for the treatment of KRAS-mutant lung cancer.

The reason behind the limitations of the clinical results so far could be the
adaptation mechanisms and the resistances acquired after the blockage of
KRASG12C, frequently due to the appearance of other secondary KRAS mutations or
KRASG12C allele amplifications. The secondary mutations can disable the intrinsic
GTPase activity of KRAS, definitely blocking it into the GTP-bound form, and thus
rendering the inhibitors useless and perpetuating the active state and the
oncogenic signaling (Awad et al., 2021). Furthermore, cells adapt to the blockade
in the GDP-form by overexpressing KRAS¢2¢, and overactivating SOS1/2 and other
GEFs, which promotes that de novo synthesized KRAS binds to GTP and remains in
its active form as a compensatory mechanism (J. Y. Xue et al.,, 2020).

As we have seen, both adaptive and most of the described resistance
mechanisms to current KRASG12C inhibitors rely on the relentless expression of
KRASG12C, Therefore, future molecular therapies should aim to also block the
production of de novo KRASG12€, Indeed, this is one of the biggest advantages of our
CRISPR-KRAS strategy over KRASG12C inhibitors like sotorasib. Because our
CRISPR-KRAS therapy ablates KRAS¢12C at DNA level, it would be preferable and
could circumvent many of the aforementioned resistance and adaptation
mechanisms. In addition, the ease of design of multiplexed sgRNAs translates into a
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greater versatility, allowing us to simultaneously target several KRAS-mutant
variants for which no drugs are still available, or even other oncogenic driver
genes that act as synthetic lethalities for KRAS-mutant tumors.

However, as the rest of CRISPR/Cas9-based therapies, our CRISPR-KRAS
strategy still cannot outperform the drugs applied in clinics in terms of safety and
delivery. As discussed earlier in Chapter 1, the two main problems that
CRISPR/Cas9 technologies need to face before its clinical use are off-target effects
and safe delivery options. Although we have thoroughly assessed the specificity of
our sgRNAs and the HiFi-Cas9, off-target DSBs with unpredictable consequences
cannot be ruled out after long-term exposure to our CRISPR-KRAS therapy. Some
strategies that could be followed to reduce HiFi-Cas9 exposure time are using an
inducible system or customizing the Cas9 with a ubiquitination tag to reduce its
lifespan (Chira et al., 2018). In our attempt to generate a dox-inducible xenograft
mice model for CRISPR-KRAS, despite the apparent good results for the H1792
tumors, there seem to be issues with the inducible HiFi-Cas9 and the disruption of
KRAS when applied in vivo. As this experiment was merely an initial approach,
additional replicates in more mice should be performed to conduct a proper
statistical analysis and to verify whether the observed differences are due to the
action of our CRISPR-KRAS therapy, or just an artefact of the experiment.

The systemic delivery of the CRISPR/Cas9 system is another handicap to
solve. Both Cas9 and sgRNAs can be delivered either in the form of DNA plasmids,
mRNAs, or RNPs. Nucleic acid versions of Cas9+sgRNAs, either as DNA or mRNAs,
are usually delivered by viral vectors. Integrative ones, such as LVs, are more
efficient, but raise concerns regarding uncontrolled integration sites. AdVs and
AAVs are recommended for in vivo approaches as they are not integrative, which is
why we used them for the cell viability assays, with the aim to further escalate
them in the future to administration in mice. However, their use in human patients
entails the drawbacks of the immunogenicity of AdVs, and the very limited
packaging capacity of AAVs (Arenas et al., 2022). Conversely, RNPs show the
highest efficiency because of their faster degradation, which reduces exposure
time and prevents off-targets (Yip, 2020). This agrees with our results, as by
changing from using plasmids to deliver our CRISPR-KRAS therapy in vitro with
RNPs greatly improved specificity and prevented editing of KRASYT. However,
RNPs are much more expensive to produce on a large scale for in vivo
administration in patients, and they are difficult to package into viral vectors,
which are the ones showing the highest efficiency in delivery to cells in vivo.
Finally, other delivery methods have been developed, such as extracellular vesicles
or lipid-based nanoparticles, although they often require extensive optimization
and need further improvement before their clinical applications (Yip, 2020).

In here, we have shown the optimization and the first steps of developing
our CRISPR-KRAS strategy. According to the results presented in this thesis, and
further experiments performed in vivo with preclinical models of patient-derived
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xenografts (not included in this thesis, but compiled in our publication Alvarez-
Pérez et al. “High-fidelity Cas9-mediated targeting of KRAS driver mutations
restrains lung cancer in preclinical models.”, currently under review), our CRISPR-
KRAS therapeutical strategy shows great potential for the treatment of KRAS-
mutant LUAD both in vitro and in vivo, and it better addresses KRAS oncogenic
inhibition than sotorasib.

In conclusion, our CRISPR-KRAS strategy presents a proof of concept for
specifically and efficiently disrupting KRAS¢12¢/612D in tumor cells without affecting
non-tumor, KRASWT cells. This shows greater versatility and could potentially
circumvent the problems with resistances to KRASG12C inhibitors like sotorasib.
Further research is still necessary to overcome the off-target and delivery issues
that hinder the clinical use of CRISPR/Cas9-based therapies. The forthcoming
advancements in delivery systems will be critical in determining if our CRISPR-
KRAS strategy finally has a clinical future.
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This chapter will address Objective 2.2. In here, we aimed to perform a
CRISPR-screening to unravel the collateral dependencies arising after the knockout
of an oncogene in a LUSC model, which are potential sources of resistance to
targeted molecular therapies. The work performed in this Chapter was carried out
during an international fellowship at Prof. Jacob Giehm Mikkelsen’s research group
at the Aarhus University, Denmark.

6.1 Background

6.1.1 PKP1 is an oncogene and potential therapeutic target in LUSC

Lung squamous cell carcinoma (LUSC) is the second most frequent form of
lung cancer after LUAD, adding up to around 20% of all lung cancers (Barta et al.,
2019). LUSC possesses distinct genetic particularities when compared to LUAD. For
instance, mutations in the most common driver genes of LUAD, KRAS and EGFR, are
typically absent in LUSC (Niu et al.,, 2022; Rekhtman et al., 2012). Thus, many
targeted therapies developed against LUAD, such as those targeting activating
mutations in EGFR (i.e., TKIs), are largely ineffective in LUSC patients (Giaccone,
2005; Kwak et al., 2010; Rosell et al., 2009). Besides, some agents used as treatment
for LUAD (e.g., bevacizumab or pemetrexed) are not indicated for LUSC patients, in
whom they may cause adverse effects more frequently (Azzoli et al., 2009; Scagliotti
et al,, 2008). Although some advances have been made in the past years, an effective
targeted therapy for LUSC remains to be found, and there is still a long way to go to
improve the prognosis of these patients (Niu et al., 2022).

Our laboratory recently discovered a novel oncogenic protein called
plakophilin-1 (PKP1) that promotes LUSC (Martin-Padron et al, 2020), thus
opening a new line of research aimed at developing new therapeutic strategies
targeting PKP1 in LUSC. Plakophilin-1 is an 83 kDa protein encoded by the PKP1
gene that is located on human chromosome 1, and it belongs to the armadillo
repeat family of proteins called plakophilins. Plakophilins are normally expressed
in stratified and single-layered skin epithelial cells, being key proteins in the
function of the desmosomes, which allow cell-to-cell adherence. Prior to our work,
it was described that mutations in PKPI cause a lower number and a worse
constitution of desmosomal structures, which phenotypically translates into a loss
of the integrity of the epidermis, generating a pathology known as skin fragility
syndrome (McGrath et al., 1997). Besides, PKP1 has been described as a potential
tumor suppressor protein associated with metastasis in melanoma (H. Z. Wang et
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al., 2019), prostate cancer (C. Yang et al.,, 2015), head and neck cancer (Teh et al,,
2011), esophageal adenocarcinoma (Kaz et al., 2012) and, interestingly, even some
lung cancer cell lines (Haase et al.,, 2019).

Contrarily to the previous evidence of PKP1 acting as a tumor suppressor,
we (Angulo et al, 2008) and others (J. Liu et al.,, 2018) observed that PKP1 is
among the most overexpressed genes in squamous-type lung tumors, and
therefore decided to functionally study the contribution that PKP1 exerted in the
development of this subtype of lung cancer. To do this, we developed models of
loss-and-gain function of PKP1 which made us conclude that PKP1 plays mainly an
oncogenic role in LUSC, and that its inhibition reduces tumor proliferation in both
in vitro and in vivo models. On the other hand, when overexpressing PKP1 in LUSC
cell lines, we observed an increase in tumor proliferation and survival (Martin-
Padron et al, 2020). Deepening into the molecular mechanisms of PKPI’s
oncogenic activity, we further discovered that PKP1 is capable of increasing the
translation of the MYC oncogene in a feedforward loop manner. Thus, PKP1 binds
to the 5’-UTR of MYC and interacts with the poly(A) binding protein (PABP),
promoting MYC ribosomal translation. At the same time, in the nucleus, MYC can
bind to the PKP1 promoter region and activate PKP1 transcription, thus closing a
feedforward regulation loop (Boyero et al., 2022).

These discoveries nominate PKP1 as a new post-transcriptional regulator of
MYC, and thus, PKP1 becomes a potential new antitumor therapeutic target for
LUSC. However, the appearance of resistances to a future PKP1-targeting therapy
may hinder the whole process and therefore, a study of the vulnerabilities that
appear after PKP1 inhibition is essential so that future targeted therapies against
PKP1 in LUSC are successful.

6.1.2 CRISPR-screening: a molecular tool for the discovery of
collateral dependencies

Targeted therapies face one big challenge in cancer therapeutics, which is
the appearance of resistances. Tumor cells often find resistances to targeted
therapies by rewiring their intracellular pathways and developing non-mutational
bypass mechanisms (Garraway & Janne, 2012). These bypass pathways that are
able to sustain cancer cell survival after inhibition of a driver oncogene are defined
as collateral dependencies (CDs) (Lou et al,, 2019). Identifying such CDs is a key
step on developing a novel targeted therapy, as they will allow us to anticipate and
circumvent resistances that arise after the treatment, for example, by designing a
double therapy co-targeting the desired gene and its CDs simultaneously.

One methodology to detect mechanisms of drug resistance and CDs of
inhibited oncogenes are CRISPR/Cas9 loss-of-function library screenings. They
consist of generating a lentiviral library containing genome-wide sgRNAs, infecting
a treated and a control cell pool, and then analyzing by NGS the differences on
sgRNA enrichment between the treated and the control conditions (Thomsen &
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Mikkelsen, 2019). Since their first applications in the mid-2010s, CRISPR library
screenings have proven to be a powerful tool for detecting phenotype-related
genes, as well as finding out genetic dependencies given a certain gene’s inhibition
(CRISPRi/KO libraries) or activation (CRISPRa libraries) (Kurata et al, 2018).
Thus, in order to design an effective PKP1-inhibiting therapy in the future, we
considered relevant using a CRISPR loss-of-function library screening on PKP1-KO
cell models to discover which other genes or cell pathways might be involved in
the resistances appearing after depleting PKP1 from tumor cells.

Prof. Mikkelsen's research group at the Aarhus University, Denmark, has
wide experience on the study of delivery vectors for gene therapy, such as
modified lentivirus, HIV-derived vectors, or the PiggyBac transposon (Thomsen et
al,, 2022; Wolff et al., 2021; Wolff & Mikkelsen, 2022). To date, they are one of the
few European laboratories specialized in the application of lentiviral CRISPR
libraries, and they have a well-stablished and optimized pipeline for the analysis of
the results, hence our choice for collaborating with them in this work.
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6.2 Results

6.2.1 Library titration and Cas9 activity checking

The Brunello lentiviral library was previously amplified and packaged as
described in (Thomsen & Mikkelsen, 2019). Prior to its use, it was necessary to
titrate it specifically for the three cell lines we were going to perform the CRISPR-
screening on: the parental SK-MES-1 LUSC cell line as a control of wildtype PKP1
expression, and two SK-MES-1 KO clones for the PKP1 gene that were previously
generated in (Martin-Padron et al,, 2020) (KO-1 and KO-2). The obtained viral
titers were 3.6 x 106 CFU/mL for control, 1.17 x 107 CFU/mL for KO-1, and 8.45 x
106 CFU/mL for KO-2 (Figure 35).
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Figure 35. CRISPR-screening lentiviral library titration. Serial dilutions of the virus were prepared as
shown in the diagram, and the number of colonies in the 10-5 and the 106 wells of the control (upper
right), KO-1 (lower left), and KO-2 (lower right) clones were counted for the calculation of the library
titer in CFU/mL.

In addition, an initial Cas9 activity check was also required to ensure the
Cas9 delivered to our three cell models was properly working. To do that, the
Cas9-expressing control, KO-1, and KO-2 cells were infected with lentivirus
containing a sgRNA against the IFNAR gene. This sgRNA was chosen because in
previous experiments at Giehm'’s group it displayed high efficiency, and after we
checked in the DepMap database that the SK-MES-1 cell line has basal expression
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of IFNAR. After infection and puromycin selection, gDNA was extracted, PCRs
amplifying IFNAR were run, and their products analyzed by Sanger sequencing. An
ICE analysis was then performed on the sequencing data, revealing that both
control and KO-1 showed great Cas9 efficiency, with >90% indel rate for the IFNAR
gene. However, KO-2 did not show any IFNAR amplification, so a second high-
efficiency sgRNA was tested, this time against the CD20 gene, which also showed
basal expression in the SK-MES-1 cell line according to DepMap. After the ICE
analysis, we discovered that Cas9 was also properly working and inducing indels
in the KO-2 clone, albeit with a lower efficiency than for IFNAR (~30% indel rate
for CD20) (Figure 36).
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Figure 36. Cas9 activity checking by indel analysis using Synthego’s Interference of CRISPR Edits (ICE)
tool.

6.2.2 CRISPR-screening and NGS sample preparation

The three cell lines (control, KO-1, and KO-2) were infected with the
Brunello library and kept in growth for 21 days, as detailed in section 2.4.3.b and
Figure 9. After some troubleshooting with the amount of cells plated, and cells not
growing enough to ensure complete coverage of the library for the KO-1 condition
(at least, 40 million cells per condition), we obtained one replicate of the KO-1
clone with suspected compromised library coverage (A7 and A21 samples, for 7-
days and 21-days pellets, respectively), two adequate coverage KO-2 clone
replicates (B7, B21 for replicate 1; and Y7, Y21 for replicate 2), and two adequate
coverage control replicates (C7, C21 for replicate 1; and Z7, Z21 for replicate 2).

Once all the pellets were obtained, the gDNA was extracted and the targeted
regions for NGS were amplified by PCR as described in section 2.4.3.c. An
electrophoresis in a 1% agarose gel was performed before shipping the samples to
the NGS facility for checking that the PCRs were properly working, and that we
were amplifying the sgRNA regions, which should render a band of ~375 bp
(Supplementary Figure 4). After this check, PCR products were purified and sent to
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NGS. An additional sample of the library plasmids (pP) was also sent for
sequencing as a quality control for later data analysis.

6.2.3 Quality check of NGS data

Upon receiving the NGS results, a quality control was performed to check
the correct performance of the screening and the sequencing. In summary, the
sequencing coverage was fine for all the samples except for the library plasmid
control, as the expected number of reads was <40M (Table 6). Therefore, a second
sample of the library plasmid (pP2) had to be sent for sequencing. The percentage
of lost sgRNAs after ‘cutadapt’ filtering and ‘bowtie’ mapping to the Brunello
library was, as expected, higher in the t=21 days samples than in the t=7 days
samples. However, the Z21 sample showed a relatively low amount of lost sgRNAs
(0.5% at day 7 vs 0.6% at day 21), meaning that it could have been subjected to a
lower selective pressure.

Table 6. Statistics of NGS data results.

Condition Sample Total reads ‘cutadapt’ ‘bowtie’ Lost
label (millions) filtered (%) mapped (%) sgRNAs (%)
A7 55.7 96.5 84.7 1
KO-1
A21 56.5 96.3 84.8 2.4
B7 49 98.1 88.7 0.7
B21 51 97.2 86.6 2.5
KO-2
Y7 40.6 98.1 88.5 0.5
Y21 56.5 97.8 87.3 1.9
C7 42.8 95.7 86 0.8
C21 40.2 97.9 87 3.3
Control
77 52.8 96.4 84 0.5
721 70.9 96.6 84.2 0.6
Library pP 30.7 98 89.7 0.2
plasmids pP2 38.1 98.2 88.7 0.1

Sample labeling: 7 - 7 days pellet; 21 - 21 days pellet; pP - Library plasmids controls;
A - KO-1; B, Y - KO-2, replicates 1 and 2; C, Z - parental control, replicates 1 and 2.

Further analyses were made to calculate the coverage per sgRNA, and the
cumulative distribution function (CDF) of the sgRNA ranking of every sample. The
expected sgRNA coverage was ~500 reads/sgRNA, and all the samples were
distributed around such threshold (Figure 37A). However, the C21 and Z21
showed a big difference of coverage, when they were supposed to be replicates of
the same condition. In addition, after calculating the AUC of the CDF, we saw how
the t=21 samples showed a higher depletion of genes termed as “essential” for
cells, represented by a higher AUC value (Figure 37B). However, again we
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observed a difference in the depletion of essential genes among the C21 and Z21,
as the Z21 showed an apparent lower selective pressure.
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Figure 37. Quality check analysis of the coverage per sgRNA (A), and the area under curve (AUC) from
the cumulative distribution function of sgRNA ranking (B). A higher AUC represents a higher depletion
of essential genes. For comparison, Trevor Hart’s genesets are also shown: CEssG (Core Essential
Genes), NEssG (Non-Essential Genes), and NTCTRL (Non-Targeting Control).

6.2.4 PKP1-KO cells show a collateral dependency on mitochondrial
function

After the quality check, we performed a JACKS analysis that assigns a
depletion score to every sgRNA based on the number of final reads compared to
the previous timepoint. The more negative this score is, the more depleted the
sgRNA appears in a sample, and therefore the more “essential” such gene is for that
condition. We represented all the sgRNA in a dot plot, grouping all the KO
conditions in the Y axis, and the controls in the X axis (Figure 38). Our collateral
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dependencies, and thus possible mechanisms of resistance to PKP1 inhibition, are
those sgRNAs that present a very negative score in the Y axis, but a “neutral” score
(between -0.5 and 0.5) in the X axis. Individual dot plots for some of the top scoring
sgRNAs can also be seen in Supplementary Figure 5.
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Figure 38. Dot plot representing the JACKS depletion score of all sgRNAs after the CRISPR-screening.
Represented in red with a label are the top 20 genes with a lowest KO score, and a neutral control
score (between -0.5 and 0.5).

After taking the top 100 scoring genes (lowest KO score, neutral control
score between -0.5 and 0.5), we also performed a protein interaction analysis with
STRING and Metascape to see which pathways were enriched and could possibly
be implicated in collateral dependencies of cells after PKP1 inhibition. The STRING
protein interaction network analysis defined two main clusters. The first cluster
was mainly composed by structural mitochondrial ribosome proteins (MRPs), such
as MRPS35, MRPS26, MRPL49, or MRPL53; along with some components of the
electron transport chain complex II, such as SDHC and SDHA (succinate
dehydrogenase cytochrome subunits C and A) (Figure 39A). The second cluster
included genes involved in mitochondrial tRNA processing and methylation (e.g.,
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MARS2, a methionine-tRNA ligase), and overall, a lot of genes participating in
mitochondrial mRNA processing, such as MTPAP (mitochondrial poly-A
polymerase), and the top candidate in terms of JACKS score, MTERF4
(mitochondrial termination factor 4) (Figure 39B).

Finally, the pathway enrichment analysis performed in Metascape showed
that the most common affected pathways where those related to mitochondrial
gene expression, and processing of mitochondrial mRNA (Figure 39C). Taken
together, these results demonstrate an increased dependence of SK-MES-1 cells on
mitochondrial function-related genes when PKPI is depleted from them. This
suggests some kind of mitochondrial function vulnerability that could be exploited
as a future co-therapy along with PKP1 inhibition in LUSC, as will be further
discussed in the next section.
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Figure 39. Protein network interaction clusters (A, B) and pathway enrichment analysis (C) obtained
from the STRING and Metascape tools.
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6.3 Discussion

The advent of targeted molecular therapies has advanced cancer treatment
by circumventing the many secondary effects often associated with conventional
therapies, such as chemotherapy or radiotherapy. This improvement in treatment
has led to an overall enhancement in the quality of life for cancer patients.
Nevertheless, targeted therapies almost always encounter the challenge of
resistances, as evidenced by clinical cases of EGFR TKIs and the latest KRASG12C
inhibitors, where most of the patients suffer relapses within a short period of time,
typically less than a year (de Langen et al., 2023; Hirsch et al., 2017). Studying the
CDs that arise after the administration of a targeted therapy can help us to explain
why these resistances occur, and how to prevent them. For this matter, CRISPR-
screening is a very useful, high-throughput technique, which has been used, for
example, to reveal CDs inherent to KRASG12C inhibition with drugs, and therefore,
potential co-therapies that augment the response to the treatment (Lou et al,
2019).

Our first idea was to perform a CRISPR-screening with the aim of finding
CDs appearing in resistant cells to our CRISPR-KRAS therapy (see Chapter 5).
However, KRAS is a broadly studied oncogene for which CRISPR-screenings have
already been performed, and therefore CDs of its inhibition have already been
found in other elements of the RAS pathway (SHPZ, receptor tyrosine kinases), the
mTOR pathway, and cell cycle regulators (CDK4, CCND1) (Kwan et al., 2022; Lou et
al,, 2019). Moreover, a KO clone for KRAS after administering our CRISPR strategy
could not be obtained in any of the cell lines we tested in Chapter 5. Therefore, in
order to learn this cutting-edge technique and acquire novel and valuable data, we
decided to perform a CRISPR-screening to uncover the CDs of another less studied
oncogene in lung cancer, PKP1, which we were researching in our group and had
showed us promising results. We had previously generated two stable PKP1-KO
clones from a prior publication (Martin-Padron et al., 2020), allowing us to use
them along with the parental LUSC cell line SK-MES-1 as a control for the
screening.

Our CRISPR-screening encountered some difficulties on the way. Since it
was our first time performing a CRISPR-screening on our cell models, we had to
first optimize the cell plating and growth to maintain the three conditions running
in parallel for 21 days. This was challenging since the parental cells did not have
the same growth rate as the KO clones. Moreover, we had issues with the KO-1
replicates, as cells did not grow enough to reach the necessary 40 million to ensure
adequate coverage. Consequently, we were concerned that the quality of our
screening might be compromised. However, the quality check analysis did not
show any major problems with the KO-1 samples (A7 and A21). Instead, the main
problem with our CRISPR-screening was the lack of correlation among some of the
replicates (control replicates C and Z). It appeared that one of the replicates had
undergone lower selective pressure, resulting in less sgRNA depletion. This
difference was likely due to the second replicate cells (Z) not growing as much as

134



Chapter 6. CRISPR-screening for the detection of collateral dependencies

in the first replicate (C) during the 21-days selection. A lower number of cell
divisions means less sgRNA depletion, and consequently, less screening power to
discover potential hits. However, this did not entirely compromise the screening,
as combining all the KO and control replicates still allowed us to obtain true hits.
We tested all possible comparisons between individual and gathered samples, and
we found that the top genes were not changing significantly. Therefore, we decided
to focus on the comparison between all the control and all the KO samples,
regardless of their selective pressure. This comparison would contain the most
information and have the least number of false positives and clonal-specific hits.

Our results showed a strong dependence of PKP1-KO clones on several
genes involved in mitochondrial ribosome structure, transcription, tRNA
modification, and translation, suggesting an overall dependence on the
mitochondrial activity when PKP1 is depleted from cells. This is an unprecedented
finding, as the role of plakophilins in tumorigenesis depends on their intracellular
localization, and the function of PKP1 in mitochondria is still unknown (Wolf &
Hatzfeld, 2010). PKP1 is primarily found at the desmosomes along with the rest of
plakophilins, where they have a structural and tumor suppressor role by
promoting cell-to-cell adhesion and preventing migration, which might be the
explanation for the less metastatic capacity of LUSC compared to LUAD (Martin-
Padron et al, 2020). Once phosphorylated, PKP1 can be liberated from
desmosomes and subsequently detected free in both the cytoplasm and the
nucleus. The role of nuclear PKP1 remains unclear, but cytoplasmatic PKP1 has
been proposed to have an oncogenic role by promoting the translation of some
oncogenes (Wolf & Hatzfeld, 2010). This is exemplified by the feedforward
regulation loop between PKP1 and MYC that we discovered in LUSC (Boyero et al.,
2022). Future research lines should aim to determine PKPI’'s role in the
mitochondria, to shed some light on the reasons behind the mitochondrial
vulnerabilities appearing after PKP1 knockout.

The mitochondrial genome is composed by 37 genes: 2 rRNAs, 22 tRNAs,
and 13 proteins that are all part of the oxidative phosphorylation chain (Taanman,
1999). The rest of proteins necessary for mitochondrial transcription and
translation are encoded by nuclear genes, and thus need to be imported from the
cytosol. Mitochondrial ribosomes, or mitoribosomes, are formed by two subunits
composed by the 12S and the 16S mitochondrial-encoded rRNAs, alongside 82
accessory mitochondrial ribosomal proteins (MRPs) that are encoded in the
nucleus and imported via TIM/TOM into the mitochondria (De Silva et al., 2015;
Lopez Sanchez et al.,, 2021). For the assembly of mitoribosomes, the two rRNAs
(12S and 16S) are transcribed in the mitochondria, and then undergo several
modifications (methylation, pseudouridylation...) (D’Souza & Minczuk, 2018) for
which some nuclear transferase enzymes are also necessary to be imported from
outside. Finally, inside the mitochondria, the modified rRNAs bind together with
the MRPs to form the two subunits of mitoribosomes (Lopez Sanchez et al., 2021).

Many of the top scoring genes depleted in our CRISPR-screening were part
of the MRP family, which include accessory mitoribosome assembly factors, such
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as GTPases or RNA helicases. MRPs have a variety of roles apart from their
structural and translation-related function in mitoribosomes, including modifying
gene expression and genomic stability, and forming oxidative phosphorylation
enzyme complexes that produce reactive oxygen species (ROS) (X. Lin et al., 2022).
Some MRP signatures have even been related to cancer, as is the case for one of the
top hits in our CRISPR-screening, MRPS35, which along four other MRPs appears
upregulated in breast cancer and acts a biomarker for poor prognosis in patients
(X. Lin et al, 2022). Other top hits include PET117, a cytochrome C oxidase
chaperone involved in the electron transport chain, and the top candidate in terms
of JACKS score, MTERF4. MTERF4 belongs to the MTERF family of proteins, which
are transcription factors involved in mitochondrial transcription (Camara et al.,
2011). However, MTERF4 itself has a unique and key role in allowing the assembly
of mitoribosomes, as it binds to the 16S mitochondrial rRNA, and promotes its
methylation by the RNA methyltransferase NSUN4 (Yakubovskaya et al., 2012).
Without this methylation, the mitoribosomal subunits are unable to assemble
together, and therefore mitochondrial translation is heavily impaired, as shown by
MTERF4 knockout models in mice (Camara et al,, 2011).

Taken together, all these results seem to hint that PKP1-KO cells become
more dependent on mitochondrial translation than PKPI-expressing cells, thus
opening a new line of research in PKP1-inhibiting co-therapies for LUSC and
possible mechanisms of resistance. Our group is currently studying therapeutic
strategies against PKP1 in LUSC. One approach could be using drugs to block its
phosphorylation, either directly or indirectly, to prevent its release into the
cytoplasm. Thus, the oncogenic role of cytoplasmatic PKP1 is prevented, while we
stimulate the tumor suppressor role of desmosomal PKP1 (Wolf & Hatzfeld, 2010).
Our findings about the mitochondrial vulnerabilities of PKP1-KO cells could be
implemented into this future molecular therapy against PKP1 in LUSC, for example,
as a combination therapy to prevent resistances. Because of the bacterial origin of
mitochondria, several antibiotics can be used to inhibit mitochondrial translation
or transcription. Some long-known mitoribosome translation inhibitors include D-
chloramphenicol, tigecycline, actinonin, and several other other antibiotics
(tetracycline, lincomycin, erythromycin, neomycin...) (Borst & Grivell, 1971;
Richter et al,, 2015; L. Zhang et al,, 2005). Some of these drugs have been proven to
be effective as treatment against certain types of cancer highly dependent on
mitochondrial activity, such as acute myoid leukemia (Skrti¢ et al., 2011).
Moreover, for these cancers there are also compounds used for specific inhibition
of mitochondrial transcription, such as 2-C-methyladenosine (Bralha et al., 2015).

As a future perspective to continue with this project, first, it would be
necessary to individually validate the top hits of our CRISPR-screening, for
example, by using siRNAs against the candidate gene and PKP1 simultaneously in
PKPI1-expressing cells, and then checking for synergy effects. In addition, a more
translational approach would be to use cytoplasmatic PKP1-inhibiting drugs in
combination with some of the aforementioned mitochondrial translation inhibiting
antibiotics, such as tigecycline, and measure the efficiency of the combination
treatment for different LUSC models both in vitro and in vivo.
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Conclusions

1. The IncRNA DLG2-AS1 is consistently downregulated in LUAD patients.
Although its restoration in LUAD cell lines did not show any phenotypical
effects in terms of cell viability, clonogenicity or migration, some other
tumor suppressor roles for DLG2-AS1 in LUAD cannot be ruled out.

2. DLGZ2-AS1 is not a cis-regulator of its overlapping gene DLGZ, but other
regulatory functions in trans could be possible and up for further
mechanistical studies.

3. DLGZ2-AS1 displayed good potential as a biomarker for LUAD compared to
other well-stablished IncRNA and protein-coding biomarkers, although its
detection through non-invasive methods needs to be studied before its
clinical application.

4. The miRNA miR-133b has a seed region mutation in a LUAD patient, which
exerts a strong oncogenic effect when reproduced in LUAD cell lines by
overexpression of a miRNA mimic.

5. Wildtype and mutant miR-133b have different sets of downregulated genes
that are predicted targets of the miRNA and support an oncogenic effect of
the mutation. However, it is still necessary to functionally validate these
target predictions.

6. The designed sgRNAs for our CRISPR-KRAS therapy display high specificity
and are able to discriminate between wildtype and mutant KRAS, inducing
edition only in the KRAS%12C and KRASG12D alleles.

7. Our CRISPR-KRAS therapy successfully impairs tumor cell viability in KRAS-
mutant LUAD cell lines after administration with adenovirus containing
HiFi-Cas9 and specific sgRNAs against KRAS¢12¢ and KRAS¢12D.

8. A CRISPR-screening over PKP1-KO clones showed collateral dependencies
related to mitochondrial transcription and translation. This could be
exploited in a future PKPI-targeting therapy by using mitochondrial
function inhibitor antibiotics as a co-therapy to improve the efficiency and
prevent resistances.
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Conclusiones

1. El IncRNA DLG2-AS1 se encuentra consistentemente regulado a la baja en
pacientes con LUAD. Aunque su restauracion en lineas celulares de LUAD no
mostro ningun efecto fenotipico en términos de viabilidad, clonogenicidad o
migracion celular, no se puede descartar algin otro papel como supresor
tumoral de DLG2-AS1 en LUAD.

2. DLGZ2-AS1 no es un regulador en cis de su gen solapante DLGZ, aunque otras
funciones reguladoras en trans podrian ser posibles y sujeto de futuros
estudios mecanisticos.

3. DLG2-AS1 mostr6 un buen potencial como biomarcador para LUAD
comparado con otros IncRNA y genes codificantes de proteina ampliamente
validados como biomarcadores, aunque su deteccién por técnicas no
invasivas debe ser estudiada antes de su aplicacidn clinica.

4. El miRNA miR-133b posee una mutacién en su regién semilla en un paciente
de LUAD, la cual ejerce un fuerte efecto oncogénico cuando es reproducida
por sobreexpresién de un miRNA mimico en lineas celulares de LUAD.

5. Las versiones silvestre y mutante de miR-133b generan diferentes
conjuntos de genes regulados a la baja que son dianas predichas del miRNA
y respaldan nuestra hipotesis sobre el potencial oncogénico de la mutacion.
Sin embargo, es aun necesaria la validacién funcional de estas predicciones
de dianas.

6. Los sgRNA disefiados para nuestra terapia CRISPR-KRAS muestran alta
especificidad y son capaces de discriminar entre las versiones silvestre y
mutante de KRAS, editando solamente los alelos KRAS622Cy KRASG12D,

7. Nuestra terapia CRISPR-KRAS reduce con éxito la viabilidad celular en
lineas celulares de LUAD tras la administracién de adenovirus que
contienen la HiFi-Cas9 y sgRNA especificos contra KRAS¢12¢ y KRASG12D,

8. El cribado CRISPR de clones KO para PKP1 mostré dependencias colaterales
relacionadas con la transcripcion y traduccion mitocondriales. Esto podria
ser aprovechado en una futura terapia molecular dirigida contra PKP1
usando antibidticos inhibidores de la funcién mitocondrial como co-terapia
para mejorar la eficiencia y prevenir resistencias.
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Supplementary Table 1. List of used oligonucleotides and their sequences.

Oligo name 5’-3’ Sequence Tm (°C) Use
AAAA-EcoRI-DLG2-AS1  AAAAGAATTCTTAACTTGTTAATCA 56.2 Cloning
DICER-1_gFw GAAGAATCAGCCTCGCAAC 62.6 gPCR
DICER-1_gRv TGTGGGCAAATCAAAACGAAC 66.7 gPCR
DLG2_gFw GAAGACCTCATTCTTTCCTATG 58.3 gPCR
DLG2_gRv CGGCTTCTATAAACTTGTGC 59 gPCR
DLG2-AS1_gFw ATCCGGATGTGAGGTTATAAT 58.7 gPCR
DLG2-AS1_gRv AATCCAGATCCCAAGACTTC 59.5 gPCR
EGFR_ex3_qFw GGAGGTGGCTGGTTATGTCC 65.6 gPCR
EGFR_ex3_qRv TTCTCATGGGCAGCTCCTTC 66.7 gPCR
GAPDH_gFw GAAGGTGAAGGTCGGAGTC 61.3 gPCR
GAPDH_qRv GAAGATGGTGATGGGATTTC 60.8 gPCR
KRAS_Fw CACGTCTGCAGTCAACTGGA 65.4 PCR +
Sequencing
KRAS_Rv TCCGGTAGTTGTAGGTTCTCT 59.3 PCR
miR133b_gen_Fw TCGTTGTTCATGGGTATTGGTTT 65.9 PCR
miR133b_gen_Rv TTGCTCACTTTTGACTCCAG 60.6 PCR
miR133b_mut_Fw TTCCCCTTCAACCAGCTA 60.8 gPCR
miR133b_seq_Fw GCTTGAGACACACCAAGATA 57.8 Sequencing
miR133b_wt_Fw GTCCCCTTCAACCAGCTA 60.3 gPCR
pri-miR133b_Fw TCAGAAGAAAGATGCCCCCTG 67.5 PCR +
Sequencing
pri-miR133b_Rv TGCTGTAGCTGGTTGAAGGG 65.3 PCR
SNORD44_qFw GTCTTAATTAGCTCTAACTGACT 52.3 gPCR
TTTT-Xbal-DLG2-AS1 TTTTTCTAGACCAGATGGTCAGTGA 64.7 Cloning
U1_snRNA_gFw GGGAGATACCATGATCACGAAGGT 68 gPCR
U1_snRNA_gRv CCACAAATTATGCAGTCGAGTTTCCC 70.6 gPCR
Universal_Reverse_qPCR GCGAGCACAGAATTAATACGAC 62.5 gPCR

Supplementary Table 2. Sequences of miR-133b mimics.

Mimic Strand Sequence (5°-3’)
) Sense UUUGGUCCCCUUCAACCAGCUA
miR-133bWT -
Antisense GCUGGUUGAAGGGGACCAAAUU
) Sense UUUGUUCCCCUUCAACCAGCUA
miR-133bMUT -
Antisense GCUGGUUGAAGGGGAACAAAUU
Scramble Sense UUCUCCGAACGUGUCACGU
(negative control) Antisense ACGUGACACGUUCGGAGAA
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Supplementary Table 3. List of used primary and secondary antibodies.

Protein Supplier (#reference) Dilution
AGO2 Sigma-Aldrich (#SAB4200085) 1:1500
Cas9 Cell Signaling (#14697) 1:1000
DICER1 Cell Signaling (#5362T) 1:500
DLG2 Alomone Labs (#APZ-002) 1:1000
EGFR Cell Signaling (#4267T) 1:5000
KRAS Abcam (#ab180772) 1:200
HRP-Mouse IgG Dako (#P0447) 1:5000
ph-AKT Cell Signaling (#4060T) 1:1000
ph-ERK Cell Signaling (#4370T) 1:1000
ph-p70S6 Santa Cruz (#SC-8416) 1:1000
HRP-Rabbit IgG Dako (#P0448) 1:2000

o-TUBULIN Santa Cruz (#sc-23948) 1:10000

B-ACTIN Sigma-Aldrich (#A5441) 1:20000

Supplementary Table 4. List of used cell lines and their corresponding culture media.

Cell line Cell type Culture medium
A427 Lung adenocarcinoma RPMI 1640
A549 Lung adenocarcinoma DMEM

HEK-293T Human embryonic kidney DMEM
K562 Chronic myeloid leukemia RPMI 1640
MEF Mouse embryonic fibroblasts DMEM

NCI-H1299 Lung adenocarcinoma RPMI 1640

NCI-H1650 Lung adenocarcinoma RPMI 1640

NCI-H1792 Lung adenocarcinoma RPMI 1640

NCI-H1944 Lung adenocarcinoma RPMI 1640

NCI-H1975 Lung adenocarcinoma RPMI 1640

NCI-H2122 Lung adenocarcinoma RPMI 1640

NCI-H2126 Lung adenocarcinoma RPMI 1640

NCI-H23 Lung adenocarcinoma RPMI 1640

NCI-H358 Lung adenocarcinoma RPMI 1640

NCI-H838 Lung adenocarcinoma RPMI 1640

SK-MES-1 Lung squamous cell carcinoma DMEM
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Supplementary Figure 1. Agarose electrophoresis gel of qPCR products from one of the patient samples
(33S), showing that DLG2-AS1 is the IncRNA candidate which presents a more clear, unique band.
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Supplementary Figure 2. T7-endonuclease assay testing different HiFiCas9+sgRNA RNP nucleofection
programs (EH-158, EN-138, CM-130, and CA-137) in two different LUAD cell lines, H838 (KRASYT),
and H23 (KRAS¢12C), Edition can be observed (double bands) and is specific in the KRAS mutant cell
line for all programes.
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Supplementary Figure 3. Western blot results from H1792, A427, and H838 clones expressing
doxycycline-inducible HiFi-Cas9. In red squares, the clones without leaking selected for the next

lentiviral infection.

Supplementary Figure 4. Agarose gel electrophoresis of the pool of PCR reactions before NGS.
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Supplementary Figure 5. Individual dot plot of JACKS depletion score of two of the top scoring sgRNAs,
MTERF4 (mitochondrial termination factor 4), and PET117 (cytochrome C oxidase chaperone). Each
dot represents one of the four sgRNAs that the Brunello library has for every gene.
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