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Abstract

Abstract

Understanding how genes function together to guide cellular behavior is central to studying
disease mechanisms and identifying therapeutic targets. The development of CRISPR
screening methods enabled the systematic, high-throughput perturbation of genes, and
facilitated the mapping of functional relationships and uncovering of key regulators of
cellular signaling pathways. This thesis presents the characterization and application of
two CRISPR-based functional genomics platforms aimed at studying genetic interactions

(Gls) and transcriptional regulation in human cells.

In the first part of the thesis, we evaluate the RNA-targeting CRISPR effector Cas13d as
a tool for quantitative genetic interaction mapping. Unlike DNA-targeting systems, Cas13d
enables reversible gene silencing at the transcript level without introducing double-
stranded breaks. We demonstrate that Cas13d can achieve efficient and uniform dual-
gene perturbations by comparing it to the DNA-targeting nucleases Cas9 and Cas12a. We
address key challenges in designing dual-gene perturbation libraries, such as gRNA-gRNA
interference, through a dual-promoter gRNA expression strategy. After enhancing the
phenotypic effects of gene perturbations using same-gene targeting arrays, we apply this
system in the chronic myeloid leukemia cell line K562 and perform a dual-gene targeting
combinatorial CRISPR screen to study the Gls between six genes that modulate the cell’s
response to the tyrosine kinase inhibitor imatinib. Finally, we demonstrate the potential of

Cas13d for reproducible, quantitative GI mapping in oncogenic signaling pathways.

In the second part, we utilize single-cell CRISPR sequencing (scCRISPR-seq) screens to
reconstruct the transcriptional network downstream of the RAF-MAPK signaling pathway.
Although the upstream regulators of this pathway are well-studied, a knowledge gap
persists in its downstream transcriptional regulation. By perturbing 22 transcription factors
(TFs) in an inducible RAF1 HEK293 model cell line, we capture high-dimensional
transcriptomic responses at single-cell resolution. We leverage the transcriptomic data to
reconstruct a de novo TF interaction network model, revealing a positive feedback loop
between EGR1 and TCF7. This feedback loop allows Wnt signaling gene expression to be
enhanced when both pathways are activated, thus establishing a nexus that connects the

MAPK and Wnt signaling pathways.

Together, these approaches offer scalable and high-resolution platforms for mapping
genetic dependencies and unraveling the regulatory landscape in complex cell systems.
The results and methods presented here have broad implications for the identification of

new approaches for cancer therapy.
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screening, Perturb-seq, Transcriptional networks, Transcription factors, RAF-MAPK

signaling, Combinatorial CRISPR screening, RNA targeting, Cas9, Cas12a.
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Zusammenfassung

Zusammenfassung

Das Verstandnis darlber, wie Gene zusammenwirken, um das Verhalten von Zellen zu
steuern, ist zentral fir das Entschlisseln von Krankheitsmechanismen und das
Identifizieren therapeutischer Zielstrukturen. Die Entwicklung von CRISPR-Screening-
Methoden ermdglichte die systematische Stérung von Genen im Hochdurchsatz und
erleichterte die Kartierung funktioneller Zusammenhange und die Aufdeckung von
Schlisselregulatoren zellularer Signalwege. Diese Arbeit stellt die Charakterisierung und
Anwendung zweier funktioneller Genomik-Plattformen auf Basis von CRISPR vor, die
darauf abzielen, genetische Interaktionen (GIl) und transkriptionelle Regulation in

menschlichen Zellen zu untersuchen.

Im ersten Teil der Arbeit evaluieren wir den RNA-targeting CRISPR-Effektor Cas13d als
Werkzeug fir die quantitative Kartierung genetischer Interaktionen. Im Gegensatz zu
DNA-targeting-Systemen  ermdglicht Cas13d eine reversible Inhibition auf
Transkriptebene, ohne DNA Doppelstrangbriiche zu verursachen. Wir zeigen, dass
Cas13d eine effizientere und gleichmaRigere Inhibition mehrerer Gene ermdglicht, als die
DNA-schneidenden Nukleasen Cas9 und Cas12a. Zudem gehen wir zentrale
Herausforderungen beim Design von kombinatorischen gRNA Bibliotheken an, wie etwa
gRNA-gRNA-Interferenzen, die wir durch eine duale Promotorstrategie I6sen. In der
chronisch myeloischen Leukamie-Zelllinie K562 zeigen wir, dass Phanotypen durch
Konkatenierung von gRNAs zu sogenannten ,arrays® verstarkt werden. Mittels eines
kombinatorischen GI-Screens untersuchten wir genetische Interaktionen zwischen sechs
Genen, die die zellulare Antwort auf den Tyrosinkinase-Inhibitor Imatinib modulieren.
AbschlieRend demonstrieren wir das Potenzial von Cas13d fiir die reproduzierbare,

quantitative Kartierung genetischer Interaktionen in onkogenen Signalwegen.

Im zweiten Teil nutzen wir Einzelzell-CRISPR-Sequenzierung (scCRISPR-seq) mittels
Perturb-seq, um das transkriptionelle Netzwerk unterhalb des RAF-MAPK-Signalwegs zu
rekonstruieren. Obwohl die vorgelagerten Regulatoren dieses Signalwegs gut erforscht
sind, bleibt eine Wissensliicke bei der nachgelagerten Transkriptionsregulation. Durch die
gezielte Inhibition von 22 Transkriptionsfaktoren in einer RAF1-induzierbaren HEK293-
Modellzelllinie erfassen wir hochdimensionale transkriptomische Reaktionen auf
Einzelzellebene. Die so gewonnenen Daten verwenden wir zur Konstruktion eines de novo
TF-Interaktionsnetzwerkmodells, in dem wir eine positive Rlckkopplungsschleife
zwischen EGR1 und TCF7 identifizieren. Diese Rickkopplungsschleife erméglicht es, die
Genexpression des Wnt-Signalwegs zu verstarken, wenn beide Wege aktiviert sind, und

so einen Nexus zu schaffen, der die MAPK- und Wnt-Signalwege integriert.
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Zusammenfassung

Insgesamt stellen beide Ansatze skalierbare und hochauflésende Plattformen zur
Kartierung genetischer Abhangigkeiten und zur Entschlisselung regulatorischer
Netzwerke in komplexen Zellsytemen dar. Die hier vorgestellten Ergebnisse und
Methoden haben weitreichende Implikationen fir die Identifikation neuer Ansatze zur

Krebstherapie.

Stichworter: CRISPR, Cas13d, Kartierung genetischer Interaktionen, Einzelzell-CRISPR-
Screening Perturb-seq, Transkriptionelle Netzwerke, Transkriptionsfaktoren, RAF-MAPK-
Signalweg, Kombinatorisches CRISPR-Screening, RNA Targeting, Cas9, Cas12a.
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Introduction

Introduction

Mapping genetic interactions and transcriptional networks in cellular

systems

1.1 Genetic networks and cancer

Understanding the complex architecture of biological systems is important for uncovering
the mechanisms of diseases, such as cancer, and finding new targets for therapy. Genetic
networks are regulatory systems that govern the interactions between genes and their
regulatory elements. They are responsible for the function of critical cellular processes
such as metabolism, growth, differentiation, and response to stimuli (1). They are usually
characterized by their redundancy, interdependence, complexity, and robustness which
enables the cells to respond to a variety of environmental and genetic changes. However,
studying these networks is complicated by several factors such as cell-type-specific
protein functions, interactions among multiple protein complexes, compensatory

mechanisms, and diverse gene expression patterns (2).

Cancer is one of the leading causes of death worldwide. More than 20 million cases of
cancer are diagnosed annually, resulting in over 10 million deaths from the disease, which
accounts for about one in six deaths globally. The global burden of cancer is expected to
exceed 35 million cases annually by 2050. Therefore, there is an urgent need for novel
strategies to better understand and treat this disease (3). The transition from a normal cell
to a tumor cell involves major changes in the cellular regulatory networks. These changes
are referred to as “the Hallmarks of Cancer" and are characterized by cellular resistance
to cell death, genomic instability, and deregulated transcription (4—6). Mutations in two
classes of genes are often characteristic of tumor cells and are responsible for the changes
that cause the transition to malignancy. Activating gain-of-function mutations in oncogenes
and inactivating loss-of-function mutations in tumor suppressor genes promote cell growth,
proliferation, and survival. Tumor suppressor genes are further classified into three
categories: caretaker genes that maintain genomic stability, gatekeeper genes that
regulate growth and apoptosis, and finally, landscaper genes that modify the tumor
microenvironment (Fig. 1) (7-9). Cell signaling pathways are among the key processes

driving these genetic and subsequent functional cellular changes.
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Figure 1 - The Hallmarks of Cancer.

This diagram illustrates six essential changes in cell physiology that lead to cellular malignant
transformation. Together, these features enable cancer initiation, progression, and persistence.
TME = Tumor microenvironment. The figure was created using Biorender.com.

1.2 Intracellular signaling pathways regulate cell function

Cell signaling pathways are intricate networks comprised of multiple players that enable
cells to communicate with their environment and coordinate essential biological functions.
They begin at the cell surface with extracellular receptors that bind to a variety of ligands,
such as growth factors, cytokines, and hormones, initiating an intracellular signaling
cascade. This cascade is conveyed through multilevel phosphorylation of proteins and
secondary messengers, activating distinct transcriptional programs that regulate cell

proliferation, survival, apoptosis, and differentiation (10).

Several key signaling pathways have been extensively studied over the last decade for
their roles in regulating vital cellular processes. These include the mitogen-activated
protein kinase (MAPK), phosphoinositide 3-kinase (PI3K)/AKT, Janus kinase/signal
transducer and activator of transcription (JAK/STAT), Notch, and Wnt/B-catenin signaling
pathways. While these pathways diverge and interconnect with one another, they each

control fundamental cellular functions. For example, the MAPK pathway and the PI3K/Akt
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pathway are responsible for cell growth and survival, respectively, while JAK/STAT
signaling is involved in immune regulation and hematopoiesis (11). The Notch pathway
controls cell fate and the maintenance of stem cells (12), whereas Wnt/B-catenin signaling
is critical in embryogenesis and tissue homeostasis (13). Accumulating mutations in key
components of these pathways are associated with a wide range of diseases, such as
cancer, neurodegeneration, and immune disorders (5,14). Of these pathways, the MAPK
pathway is particularly significant due to its central role in controlling diverse cell fate
decisions, especially in the context of cancer, and therefore, it is the primary focus of this

thesis.

1.2.1 The MAPK signaling pathway and its role in cellular regulation

The MAPK pathway is a conserved cell signaling pathway that controls a wide range of
cellular processes such as proliferation, apoptosis, differentiation, migration, and
metabolism. Since dysregulation in these processes is central to cancer formation, it is
considered a model for studying signal-induced transcriptional programs in both normal
and diseased conditions (15,16). It is composed of four major signaling modules in
eukaryotic cells with the ERK (extracellular signal-regulated kinase) signaling cascade
being the most studied because of its involvement in cell proliferation, growth, survival,
and differentiation (17). The remaining three non-canonical MAPK signaling modules
include the JNK (c-Jun N-terminal kinase)/stress-activated protein kinase, the P38 MAPK,
and finally the ERK5 cascade, which are involved in stress responses and apoptosis (18—
20).

The ERK-MAPK pathway starts with cell surface receptors responding to various
extracellular stimuli and converging the signal through the intracellular space by a three-
tiered kinase cascade consisting of a MAPK kinase kinase (MAP3K), a MAPK kinase
(MAP2K), and the terminal effector MAPK (21,22). In the case of the ERK/MAPK pathway,
receptor tyrosine kinases (RTKs), such as the epidermal growth factor receptor (EGFR),
are activated in response to extracellular signals. Activated receptors recruit guanine
nucleotide exchange factor (GEF) adaptor proteins such as SHC, GRB2, and SOS to form
a receptor complex that converts the rat sarcoma virus protein (Ras), a small GTPase and
a product of the Ras oncogene, from its inactive GDP-bound form to its active GTP-bound
form (23).

Acting as the upstream activator of the pathway, Ras activates the MAP3K rapidly
accelerated fibrosarcoma protein (RAF), initiating the cascade (24). Three subtypes of
RAF proteins are expressed in human cells: A-RAF, B-RAF, and RAF1. These proteins

are serine/threonine kinases composed of three conserved regions (CR) named CR1,
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CR2, and CR3 (25). CR1 spans amino acids 61 to 194 and serves as the primary site for
activated Ras binding to the RAF1 protein kinase. CR2 is located near the amino terminus,
covering amino acids 254 to 269. Finally, CR3 is located at the carboxyl terminus from
amino acids 335 to 627, and constitutes the catalytic kinase domain of the RAF1 protein
(26). Activated RAF phosphorylates and activates the two isoforms of MEK (MAP2K),
MEK1 and MEK2. MEK is a dual-specificity kinase that subsequently phosphorylates and
activates ERK (MAPK) via its N-terminal region, completing the cascade (27). Activated
ERK dimerizes and translocates from the cytoplasm to the nucleus, where it
phosphorylates and activates key transcription factors (TFs), such as ELK1, CREB, AP-1,
ETS-1, and MYC, which regulate gene expression programs controlling cell metabolism,

proliferation, and differentiation (28) (Fig. 2).

1.2.2 MAPK pathway dysregulation in cancer

Pathological dysregulation of the tightly controlled MAPK pathway has been involved in a
broad range of diseases such as cancer, autoimmune diseases, and neurological
disorders (29,30). The MAPK pathway has the highest median frequency of mutations
across all cancer types, with these mutations promoting irregular proliferation and survival
signaling leading to tumorigenesis (31). KRAS mutations are the most common with
approximately 30% of all cancers carrying driver Ras mutations (32). These are followed
by B-RAF mutations which account for around 8% of cancer cases, especially in
melanoma and thyroid cancers (31). Finally, dysregulations in downstream MAPK
effectors such as MEK and ERK are less frequent and are mainly present in specific cancer
contexts (33). As a result, therapeutic strategies have increasingly targeted MAPK

components to correct dysfunctional signaling and control disease progression (34,35).

Mutations in MAPK signaling components often lead to the activation of other signaling
pathways through processes such as pathway cross-talk, redundancy, and multiple
feedback loops which enable tumor cells to survive targeted therapy by activating
compensatory parallel pathways (36). For example, Ras activates PI3K which in turn
activates AKT initiating a parallel survival signaling axis. AKT in turn inhibits glycogen
synthase kinase 3 beta (GSK3p) thereby promoting Wnt-driven transcription. On the other
hand, activated ERK1/2 inhibits the TSC1/2 complex and thus promotes mTOR signaling
downstream of PI3K (17,37) (Fig. 2). Dissecting the complexity of the MAPK signaling
pathway and its role in gene expression regulation requires experimental methods that
can perturb individual components in a precise manner and map the downstream
transcriptional effects. In this thesis, we apply one of these methods, single-cell CRISPR
sequencing (scCRISPR-seq), to study the transcriptional network downstream of RAF

kinase, offering new insights into this complex signaling landscape.


https://sciwheel.com/work/citation?ids=6158344&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1355263&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=761696&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1264597&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1031914,739305&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=5052270&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=8549932&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5052270&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1004729&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=705581,15850394&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=4238634&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=15315970,9135821&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0

Introduction

G-protein Coupled Receptor Tyrosine Growth Factor Frizzled Family
Receptor Kinase Receptor Receptor

m \V/ WK LRP5/6
; Frizzled mllﬂ
l SHC (GRB2 )S0S

(MAPKKKs) GEFs

/ (eTP)

v ) ——— —»I PIP3 —> (Dish;\'/elled)

(MKk4/7) (MKK3/6) (MEK5) ! ‘/l l
(®

N N (rorca) D)
RAF-1, B-RAF,

m

l ¢ GSK-38) — GSK'am
® TSC1/2 NFKB AXIn[APC
—— (MEK1/2 l l
ot mTorcT) (PSOlRelA)
ERK1/2 @ ‘@
l A & Ub [ Ub
v v v l Nuclear
JNK P38 ) (ERK3/4 membrane
B-catenin
l l l l Cell growth, v l ¢
(ELK'I )(ATF—Z)( AP1 ) (MEF—Z) (CREB) survival, Protein Apoptosis, Proliferation,
—— |differentiation,| | synthesis, survival, survival,
(STATD (c—Myc) (c—Fos) (c—Jun) migration, || cell growth, | [inflammation, apoptosis,
apoptosis | |proliferation| | metastasis EMT, migration
Non Canonical MAPK Canonical MAPK PI3K NF-kB Wnt Signaling
Pathway Pathway Pathway  Pathway Pathway

Figure 2 - Overview of the MPAK cell signaling pathway a cross-talk with other signaling pathways.

This schematic illustrates the canonical and non-canonical MAPK signaling cascade components
and their interactions with other signaling pathways, such as the PI3K pathway, NF-kB pathway,
and Whnt signaling pathway. This integrated network highlights the complexity and interconnectivity
of cellular signaling mechanisms essential for maintaining cellular homeostasis and responding to
extracellular cues. The figure was created using Biorender.com.

1.2.3 MAPK pathway dysregulation in chronic myeloid leukemia

CML (Chronic myeloid leukemia) is caused by the reciprocal translocation between
chromosomes 9 and 22 leading to the creation of the Philadelphia chromosome containing
the constitutively active, multidomain, chimeric tyrosine kinase BCR::ABL1 fusion protein
(38,39). The main signaling pathways that are activated in CML are the Ras MAPK and
the PI3K/AKT signaling pathways but the MAPK remains the core driver of CML
transformation (40,41). The Ras/MAPK pathway is activated by the autophosphorylation
of BCR::ABL1 which recruits adaptor proteins such as GRB2. Binding of GRB2 to the BCR
region recruits GAB2 and SOS (42,43). The multi-protein complex BCR-ABL1-GRB2-SOS
then activates Ras, initiating the ERK, JNK and the P38 signaling cascades (44—46). GAB2
recruits PTPN11 as well which enhances Ras-MAPK signaling by inhibiting Ras-GAP and
sustaining the signaling cascade (47,48). Together with PI3K/AKT, these signaling

pathways regulate cell proliferation, survival, and growth factor independence (45).
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Following the mechanistic understanding of the signaling networks involved in the
development of CML, tyrosine kinase inhibitors (TKIs) were developed to inhibit
BCR::ABL1 activity. By targeting the ATP-binding site of the BCR::ABL1 fusion gene kinase
domain, they block the signaling process and reduce the proliferation and survival of CML
cells (49). Imatinib was the first TKI developed by Novartis Pharmaceuticals and it marked
a major advancement in targeted cancer therapy. Despite the success of Imatinib in
treating CML, targeting a single driver mutation is not always sufficient, particularly in
cancers with redundant pathways or compensatory mechanisms that can diminish
therapeutic efficacy. This highlights a broader challenge in functional genomics: the
robustness of biological systems where genetic redundancy and functional buffering can

mask the effects of individual gene disruptions.
1.3 Genetic redundancy and synthetic lethality

1.3.1 Genetic redundancy and functional buffering

Through evolution, the human genome acquired a high degree of genetic redundancy
caused by processes such as diploidy, gene duplication, and functional redundancy of
signaling pathways (50,51). This provides a buffer against genetic mutations that cause
the loss or disruption of particular genes, enabling cells to maintain critical biological
functions that are important for survival and confer cellular robustness and adaptability
under normal and stressful conditions. This is more relevant in tumor cells, where genetic

redundancy enables their survival despite having highly rearranged genomes.

Gene paralogues, which constitute about two thirds of the human genome, are an example
of genetic redundancy. They are usually derived from a common ancestral gene and are
located in different genomic regions (52,53). Paralogs compensate for one another to
provide functional buffering and compensatory mechanisms, decreasing the chances of
single-gene essentiality. However, they also provide opportunities for synthetic lethality, a
phenomenon where the simultaneous loss of two genes leads to cell death, whereas the

loss of a single gene is tolerated (54,55).

1.3.2 Synthetic lethality and its applications in cancer therapy

Synthetic lethality was initially established in model organisms such as yeast and
Drosophila by observing that mutations in pairs of genes specifically killed cells, while
corresponding single-gene mutations had no effect (56-58). This concept has now been
adapted for cancer therapy by utilizing tumor-specific genetic alterations to exploit
vulnerabilities that can be targeted therapeutically (59). Vulnerabilities related to malignant

transformation, such as genomic instability, defective DNA repair, and disordered
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transcription, which weaken the tumor cell’s buffering capacity, can be specifically targeted
by selectively exploiting the interrelationships between genetic mutations (9) (Fig. 3). One
successful clinical example of exploiting synthetic lethal interactions involves the use of
poly (ADP-ribose) polymerase (PARP) inhibitors in tumors that carry mutations in either
the BRCA1 or BRCAZ2 genes. With impaired homologous recombination and compromised
DNA repair, PARP inhibitors selectively target these tumor cells while sparing normal cells
(60-62).
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Figure 3 - Schematic representation of synthetic lethality in cancer therapy.

In normal cells, two genes perform overlapping functions through genetic redundancy, enabling one
gene to compensate if the other is inhibited. However, in cancer cells, a loss-of-function mutation
in one of these genes makes them vulnerable to therapies targeting the second gene, resulting in
selective cancer cell death. The figure was created using Biorender.com.

While synthetic lethality has proven to be a strong therapeutic concept, the context-
dependent nature of these interactions in human cells remains a significant burden. More
broadly, synthetic lethality is one type of genetic interaction (Gl) that can be systematically
explored through Gl mapping to create genome-wide maps of gene-gene dependencies
(63). Systematic and scalable high-throughput combinatorial screening strategies that can
capture the complexity of cellular systems are needed for conveying information about

functional associations, buffering capacity, and pathway redundancy.
1.4 Genetic interactions: Mechanisms and applications

1.4.1 Defining genetic interactions

A Gl between two genes occurs when the combined effect of perturbing two genes

deviates from the expected phenotypes of the single-gene perturbations (64). Gl assays
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perturb multiple genes within the same cell to identify nonlinear combinatorial phenotypes,
revealing dependencies that are not apparent from single-gene perturbations. Quantitative
Gls are classified into two classes: negative (synergistic) and positive (buffering)
interactions. Negative interactions, like synthetic sickness or lethality, represent those
interactions where the combined disruption of two genes has a more severe phenotype
than what might be expected from the sum of single gene perturbations (2,65). In turn,
positive interactions may weaken one mutation against the other, as occurs in suppressive
and epistatic interactions, in which the effect of one gene mutation suppresses or masks
the effect of the second gene, respectively. In positive interactions, the double mutant is

less harmful than the expected sum of effects of the single mutants (66) (Fig. 4).

Gls do not necessitate direct physical interaction between gene products nor their co-
expression but rather they reflect the functional relationship between genes such as their
involvement in the same biological processes or pathways (67). By providing insights into
gene function and network organization, Gl maps shed light on relevant cellular processes
by systematically linking genotype to phenotype. They use the full interaction profile
signature of a gene to group genes with similar functions based on their involvement in the
same protein complex, signaling pathway, or biological process (68—70). Creating Gl maps
requires dense data to classify genes by function in an unbiased manner and has so far
been instrumental in shedding light on the mechanism behind synergistic or buffering

phenotypes (2).
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Figure 4 - A graphical representation of a genetic interaction (Gl) screen showing cell fithess
phenotypes resulting from single and double gene perturbations.
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The fitness effects of single-gene perturbations of Gene A and Gene B (grey bars) are compared
to the expected additive effect of their combined perturbation (black bar) to determine Gls. A
measured fitness score equal to the expected value indicates no interaction (Gl = 0). A greater-
than-expected fitness defect from the dual perturbation of both genes reveals synergistic
interactions (Gl < 0), such as synthetic sickness and synthetic lethality (blue bars). Conversely,
buffering interactions (Gl > 0), such as masking and suppression, occur when the double
perturbation results in higher fitness than expected (yellow bars).

1.4.2 Experimental mapping of genetic interactions

Gl mapping has been extensively studied in model organisms where foundational work
has elucidated gene function, protein complexes, signaling pathways, and evolutionary
principles (64,71). The availability of comprehensive mutant libraries and genetic
traceability in yeast has made it the ideal system for the systematic study of Gls. High
throughput methods such as synthetic genetic array (SGA) screening and epistatic mini-
array profiling (E-MAP) have accelerated the large-scale mapping of Gls (72-75) and
allowed the mapping of ~75% of the yeast genome in pairwise fitness screens covering

more than 5.4 million gene pairs in Saccharomyces cerevisiae (74).

Despite these advances, the findings from model systems are hard to translate to more
complex organisms such as mammalian cells. Human cells exhibit a much higher degree
of complexity and context-dependent Gls. To date, the largest Gl map study has pairwise
interactions across 472 genes (68), representing only 0.05% of all possible interactions of
human protein-coding genes. Therefore, novel methods are needed to expand this Gl
network. As such, high-throughput tools such as RNA interference (RNAi) and the
clustered regularly interspaced short palindromic repeats (CRISPR)-Cas offer scalable
and versatile platforms for perturbing gene function at a genome-wide level. When
combined with predictive models, which can reduce the number of gene combinations that
need to be tested, they allow deeper and more efficient comprehensive mapping of Gls in

human cells (67).

1.5 High-Throughput screens for genetic interaction mapping: From
RNAi to CRISPR

1.5.1 RNAi

Initial synthetic lethality screens in mammalian cells were limited to chemical compound-
based approaches which lacked in scalability and target specificity (76,77). Introduction of
RNAI technology allowed the first genome-wide programmable loss-of-function screens in
human cells (2,78-81). They use small interfering RNAs (siRNAs) or short hairpin RNAs
(shRNAs) as a programmable effector molecule that can be designed to target specific

mRNAs simply by achieving sequence complementarity and thus silencing gene
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expression. These screens have been instrumental in the identification of synthetic lethal
interactions and systematic probing of gene function in mammalian cells without prior
assumptions about their function or interactions (82). But despite its versatility and ease

of use, RNAI had remarkable limitations.

Knockdown efficiency from RNAI targeting is highly variable due to differences in RNAI
constructs (83,84) resulting in incomplete or inconsistent phenotypic outcomes (85). Off-
target effects add a second layer of complexity by increasing false positives and
complicating data interpretation. These challenges have been partially overcome by
careful RNAI construct design strategies such as using multiple constructs to target the
same gene. Despite this progress, conducting effective and reliable genome-wide RNAI
screens remained very hard making the results from RNAi-based applications less reliable
and reproducible (86). Nevertheless, RNAi screens successfully identified multiple
synthetic lethal interactions and gene functions, especially in cancer research. However,
the limitations of RNAI paved the way for the adoption of more precise genome-editing

technologies.

1.56.2 Evolution of genome editing technologies

Technologies targeting the genome, such as zinc-finger nucleases (ZFNs) (87,88),
transcription activator-like effector nucleases (TALENs) (87,89,90), and homing
meganucleases (91), represent significant advancements in targeted genome
modification. However, these approaches require a costly, fully customized protein
engineering for each target site. This increases their complexity and limits their scalability
and adoption (2,79). The advent of the CRISPR system revolutionized the field by

addressing these limitations.

1.6.3 From prokaryotic immune systems to genome editing

The CRISPR system is a multistep adaptive immunity mechanism in bacteria and archaea
that is composed of three steps: recognition, incorporation, and degradation of the foreign
genetic material, thus protecting them against nucleic acid-based infections such as
viruses and phages (92-94). A functional CRISPR system mainly consists of two
components. First, the CRISPR array, which is located in the host genome and is
composed of stretches of hypervariable fragments of foreign DNA or spacers interspersed
between repetitive sequences. Each spacer represents a genetic record of a previous
infection. The second component is a heterogeneous combination of genes that translate
CRISPR-associated proteins (Cas), which are nucleases that are responsible for

processing spacer arrays and degrading the invading genetic material (95) (Fig. 5).
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The prokaryotic CRISPR-Cas immune response can be separated into three different

stages:

1.

Adaptation: This step includes the recognition of the foreign DNA as non-self and
integrating it as a new spacer, which is a short nucleotide sequence that is
complementary to the invading foreign genetic material, between two adjacent
repeat units within the CRISPR locus. The spacer is integrated mainly at the
beginning or the leader end of the array, giving a chronological record for the
acquisition events from previous infections (94,96,97). Short conserved sequences
adjacent to the spacer, known as the protospacer adjacent motif (PAM), are often
critical for this step (98,99). Spacer acquisition is accomplished by Cas1 and Cas2
which are universally present in CRISPR-containing genomes (100).

Expression: The CRISPR locus is transcribed into a long precursor CRISPR RNA
(pre-crRNA) which is then processed into individual mature crRNAs by
endoribonucleases. Together with trans-acting crRNAs (tracrRNAs), these crRNAs
provide the sequence information to guide Cas nucleases to target foreign nucleic
acids. Therefore, they are also called guide RNAs (gRNAs) (101,102).
Interference: gRNAs direct Cas nucleases towards complementary foreign DNA or
RNA sequences (101). These proteins range from single effectors to multiprotein
complexes, depending on their classification. Class 1 Cas systems which include
types Il, V, and VI, are composed of multiprotein complexes such as the CASCADE
(CRISPR-associated complex for antiviral defense) in organisms like E. coli (101).
Class 2 Cas systems such as Cas9, however, are typically single effector proteins
and include types [, lll, and IV (103). Finally, the target DNA or RNA is cleaved,

thus neutralizing the invading genetic element (94,98).
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Figure 5 - Overview of the CRISPR-Cas9 mediated adaptive immune system in prokaryotes.

The defense mechanism consists of three stages. Adaptation: Upon viral infection, Cas1 and Cas2
capture fragments of viral DNA and integrate them as spacers into the CRISPR locus within the
host genome. Expression: The CRISPR locus is transcribed into a long pre-crRNA, which is
processed by RNase Il into individual crRNAs. These associate with tracrRNA and Cas9 to form
the functional gRNA-Cas9 ribonucleoprotein (RNP) complex. Interference: Upon reinfection, the
gRNA-Cas9 RNP complex recognizes and binds to the matching viral DNA sequence, resulting in
its cleavage and degradation, thus preventing viral reinfection. The figure was created using
Biorender.com.

In recent years, a wide range of CRISPR-Cas systems have been discovered from multiple
microorganisms, but the type Il system encoding Cas9 from S. pyogenes has been the
most studied and widely applied in genome editing and other applications (103—108). Cas9
was the first characterized single-effector nuclease which gave unprecedented simplicity
to genome-editing applications. Understanding the mechanism of CRISPR-Cas9 for
genome editing and the discovery of the tracrRNA as a core component in crRNA
biogenesis marked a turning point in genetic engineering. The impact of this discovery on
the scientific field was recognized with the awarding of the 2020 Nobel Prize in Chemistry
to Emmanuelle Charpentier and Jennifer Doudna for their contributions to its development
(109).
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1.5.4 Applications of CRISPR in genetic screens

Rapidly after being characterized as an adaptive immune system in bacteria (92-94), the
CRISPR-Cas9 system was adapted for precise genome editing in mammalian cells
(103,106,107). This two-component system relies on a single-guide RNA (sgRNA) to direct
the Cas9 nuclease to specific endogenous genomic loci, where it induces double-stranded
breaks (DSBs) (93). These DSBs are then repaired by either the error-prone non-
homologous end-joining (NHEJ) pathway, microhomology-mediated end joining (MMEJ),
single-strand annealing (SSA), or the homology-directed repair (HDR) pathway (110-113).
The error prone NHEJ is the most frequent and efficient repair pathway often resulting in
insertion and deletion mutations (INDELs) leading to a frameshift in the gene coding
sequence and the creation of premature stop codons triggering nonsense-mediated decay
(NMD) of the subsequent mRNA transcript leading to gene knockout especially when early

exons of protein coding regions are targeted (114,115).

Compared to previous gene-editing tools, CRISPR-Cas9 offers significant advantages in
precision, scalability, and ease of use. Direct comparisons between CRISPR and RNAi
have shown that CRISPR consistently outperformed RNAi-based methods in terms of
precision and reproducibility (86,116). For example, a side-by-side comparison of next-
generation shRNA and Cas9 sgRNA libraries showed that the Cas9 based library was
more accurate in identifying more essential genes than its complementary shRNA
counterpart was (117,118). Shortly after Cas9 was established, other systems such as
Cas12a and Cas13d were developed for gene perturbation further expanding the range of
CRISPR applications. Each of these systems works through different mechanisms and
offers a set of advantages and limitations that make them useful tools in different research

areas.

1.6 The CRISPR toolbox

1.6.1 Cas9

1.6.1.1 S. pyogenes Cas9 gene knockout

The Streptococcus pyogenes SF370 type Il CRISPR locus encodes the Cas9 nuclease
and two noncoding CRISPR RNAs: the tracrRNA and a pre-crRNA array. The pre-crRNA
includes spacer sequences that guide the nuclease to its target DNA sequence and is
interspersed with identical direct repeats (DRs), forming the core of the RNA-guided

targeting mechanism (119).

The Cas9 protein has a bilobed structure consisting of the nuclease (NUC) lobe, which

contains the HNH and RuvC-like nuclease domains, a PAM-interacting (Pl) domain, a
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wedge domain (WED), and an o-helical recognition (REC) lobe that facilitates the
recognition of the sgRNA and target DNA (112,120,121). Upon binding to the sgRNA, Cas9
forms an active RNP complex that scans the genome for the PAM sequence (5-NGG-3')
and binds to it, creating an active tertiary complex. This complex activates the Cas9
nuclease domains, cleaving the noncomplementary strand of the targeted DNA and
generating a blunt-end DSB (112) (Fig. 6).

The S. pyogenes CRISPR-Cas9 system has become the most widely used tool for gene
editing applications, but with some limitations. For example, Cas9 has a strict requirement
for an NGG PAM, which restricts the targetable sites in the human genome to about one
site per 8 base pairs. Other limitations include reduced on-target activity due to crRNA
secondary structure, chromatin accessibility, and DNA methylation states (122).
Addressing these limitations has involved utilizing Cas enzymes from other
microorganisms and developing various engineered variants that differ in size, PAM
requirements, on-target specificity, and off-target profiles, thus expanding the range of
targetable genomic loci. For instance, SpCas9-HF1, eSpCas9, and HypaCas9 introduce
point mutations that drastically reduce off-target effects while maintaining robust on-target
activity. xCas9 and SpCas9-NG expand PAM compatibility beyond NGG, enabling access
to a broader set of genomic sites (123). Additionally, smaller Cas versions, such as mini-
Cas9 and split-Cas9, can fit into a single lentiviral vector together with the gRNA sequence
while maintaining high transducibility, at the expense of reduced on-target efficacy (124—
126). Furthermore, Cas9 can be further engineered into a nicking enzyme that induces
single-strand breaks and facilitates homology-directed repair with minimal mutagenic
activity (103).

1.6.1.2 CRISPR interference and CRISPR activation

Besides the standard method of CRISPR-based gene knockout, adaptations of the core
CRISPR technology by combining the Cas9 effector protein with various fusion proteins
has expanded the utility of CRISPR beyond the DSB mediated gene knockout making it
possible to activate and silence target genes. Catalytically inactive Cas9 (dCas9), which
retains the sgRNA-programmable ability to search but not cut the genome, can be
engineered by the introduction of D10A and H840A mutations within the RuvC and HNH
nuclease domains, respectively (127). This allows it to be used for RNA-directed

recruitment of other molecular functions to specific loci in the genome (128-132).

CRISPR interference (CRISPRI) uses a fusion protein of a dCas9 and a transcriptional
repression domain Kruppel-associated box (KRAB). By targeting the gene transcription
start site (TSS), this system represses gene expression by inhibiting transcription enabling
gene downregulation without DSB formation (133,134) (Fig. 6). CRISPRI is less toxic
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compared to CRISPREko since it does not cause DSB formation. In addition, it is less prone
to activate compensatory mechanisms (134,135) however, it requires continuous
expression of the effector molecules to maintain gene silencing and is usually associated

with increased off-target effects.

CRISPR activation (CRISPRa), on the other hand, uses a dCas9 fusion with an activation
domain such as VP64 to achieve gene overexpression. Upon binding to the gene TSS,
CRISPRa systems recruit TFs to increase gene expression (Fig. 6). Next-generation
CRISPRa systems include the Suntag system, which consists of repeating 10 to 24 peptide
arrays of a fusion between a single-chain fragment antibody and VP64 (136). The VPR
system features a tri-component activation domain consisting of VP64, p65, and Rta (137).
Finally, the synergistic activation mediator (SAM) system recruits the two TFs HSF1 and

p65 to enhance gene activation on top of a dCas9-VP64 fusion (138).

1.6.2 Cas12a

The type V CRISPR Cas12a family, previously referred to as Cpf1, is an alternative to
Cas9 for genome editing with multiple key differences and advantages. Like Cas9, the
Cas12a protein features a bi-lobed protein structure composed of a REC lobe and a NUC
lobe. However, unlike Cas9, which has an HNH domain, the NUC lobe of Cas12a has two
RuvC nuclease domains positioned in a configuration that allows them to be superimposed
(139). Second, Cas12a recognizes a 5’-TTTV-3’ PAM sequence and generates staggered
cuts instead of blunt cuts in the DNA which can be useful for HDR applications. Third,
Cas12a has a single RNA requirement represented by a 20-nucleotide DR sequence
(140). However, the main distinguishing feature is the ability to process an array of gRNAs
separated by DR sequences expressed from a single transcript into single effector gRNAs
(140) (Fig. 6). Because of their compact design, these arrays offer substantial advantages
during DNA synthesis and sequencing, enhancing their utility in high-throughput

applications such as multiplexed gene perturbation screens.

The activity of various Cas12a orthologues derived from different organisms, including
Acidaminococcus (AsCas12a) and Lachnospiraceae (LbCas12a) has been demonstrated
in human cells (140). The nucleotide preferences of these orthologues have been broadly
characterized, enabling more refined gRNA design for specific applications (141,142).
Protein engineering of the enhanced AsCas12a variant (enAsCas12a) has increased its
on-target activity, broadening the spectrum of its usable applications (143). Cas12a has
also been adapted to CRISPRi and CRISPRa systems similar to Cas9 (144—146). Finally,
Cas12a shows collateral cleavage activity where it can nonspecifically cut single-stranded

DNA after recognizing its target. This characteristic was used in diagnostics like the
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SHERLOCK system to detect viral and bacterial infections, as well as genetic mutations
(147,148).

1.6.3 Cas13d

Type Il Cas9 and Type V Cas12a CRISPR-Cas systems induce permanent gene disruption
through the introduction of DSB in the genomic DNA (gDNA) which is irreversible and
associated with cellular toxicity. To address these limitations, a novel class of RNA-
targeting Type VI CRISPR-Cas13 family of endonucleases was introduced in 2016
capable of programmable single-stranded RNA (ssRNA) cleavage without altering the
gDNA (149). The type VI Cas13 system is subclassified into four subtypes with each
subtype consisting of a distinctive Cas13 enzyme such Cas13a (C2c2) for type VI-A,
Cas13b for type VI-B, Cas13c for type VI-C, and Cas13d for type VI-D. All of these
effectors share two conserved Higher Eukaryotes and Prokaryotes Nucleotide-binding
(HEPN) domains that harbor RNase motifs that are responsible for RNA cleavage with
high efficiency (139).

The most recently discovered Cas13d effector, particularly the RfxCas13d from
Ruminococcus flavefaciens XPD3002 (also known as CasRx), has several advantages
over other Cas13 variants and has been adopted for RNA-targeting applications in
mammalian systems (139,150). Compared to other Cas13 enzymes, Cas13d
demonstrates minimal off-target effects and no cytotoxicity, with superior specificity and
knockdown efficacy. It is the smallest of all Cas13 enzymes which allows it to be efficiently
packaged into adeno-associated virus (AAV) vectors, facilitating in vivo delivery. In
addition, Cas13d does not require a protospacer flanking sequence (PFS), allowing for
more flexible and unconstrained target selection compared with other systems with
specific PAM requirements (139,150,151) (Fig. 6). Similar to Cas12a, Cas13d possesses
dual nuclease activity which enables both precise cleavage of target ssRNA and
processing of gRNA arrays into single gRNAs capable of targeting multiple target sites
enabling combinatorial gene perturbation, increased knockdown efficiency, and smaller

library sizes for high throughput screens (150,152).

Cas13d is particularly well-suited for targeting non-coding RNAs (ncRNAs), such as
microRNAs (miRNAs) and long non-coding RNAs (IncRNAs), which play critical roles in
gene regulation and disease pathology (153—155). Unlike protein-coding genes, INncRNAs
lack open reading frames and are thus they are less prone to disruption via traditional
CRISPR-mediated INDEL formation (2). While CRISPRa and CRISPRIi approaches can

modulate IncRNA expression, off-target effects from IncRNAs overlapping with or being
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adjacent to protein-coding genes complicate the interpretation of results coming from
these systems (156,157).

Cas13d can induce collateral cleavage activity where it can nonspecifically cut ssSRNA in
close proximity after recognizing its target. Several publications have reported cytotoxicity
in eukaryotic cells associated with Cas13d collateral activity depending on factors such as
cell type, target expression levels, and delivery method (158-161). Although initially
RfxCas13d associated collateral RNA degradation was not detected (150), recent studies
have shown that collateral effects can arise when targeting highly expressed genes,
particularly in transfection-based delivery systems such as piggyBac transposons or
liposome-mediated transfection (159,160,162—164). In contrast, viral delivery systems,
including lentiviral vectors, exhibit significantly lower collateral activity (152,165-167). In
addition, newly engineered high fidelity Cas13d variant (163) as well as Cas13d
orthologous such as DjCas13d (160) have shown minimal cytotoxicity even when targeting

highly expressed transcripts.

RfxCas13d has been employed for several RNA-targeting studies involving gene function
and developmental changes in model organisms (168,169), metabolic and cell engineering
(165,170), as well as cancer research (171-173). In addition, the system has also been
used for RNA engineering and mRNA alternative splicing modulation by engineering
dCas13d-splice factor fusion proteins or targeting cis-elements of pre-mRNA (150,174).
Despite its advantages for perturbing multiple targets per cell, no study has investigated
the utility of RfxCas13d for quantitative GI mapping in human cells. In this thesis, we
compare it to the DNA targeting Cas9 and Cas12a CRISPR systems and evaluate its

applicability for quantitative Gl mapping screening.
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Figure 6 - Overview of various CRISPR-Cas systems and their gene perturbation mechanisms.

Cas9: Utilizes a sgRNA composed of crRNA and tracrRNA fused by a linker loop to induce blunt
DSB at specific DNA targets. DNA repair via NHEJ can result in INDEL formation, leading to
disruption of the gene reading frame and gene knockout. Cas12a: Processes multi-gRNA arrays
releasing single gRNAs that target multiple locations. It introduces staggered DSBs at target DNA
sites, resulting in gene disruption via NHEJ. Cas13d: Targets RNA instead of DNA. Similar to
Cas12a, it processes multi-gRNA arrays against multiple RNA targets. The cellular RNA
degradation machinery degrades the cleaved RNAs, leading to gene expression knockdown.
CRISPRI: A catalytically inactive dCas9 is fused to a KRAB repressor domain, which binds to a
gene promoter and blocks transcription, resulting in gene silencing. CRISPRa: dCas9 is fused to a
transcriptional activator (e.g. VP64), promoting gene expression by recruiting transcriptional
machinery to the target gene's promoter region. The figure was created using Biorender.com.

1.7 CRISPR screens in cancer functional genomics

Forward genetics is a type of open-ended, hypothesis generating research focusing on
studying genes, pathways and mechanisms involved in a given phenotype or biological
process (175). Since the CRISPR specificity is dictated by a 20-base pair sequence in the
sgRNA, this ease of target selection and modification allowed CRISPR to rapidly be used
in genome-wide and multiplexed loss-of-function high-throughput genetic screens
(114,176,177), replacing RNAi-based libraries. This made CRISPR screens a powerful

source of biological discovery in PERTomics applications, enabling the unbiased
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interrogation of gene function and an indispensable tool in the identification of cancer drug

targets and in the investigation of mechanisms of drug resistance (54,85,115,178-180).

1.7.1 Pooled CRISPR screens for single-gene functional analysis

Pooled CRISPR screening approach combines thousands of genetic perturbations in a
single experiment. It is a forward genetics approach where a gRNA library is applied to a
bulk of cells to introduce various genetically encoded perturbations. They are relatively
inexpensive and easily scalable, making them ideal for high-throughput phenotypic
discovery (2). The underlying principle of such screens is based on the ability to introduce
a single gRNA expression vector per target cell via lentiviral transduction at a low
multiplicity of infection (MOI). In addition to the gRNAs, the CRISPR-Cas protein is
expressed in the target cells either transiently by transfecting or electroporating the
plasmid, mRNA or protein into the cells, or stably by lentiviral transduction and genomic
integration. Stable expression can be achieved either together with the gRNA library on
all-in-one constructs or in isolation with subsequent clonal selection for efficient knockout
levels. The cells are then allowed to proliferate under a biological challenge, such as cell
competition or drug treatment, where cells containing gene knockouts which sensitize
them under the selective condition are depleted, while at the same time the cells that
contain gene knockouts that confer resistance are enriched. Each gRNA in the library will
specifically perturb one target gene, enabling genome-scale assessment of gene function,
with each cell acting as an independent experiment. Since the gRNA sequences are
integrated into the genome, they serve as barcodes that can be read with next-generation
sequencing (NGS) enabling inference of the respective gene knockouts (114,176,177). At
the end of the screen, enrichment and depletion analysis is performed by calculating the
difference in gRNA distribution between different experimental conditions or different time
points. The resulting data enables the identification of genes that confer sensitivity or
resistance to the applied challenge (114,175,176) (Fig. 7).

Viability-based CRISPR screening methods can be divided into three categories: negative-
selection, positive-selection, and marker-based screens. In negative-selection screens,
perturbed genes that are essential for cell survival and growth are depleted to study
context-specific dependencies and synthetic lethal interactions that can guide targeted
cancer treatments. In positive-selection screens, a strong selective pressure is applied
through drug treatments or environmental challenges to identify genetic perturbations that
enable the cells to survive otherwise lethal conditions. They are especially useful for
studying drug resistance mechanisms and survival factors. Marker-based screens on the
other hand do not depend on changes in cell viability as a result of genetic perturbation

but rather they track the expression of marker genes that can be detected through
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fluorescent tagging or antibody labeling which allows the cells with altered marker
expression to be isolated using fluorescence-activated cell sorting (FACS) to identify key

regulators of specific pathways or gene expression (175,181).

Decreasing costs of NGS have made pooled CRISPR screens highly accessible for most
research labs. Initial efforts focused on optimizing gRNA design (2), and foundational
genome scale screens demonstrated that it is feasible to perturb most genes in the human
genome in a single experiment (114,115,176). These studies identified essential genes for
proliferation and drug response and showcased CRISPR as a functional genomics
platform (176,179). Currently, the Cancer Dependency Map (DepMap) which is an open-
access initiative led by the Broad Institute, contains over 1,000 human cancer cell lines
with systematic maps of background specific genetic vulnerabilities using genome-scale
loss-of-function screens, primarily CRISPR-Cas9 and RNAi (85). Later screens have
identified genes involved in transcription regulation (182), epigenetics (183), cell signaling
(184,185), proliferation (186), and differentiation (187,188). In addition, researchers have
been using pooled CRISPR screening in more sophisticated models to investigate more
context-dependent biological phenomena such as in primary cells, in tissue explants or in

stem-cell-derived cultures including organoids as well as in vivo at a smaller scale (189).

Subsequent screens have employed both genome-wide and targeted libraries in defined
genetic contexts, including isogenic cell lines or panels with specific mutations, to uncover
Gls (77,190). However, one major limitation of single-gene knockout screens is that they
cannot evaluate functional redundancy among paralogous genes, which frequently retain
partial overlapping functions and their inactivation compensates for each other. A
systematic analysis of screen data in cancer cell lines generated by the Cancer
Dependency Map observed that half of all constitutively expressed genes are never
detected in any single gene perturbation CRISPR screen (191). To address these
limitations, higher order combinatorial screening methods have been developed to reveal

interactions otherwise obscured by traditional single-gene screening approaches.

1.7.2 Pooled combinatorial CRISPR screens

Combinatorial CRISPR screens are a type of pooled CRISPR screens in which, instead of
a single perturbation per cell, multiple perturbations are introduced to study Gls between
genes. These screens typically focus on gene pairs but can also be applied to study higher-
order combinations where multiple genes are targeted in each cell. To date, pairwise

perturbation Gl screens have mapped over 200,000 gene pairs in human cells (68).

A common strategy for pairwise combinatorial screens involves custom lentiviral libraries

where each vector expresses two gRNAs targeting distinct genes (68—70,188,192—-199).
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Researchers may use either a single CRISPR enzyme or orthogonal Cas proteins to
support such multiplexing, allowing for tighter and more independent control of gain- and
loss-of-function perturbations (198,200). A less frequently used approach relies on high
MOI with single gRNA lentiviruses, generating random pairwise and higher-order
perturbations (201).

Because the number of gRNAs per gene and the number of target genes exponentially
increase the number of possible combinations, combinatorial CRISPR screens are
typically performed in two modes: square combinatorial screens, where every element in
one position is tested against every element in the other, or anchored combinatorial
screens, where one gene or perturbation remains fixed while all others are systematically
varied (68,70,200,202,203). While most combinatorial CRISPR Gl screens are squared, it
is infeasible to experimentally test all pairwise interactions between ~20,000 human
genes, resulting in ~400 million combinations even without considering that multiple
gRNAs per gene are required in such a library (2). Furthermore, the Gl landscape is
sparse, with pairwise studies finding less than 0.1% of Gls between unrelated genes (70).
As a result, these screens have focused until now on small subsets of target genes

involved in critical biological processes or disease pathways (2).

Combinatorial CRISPR screens have been widely used to explore Gls, where gene pairs
interact either synergistically or antagonistically, and to identify synthetic lethal interactions
that have significant implications for cancer therapy (68,70,191,193,195,198,199,203—
207). These screens have been conducted using either paired or single gRNA expression
cassettes, benefiting from CRISPR systems like Cas12a (208,209). Furthermore,
combining gain-of-function and loss-of-function perturbations within the same screen adds
directionality information to Gl data, which can be accomplished using orthogonal Cas
enzymes or sgRNA scaffolds with effector recruitment domains (198,210). Recent
advancements in these methods have facilitated systematic Gl mapping to reveal novel
cancer dependencies and vulnerabilities using single and orthogonal Cas systems
(197,211,212).

Several computational models have been developed to calculate and interpret Gls. The
additive and multiplicative models assume that the expected phenotype of a double mutant
is the sum or product of the single-mutant phenotypes, respectively. In contrast, the Log
model assumes a logarithmic fitness scale, while the Min model assumes that for non-
interacting genes, the fitness of the double mutant should be similar to that of the more
severe single mutant. Although these models often agree with each other, they can diverge

under specific conditions; hence, the need for context-sensitive approaches (213).
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While most Gl screens focus on viability as a readout, this study parameter is not suitable
for studying complex regulatory mechanisms where multiple genes work together to
regulate cellular function (2). Advances in single-cell CRISPR screening methods, such as
Perturb-seq, now allow the investigation of gene regulatory functions and combinatorial

effects in a transcriptome-wide context (69,214—216).

1.7.3 Single-cell CRISPR-seq screens (scCRISPR-seq)

In the past decade, bulk RNA-seq has been widely used to study gene expression at the
population level, since it averages signals across many cells. The development of single-
cell RNA sequencing (scRNA-seq) has enabled gene expression analysis at the single-
cell level, making it especially valuable for studying cellular heterogeneity (217).
scCRISPR-seq screening combines the scale of pooled CRISPR approaches with scRNA-
seq to enable high-resolution measurement of high-dimensional phenotypes in response
to gene perturbation, allowing the construction of comprehensive genotype-phenotype
maps for studying transcriptional networks and Gls at unprecedented resolution. These
maps often reveal subtle regulatory effects behind complex phenotypes such as changes
in transcriptional programs, RNA splicing and processing, cell differentiation,

transcriptional heterogeneity, and cell-cycle states (218,219).

Large-scale functional screens aim to organize genes into pathways or complexes. As
such, a major strength of scCRISPR-seq screens lies in their ability to capture complex
phenotypes that can be either data-driven, allowing clustering genes into shared
programs, or hypothesis-driven, such as studying gene splicing defects. Once a phenotype
of interest is defined, researchers can use the same dataset to trace its genetic
underpinnings, much like a forward genetic screen, while also gaining the depth and
interpretability typical of reverse genetics (218). When scCRISPR-seq data is combined
with network modeling, it allows reverse-engineering of transcriptional networks and
identifying regulatory hubs or critical nodes that are key mediators of phenotypic
outcomes, thus complementing other high-throughput Gl screens for advancing our
understanding of the molecular basis of Gls and their implications for cellular function and
disease. Several technologies have been developed to implement scCRISPR-seq
screens, each offering different strategies for linking genetic perturbations to single-cell

transcriptomic profiles.

1.7.3.1 Perturb-seq
Perturb-seq was the first method to integrate CRISPR-based genetic perturbations with
scRNA-seq to quantify transcriptomic responses at single-cell resolution (215). It is based

on droplet-based scRNA-seq platforms such as 10x Genomics, which encapsulate
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individual cells in droplets containing barcoded oligo(dT) primers that capture cellular
polyadenylated transcripts. Reverse transcription generates uniquely barcoded cDNA from

each cell, which is then pooled, amplified, and sequenced (214,215,220).

During traditional pooled CRISPR screens, the sgRNAs are transcribed by RNA
polymerase Il (Pol Ill) rather than RNA polymerase Il (Pol Il). Therefore, they lack
polyadenylation and cannot be captured by standard scRNA-seq methods (221). To
address this problem, the gRNA expression vector was modified by inserting a unique
guide barcode downstream of the reporter, which is then transcribed together with the
guide barcode from a Pol Il promoter. This enables the barcode to be captured alongside
the cell’s transcriptome during sequencing and subsequently identify the sgRNA identity
(215). However, Perturb-seq has a risk of barcode-guide recombination due to template
switching during lentiviral production or transduction limiting the use of this technology.
This recombination increases with higher physical distance between the gRNA and
barcode loci, causing potential misassignment of perturbations to cells and confounding

downstream analysis (222).

1.7.3.2 CROP-seq

CROP-seq was developed to overcome the technical issues of Perturb-seq. Instead of
relying on a separate barcode to identify perturbations, CROP-seq enables direct detection
of the sgRNA itself in the scRNA-seq readout, by using a lentiviral vector in which the
sgRNA expression cassette is placed within the 3’ long terminal repeat (LTR) of the viral
genome and expressed by a Pol Il promoter. This cassette is then duplicated into both the
5"and 3' LTRs upon integration into the host genome, increasing guide expression levels
(223). The upstream reporter gene, expressed from a Pol Il promoter such as EF-1q,
includes the sgRNA cassette within its 3’ untranslated region (UTR) and as a result, the
sgRNA sequence is transcribed as part of a polyadenylated mRNA and captured by
standard poly(dT)-primed scRNA-seq protocols, making the sgRNA both the perturbation
and its own identifier (223,224).

However, there are two disadvantages with CROP-seq. First, the 3' LTR has a constrained
capacity for insert size, which for example, can restrict the number of sgRNA cassettes
used in combinatorial perturbation experiments. Long inserts into the 3 LTR are
associated with decreased lentiviral titers and inefficient viral integration. Second, CROP-
seq tends to show slightly lower recovery of sgRNAs compared to barcode-based
methods, especially for weakly expressed guides. To overcome this issue, hemi-nested
PCR is used to enrich the sgRNA-containing Pol Il transcript, allowing for accurate guide

identification and assignment (222).
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1.7.3.3 Direct capture Perturb-seq

Direct capture Perturb-seq eliminates the need for barcodes or inserting sgRNAs in
polyadenylated transcripts. Instead, it enables direct hybridization and amplification of
modified gRNA sequences during library preparation by adding a specifically designed
capture sequence to either the loop or the 3’ end of the sgRNA tracr sequence without
disrupting its CRISPR functionality (225). The capture sequence serves as an annealing
site for cDNA oligos that are co-inserted onto the same barcoded beads used for mRNA

capture, allowing the gRNA and transcriptome to be linked through the same cell barcode
(Fig. 7).

Compared to previous methods, direct capture Perturb-seq has higher sensitivity and
gRNA capture efficiency, which enables robust perturbation assignment across thousands
of cells. This leads to reduced background noise by minimizing the misassignment of
gRNAs to non-target cells. It is also supported by popular commercial workflows and
platforms such as 10x Genomics. However, it has some limitations such as the possibility
of lower sgRNA editing efficiency caused by the use of modified gRNA scaffolds.
Therefore, it usually requires testing and optimization of different capture sequences and
insertion positions to maintain high on-target and sgRNA capture efficiency. In addition,
libraries cloned with these modified tracrRNA sequences are often not cross-compatible

across different single-cell platforms which limits their flexibility (226,227).

One limitation of traditional scRNA-seq is that it requires sequencing the entire
transcriptome, which can be inefficient and expensive when only specific or low expressed
genes are of interest. To address this, Tap-seq was introduced which uses semi-nested
gene specific PCR primers combined with a general adapter to amplify both gRNA
sequences and up to 1,000 selected transcripts per cell. This enrichment of transcripts
improves sensitivity and cost effectiveness and offers a much higher signal-to-noise ratio

compared with previous scCRISPR-seq methods (228).
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Figure 7 - Overview of pooled and single-cell CRISPR screening workflows.

A pooled library of gRNA templates is synthesized as ssDNA oligos and cloned into lentiviral
expression vectors, which are then packaged into lentiviruses used to transduce target cells. In the
pooled CRISPR screen (top), transduced cells are selected and expanded for a predefined time
frame, followed by gDNA extraction and PCR-based recovery of gRNA sequences. NGS is then
used to quantify the guide representation to identify genes involved in the phenotype of interest. In
the scCRISPR screen (bottom), the perturbed cell pool is encapsulated with barcoded beads in
water-in-oil droplets on a microfiuidic chip. Cell lysis and reverse transcription (RT) occur within
these droplets, enabling the capture of mMRNA and gRNA information on the barcoded beads. This
permits NGS-based detection of cell barcodes, transcripts, and sgRNASs, facilitating high-resolution
mapping of genetic networks at the single-cell level.

1.8 Aim of the study

The development of CRISPR systems for gene perturbation enabled the investigation of
single gene function at an unprecedented scale. However, the complexity of cellular
systems necessitates higher-order, high content, perturbation technologies to study how
genes work together to regulate cell function. This thesis explores two CRISPR-based
functional genomics platforms for mapping Gls and reconstructing transcriptional
regulatory networks in oncogenic signaling pathways: (1) the use of the Cas13d RNA-
targeting CRISPR system for Gl mapping, and (2) the application of scCRISPRseq to

investigate transcriptional responses in the RAF-MAPK signaling pathway.

In Chapter 1, we explore Cas13d, an RNA-targeting CRISPR platform, as a tool for
quantitative GI mapping. Gl mapping in human cells is essential for understanding the
functional relationships between genes and identifying therapeutic vulnerabilities in

disease-relevant pathways. We begin by comparing the performance of Cas13d to the
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more common DNA-targeting CRISPR systems, Cas9 and Cas12a, to establish Cas13d’s
efficiency as a tool for dual gene perturbation. We hypothesized that Cas13d’s RNA-
targeting capabilities would enable precise and uniform gene perturbations, overcoming
the limitations of DNA-targeting CRISPR systems that perturb genes by introducing DSBs
at genomic target sites. Next, we use Cas13d to perform multiple Gl screens to
systematically study genetic dependencies between six genes affecting drug sensitivity in
the CML cell line K562 under both imatinib-treated and untreated conditions. In these
screens, we take advantage of Cas13d’s gRNA array processing ability to investigate the
utility of concatenated dual and triple gRNA arrays for dual gene and same-gene targeting,
respectively, and test different dual gRNA expression strategies to avoid gRNA-gRNA
sequence-dependent interference. This study aims to establish Cas13d as a fast and
reproducible platform for high-fidelity GI mapping and offers methodological insights for

designing future combinatorial Cas13d CRISPR screens.

In Chapter 2, we employ direct capture Perturb-seq, which integrates CRISPR perturbation
with single-cell transcriptomics to investigate transcriptional networks downstream of RAF-
MEK-ERK signaling. While the upstream regulators of key signaling pathways are well-
characterized, the downstream transcriptional responses that influence cell fate decisions
remain poorly understood. To address this issue, we study the transcriptional effects of
perturbing 22 transcription factors downstream of RAF1 in an inducible RAF-MAPK
signaling model in HEK293 cells. Using a topology-based modeling approach, we aim to
construct a de novo network model that identifies central regulators of the MAPK signaling
pathway downstream of RAF, as well as feedback loops between our selected
transcription factors. This study shows how scCRISPR-seq screening can provide a
mechanistic view of how external signaling is transformed into structured gene expression

programs and highlights key nodes that govern transcriptional output.

Collectively, these chapters demonstrate how distinct experimental and computational
strategies, such as Gl mapping using Cas13d and regulatory network inference through
scCRISPR-seq, can independently enhance our understanding of gene interactions in
mammalian systems. While methodologically separate, they contribute to the wider goal

of decoding functional Gls and pathway cross-talk.

Parts of this thesis have been published at the time of writing. Chapter 1 is based on the
article El Kassem et al. 2025 (229), and Chapter 2 is based on the preprint El Kassem et
al. 2024 (230). The text and figures presented in these chapters are adapted in part or in
full from the respective publications. Chapter 2 was carried out in collaboration with the
Blithgen Lab at Charité - Universitadtsmedizin Berlin, who contributed to both the

experimental design, preliminary experiments, and computational analysis.
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Chapter 1

Chapter 1: Evaluation of Cas13d as a tool for genetic

interaction mapping

1.1 Abstract

Genetic networks represent a complex web of interactions between genes and their
regulatory elements governing various cellular functions and biological processes.
Mapping genetic interactions (Gl) is crucial for understanding this complexity by revealing
how different genes influence the phenotype of one another, elucidating functional
relationships, and identifying key regulatory pathways that control cellular processes. In
this study, we investigate the utility of Cas13d, an RNA-targeting CRISPR system, for
quantitative Gl mapping. First, we compare it to the two most commonly used DNA-
targeting nucleases, Cas9 and Cas12a, and find that it produces faster gene perturbations
and results in more uniform dual gene perturbed cell populations. By leveraging Cas13d’s
gRNA array processing ability, we targeted different genes but encountered gRNA-gRNA
interference, which we overcame by employing a dual promoter gRNA expression
strategy. Finally, we maximized Cas13d knockdown efficiency by combining multiple
gRNAs targeting the same gene into a single array, leading to a nine-fold decrease in our
library size and larger Gl score effect sizes. Together, these strategies enabled the
reproducible quantification of Gls between six genes that regulate the chronic myeloid
leukemia cell (CML) line K562 response to the BCR::ABL1 kinase inhibitor imatinib. Our
findings demonstrate the potential of Cas13d for Gl mapping, offering promising insights

into drug response pathways with therapeutic relevance.

1.2 Introduction

Understanding Gls is crucial for unraveling the complexity of cellular systems, deciphering
disease mechanisms, and identifying novel combinatorial therapeutic strategies. Gl
mapping has emerged as a powerful method for systematically linking genotype to
phenotype and studying the functional relationships between genes that contribute to
human disease formation (67,231). A Gl occurs when the combined loss-of-function
phenotype resulting from systematically perturbing two genes deviates from the expected
phenotypes of the single-gene mutants. Beyond elucidating gene functions and
therapeutic targets, Gl mapping offers critical insights into cellular networks, paving the

way for personalized medicine applications.

Despite its potential, the difficulty of systematically perturbing genes in human cells limited

Gl studies to model organisms such as yeast and Drosophila during the early years of
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these studies (73,232). The discovery of RNA interference (RNAIi) and the adaptation of
this technology to systematically modulate gene expression changed this, enabling the
study of Gls in mammalian cells. However, RNAi has some limitations due to off-target
effects and the relatively low and variable knockdown efficiency of its constructs (192).
This changed with the discovery of more precise CRISPR-based gene editing
technologies, which rapidly replaced RNAi in Gl studies. The Cas9 nuclease from
Streptococcus pyogenes is the most widely used and studied CRISPR system
(70,195,196). However, other systems, such as the Cas12a (Cpf1) nuclease from
Acidaminococcus sp., were subsequently discovered and adapted for Gl studies as well
(197,208). Furthermore, combinations of different CRISPR systems have also been
utilized, such as Cas9 and Cas12a (203) and Cas9 with other orthologous CRISPR/Cas9

systems from various microorganisms (198,199).

More recently, RNA-targeting CRISPR systems like Cas13 have been discovered and
adopted for precise modulation of gene expression at the RNA level (233). The type VI-D
CRISPR-Cas Cas13d system from Ruminococcus flavefaciens, also known as CasRXx,
has rapidly become the most widely used of these systems for precise and efficient RNA
targeting gene expression interference (150). In addition to its precision, Cas13d’s ability
to target non-coding RNAs broadens the scope of Gl mapping, offering insights into
regulatory elements that influence cellular functions without permanently altering the
genome. To date, several studies have demonstrated the utility of Cas13d in pooled
genetic screens targeting coding (234) and non-coding transcripts (235), as well as in
single-cell combinatorial Perturb-seq screens (152) and massively multiplexed RNA
knockdown combinatorial screens in primary human T cells (165). However, its potential

for quantitative Gl mapping remains unexplored.

For a CRISPR system to be suitable for Gl mapping, it must meet several prerequisites.
First, the system should generate a uniform population of double-perturbed cells by
specifically and homogeneously perturbing two genes within the same cell. The efficiency
of double perturbation inherently depends on the efficiency of single perturbations by each
gRNA through a multiplicative relationship. Specifically, the efficiency of double
perturbation is the product of the efficiencies of single perturbations, meaning that any
reduction in the efficiency of either single perturbation significantly lowers the probability
of achieving successful double perturbations. DNA-targeting enzymes such as Cas9 and
Cas12a perturb gene function by introducing double-strand DNA breaks (DSBs) at the
genomic target sites. These DSBs are typically repaired by error-prone cellular DNA
damage repair mechanisms like non-homologous end joining (NHEJ) (113) often leading

to the formation of INDELSs at the target site. This leads to heterogeneous cell populations
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with frameshift and in-frame mutations that, in some cases, translate into a functional
protein (236). In contrast, Cas13d is an RNA-targeting CRISPR system and therefore
overcomes these limitations by acting directly on RNA transcripts. This approach ensures
consistent and uniform reduction in target transcript levels across the cell population,

leading to a homogeneous perturbed cell population.

Another requirement for quantitative Gl mapping is the absence of sequence-specific
interference between the gRNAs targeting different genes within the same cell. When the
activity of one gRNA depends on the sequence of the second gRNA, it hinders the
quantification of Gl scores, which are calculated based on the difference between
observed double-perturbation phenotypes and those expected from individual
perturbations. Unlike Cas9, Cas12a (237) and Cas13d (150) can process multiple
concatenated gRNA arrays expressed from a single promoter into single effector gRNAs.
While Cas12a gRNA arrays have been used for Gl mapping (197,208), the applicability of
Cas13d gRNA arrays for this purpose remains unstudied, despite having already been

used for multiplexed gene perturbation (152,165).

In this study, we investigate the utility of Cas13d for Gl mapping. We hypothesized that
Cas13d’s RNA-targeting capabilities would enable precise and uniform gene
perturbations, overcoming the limitations of DNA-targeting CRISPR systems. We
demonstrate that Cas13d induces perturbations faster and more homogeneously than
Cas9 or Cas12a, generating highly uniform double-perturbed cell populations. However,
we observed that concatenating Cas13d gRNAs into arrays and expressing them from a
single promoter can result in sequence-dependent interference, where the efficiency of
one gRNA depends on the sequence of the second gRNA in the array, rendering such
arrays unsuitable for GI mapping. To address this, we show that expressing individual
gRNAs from different promoters eliminates the interference. Additionally, we find that
utilizing arrays containing three concatenated gRNAs targeting the same gene enhances
knockdown efficiency and proliferation phenotypes while minimizing library size. To this
end, we conducted a series of Gl screens using single gRNAs or single-gene arrays
expressed from separate promoters to systematically map Gls between six genes involved
in the response of the CML K562 cell line to the tyrosine kinase inhibitor imatinib. Our
results show that single-gene arrays produced larger Gl effect sizes compared to single
gRNAs, with reproducible and consistent Gl scores within each approach and across the
two gRNA expression approaches. We established and benchmarked two Cas13d-based

strategies for quantifying Gls in therapeutically relevant oncogenic signaling pathways.
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1.3 Results

1.3.1 Single gene perturbation properties of Cas9, Cas12a, and Cas13d

DNA-targeting nucleases Cas9 and Cas12a perturb their targets through DSBs that are
repaired by the DNA DSB repair pathways introducing frameshift mutations. In contrast,
the RNA-targeting ribonuclease Cas13d autonomously degrades its RNA targets, resulting
in gene knockdown rather than knockout (Fig. 6). To analyze how these differences in
gene perturbation mechanisms affect the performance of single and double perturbations,
we compared the perturbation kinetics between the three systems. For this purpose, we
introduced the components of the three CRISPR systems into the chronic myeloid
leukemia (CML) cell line K562 through lentiviral transduction at a low multiplicity of
infection (MOI<0.3), targeting cell surface markers, and measured their expression levels

by flow cytometry.

Representative histograms in Figure 8A illustrate how Cas13d reduces CD46 protein
levels faster and more uniformly compared to the DNA-targeting nucleases Cas9 and
Cas12a. These differences arise from the distinct mechanisms of action of DNA- versus
RNA-targeting CRISPR systems. The nearly random nature of the DNA DSB repair
outcomes leading to Cas9 and Cas12a-mediated knockout results in a mosaic of bimodal
cell populations, featuring both loss-of-function mutations and wild-type levels of CD46. In
contrast, Cas13d creates a homogeneous cell population with reduced CD46 levels within
three days post gRNA transduction, due to its RNA-degrading mechanism of action (Fig.
8A).

Next, the faster kinetics of gene perturbation with Cas13d compared to Cas9 or Cas12a
were demonstrated by targeting the CD46, CD47, CD63, and CD71 genes with each
system and measuring the cell surface protein expression level over time using flow
cytometry (Fig. 8B, Supp. Fig. 1). Three days after transduction, minimal to no reduction
in target protein levels was observed for either of the two DNA-targeting nucleases, while
Cas13d showed an almost complete knockdown. Depending on the target, Cas9 and
Cas12a nucleases achieved maximum target protein reduction by day 5 or day 7 post-
transduction. For the essential gene CD71 (K562 DepMap Chronos score: -0.975), Cas9
and Cas12a mediated knockout resulted in a decrease in edited cell populations by day 7
or day 10, respectively. In contrast, Cas13d produced a stable knockdown between 79%
and 87% throughout the entire experiment. These results indicate that the complete
knockout of CD71 by Cas9 and Cas12a leads to decreased viability of K562 cells.

Conversely, a greater than 80% reduction in CD71 levels does not which suggests that
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“fine-tuned” Cas13d knockdown could be useful for investigating the function of genes

whose complete deletion is cytotoxic.
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Figure 8 - Comparison of single gene perturbation properties of Cas9, Cas12a, and Cas13d.

(A) Histograms of cells perturbed with Cas9, Cas12a, and Cas13d targeting CD46, with protein
levels measured via flow cytometry at four different time points post-transduction with the respective
CRISPR system. Light grey: Unstained untransduced cells. Red: Perturbed cells. Dark grey:
Stained non-target control cells. (B) Gene perturbation kinetics of Cas9, Cas12a, and Cas13d
targeting CD46, CD47, CD63, and CD71 over 10 days. MFI = Mean fluorescence intensity. Values
represent the mean of biological replicates; error bars show SD (n=3).

1.3.2 Double gene perturbation properties of Cas9, Cas12a and Cas13d

The distinct mechanisms of target gene perturbation of the three CRISPR systems
become particularly significant when more than one gene is perturbed per cell, as required
for Gl mapping. By simultaneously targeting two genes within the same cells, Cas13d was
able to generate the most uniform double-perturbed cell populations compared to both
DNA-targeting CRISPR systems, making it a promising tool for GI mapping. Figure 9A
shows the distribution of cells after single or double gene perturbation from all three tested
CRISPR systems of CD46 and CD47. In the case of double perturbation with Cas9 and
Cas12a, a mix of unperturbed, single-perturbed, and double-perturbed cell populations

remained. In contrast, for Cas13d, the entire cell population uniformly shifted towards
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double negative (Fig. 9A, Supp. Fig. 2). The percentages of double-perturbed cell
populations were 51.2% +/-5 for Cas9, 81.6% +/-0.7 for Cas12a, and 95.4% +/-0.9 for
Cas13d (Fig. 9B).
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Figure 9 - Comparison of double gene perturbation properties of Cas9, Cas12a, and Cas13d.

(A) Distribution of cell populations expressing combinations of CD46, CD47, and NTC gRNAs as
indicated. Cell surface marker levels were quantified via flow cytometry at 10 days post-transduction
with the respective CRISPR system. (B) Quantification of unperturbed, single-perturbed, and
double-perturbed subpopulations from cells expressing gRNAs against CD46 and CD47 at 10 days
post-transduction. Values represent the mean of biological replicates; error bars show SD (n=3).

1.3.3 Concatenated Cas13d gRNAs show sequence-dependent interference

Multiple gRNAs can be concatenated into arrays that the Cas13d effector protein
processes into individual functional single gRNAs, which can target different RNA
constructs as needed for Gl mapping (150) (Fig. 10A). Therefore, we assessed the utility
of Cas13d gRNA arrays for this purpose using dual gene combinatorial proliferation
screening. After determining the proliferation scores (tau) for single and double gene
perturbation phenotypes, the Gl score between two genes is calculated as the deviation
of the measured phenotype of the perturbation of both genes in the same cell from the

expected phenotype calculated from the measured perturbation phenotype of each gene
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individually. To accurately calculate Gl scores, two gRNAs must act identically on their
target RNA, irrespective of the sequence of the second gRNA expressed in the same

array.

To assess the applicability of Cas13d arrays for Gl mapping, gRNAs were designed
against six genes whose involvement in the imatinib response of the CML cell line K562
was previously established (198). K562 cells carry a translocation between chromosomes
9 and 22, creating the BCR::ABL fusion oncogene, a constitutively active tyrosine kinase
that drives uncontrolled cell proliferation (238). Imatinib, a targeted BCR::ABL inhibitor,
blocks this aberrant signaling pathway and is used to treat CML (239). Three genes whose
perturbation sensitized K562 cells to imatinib treatment, namely, (BCR)-ABL1, the direct
target of imatinib, GAB2, and SOS171 were selected, along with three genes whose
perturbation made the cells less sensitive to imatinib: PTPN1, NF1, and SPRED2. 27
gRNAs against each target gene were designed using the Cas13d gRNA design rules
previously described (234) (Supp. Table 1). The gRNAs were symmetrically cloned into a
concatenated dual gRNA array library expressed from a single mouse U6 (mUG) promoter
(Fig. 10B). The library showed a narrow distribution, with 99.8% of all elements falling
within one order of magnitude (Supp. Fig. 3A). Using this library, we performed a pooled
combinatorial CRISPR screen as described in Figure 10C. Each dual gRNA array targeted
either a gene in position 1, combined with one of 30 different non-target control gRNAs
(gNTC) in position 2 (U6-gRNA-gNTC), or vice versa (U6-gNTC-gRNA).
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Figure 10 - Overview of the pooled Cas13d screening pipeline in K562.
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(A) Schematic representation of Cas13d processing concatenated gRNA arrays into single gRNAs.
(B) Schematic of the dual gRNA concatenation strategy U6-g1-g2. mU6 = mouse U6 promoter,
diamonds = direct repeat DR36, squares = target-specific spacer sequence. (C) Overview of the
pooled Cas13d screening pipeline. In summary, gRNA template oligonucleotide pools were
amplified by PCR and cloned into a lentiviral expression vector. K562 cells stably expressing
RfxCas13d were transduced with lentiviral pools at a low MOI to ensure the integration of a
maximum of one gRNA expression cassette into the host cell genome. Perturbed target cell pools
were treated for 19 days with escalating doses of imatinib, ranging from 100 nM to 300 nM, before
gRNA expression cassettes were recovered via PCR from the gDNA. The abundance of gRNA
expression cassettes at the beginning (baseline) and in imatinib-treated or untreated cells at the
end of the screen was quantified through next-generation sequencing (NGS) of the gRNA
expression cassette pools to determine the enrichment or depletion of cells expressing a specific
gRNA combination.

To assess the reproducibility of our screen data, we examined the correlation of replicate
normalized read counts and tau scores at different levels of data analysis across untreated
and treated conditions. A strong correlation was found between the normalized read
counts of both replicates in untreated samples (r = 0.88), while treated samples exhibited
slightly lower correlation scores (r= 0.74) (Fig. 11A, 11B). Similarly, high correlations were
found between the tau values across replicates before and after filtering in both untreated
(r = 0.81 and r = 0.79, respectively) and treated conditions (r = 0.89 and r = 0.9,
respectively) (Fig. 11C-F). To evaluate the consistency and robustness of the calculated
tau scores, we compared tau values derived from the same gRNAs in both array positions,
namely gRNA-gNTC (position 1) and gNTC-gRNA (position 2). The treated samples
showed a stronger correlation (r = 0.73) than the untreated ones (r = 0.38); however, the
overall heterogeneity in correlations indicated position-dependent performance
differences of the same gRNA (Fig. 11G-H, Supp. Data 1).
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Figure 11 - Correlation plots at different levels of screen data analysis showing high technical
reproducibility of the U6-g1-g2 screens.
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(A-B) Correlation between normalized read counts from two technical screen replicates following
19 screen days in untreated (A) and imatinib-treated (B) conditions using the U6-g1-g2 strategy.
(C-D) Correlation between tau values from two technical screen replicates following 19 days of
screening in untreated (C) and imatinib-treated (D) conditions before filtering for functional gRNAs
using the U6-g1-g2 strategy. (E-F) Correlation between tau values from two technical screen
replicates following 19 screen days in untreated (E) and imatinib-treated (F) conditions after filtering
for functional gRNAs using the U6-g1-g2 strategy. (G-H) Correlation between tau values from
gRNA-gNTC and gNTC-gRNA combinations following 19 days of screening in untreated (G) and
imatinib-treated (H) conditions using the U6-g1-g2 strategy. Pearson’s correlation was used fo
determine the r values. Screen data was analyzed in collaboration with Jasmine Hillmer.

To further explore this issue, the three best performing gRNAs against PTPN1 and SOS1,
combined with 30 different gNTCs, were selected and ranked based on their performance
in position 1 of the gRNA array (Fig. 12, top panel). Large variations in tau values were
observed from the same gRNAs, depending on which gNTC sequence they were
concatenated with in position 2. For example, the concatenation of all six selected gRNAs
with gNTC-28 produced strong positive (JPTPN1) or negative (gSOS1) tau values, while
the same gRNAs concatenated with gNTC-21 resulted in only minimal enrichment or
depletion of cells. This trend was not observed in the opposite orientation (QNTC-gRNA)
(Fig. 12, bottom panel). Nevertheless, we noted lower tau value effect sizes compared to
the gRNA-gNTC orientation, and high variability between the three selected gRNAs
against the same gene, where the same three gRNAs performed rather consistently in the

first orientation, especially those targeting PTPN1.
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Figure 12 - Differences in gRNA efficiency dependent on position and gNTC identity.

36



Chapter 1

Bar chart showing the tau values for the three best performing gRNAs targeting PTPN1 and SOST,
in combination with 30 gNTCs, presented in both orientations: gRNA-gNTC (top) and gNTC-gRNA
(bottom). Data was analyzed in collaboration with Jasmine Hillmer.

To obtain a more systematic overview, tau values from the top six gene-targeting gRNAs
per gene, expressed either in position 1 (Fig. 13A) or position 2 (Fig. 13C) in combination
with the 30 different gNTCs in the respective other position, were calculated. Similar to the
results shown in Figure 12, the effect sizes of tau values from specific gRNAs against a
target gene in position 1 varied in a gNTC sequence-specific manner. This gRNA
sequence-dependent interference was further demonstrated by the strong positive and
negative correlations between arrays with different gene-targeting gRNAs in position 1
(Fig. 13B). On the other hand, no such effect was observed when the gene-targeting gRNA
was expressed in position 2 (Fig. 13C). However, smaller effect sizes were observed when
the gRNAs were expressed from position 2 compared to position 1. No systematic
correlation was observed between gene-targeting gRNAs expressed in position 2,
suggesting that gRNA-gRNA interference occurs only when the gene-targeting gRNA is
expressed in position 1, but not position 2, probably due to the way RfxCas13d processes
gRNA arrays (Fig. 11D). In summary, these results show that concatenation of Cas13d
gRNAs against different target genes is not a suitable method for quantitative GI mapping

due to sequence-dependent interference between gRNAs of the same array.
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Figure 13 - Concatenated Cas13d gRNAs show sequence-dependent interference.

(A) Heatmap showing tau values from the six best performing gene-targeting gRNAs in position g1
(x-axis), combined in one array with 30 different non-target control gRNA sequences (gNTC) in
position g2 (y-axis) using the U6-g1-g2 strategy. (B) Pearson’s correlation (r) between tau values
from all columns in (A). (C) Heatmap showing tau values from the six best performing gene-
targeting gRNAs (x-axis) in position g2, combined in one array with 30 different gNTCs in position
g1 (y-axis) using the U6-g1-g2 strategy. (D) Pearson’s correlation (r) between tau values from all
columns in (C). Crossed squares (x) indicate not available (n.a.) data points. Screen data was
analyzed in collaboration with Jasmine Hillmer.
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1.3.4 Expression of gRNA from separate promoters prevents gRNA-gRNA

interference

To address the gRNA-gRNA interference identified with concatenated gRNAs, a modified
gRNA expression strategy was implemented, in which each gRNA was expressed from a
separate promoter. Different promoters were used to avoid recombination during library
cloning. Specifically, a mouse U6 promoter (mUG6) drove the expression of gRNA-1, while
a human U6 promoter (hU6) was used for gRNA-2 (Fig. 14A). A pooled library was then
cloned using this dual-promoter system, targeting the same six genes as before with 27
gRNAs per gene, assigned to either the mU6 (position 1) or hU6 (position 2) promoter
(Supp. Table 1). The library showed a relatively narrow distribution, with 69.6% of all
elements falling within one order of magnitude (Supp. Fig. 3B). A pooled combinatorial

proliferation screen was performed under the conditions described in Figure 10C.

We first checked the quality of the screening data by evaluating the correlation of the
screen replicates. High reproducibility was observed between technical replicates in the
imatinib-treated and untreated conditions, as demonstrated by a strong correlation in
normalized read counts (r = 0.98 after imatinib treatment) and tau values (r = 0.91 after
imatinib treatment) (Fig. 14B, Supp. Fig. 4A-E). Additionally, gene-targeting gRNAs
expressed in both positions revealed a similarly high correlation of 0.92 (Fig. 14C, Supp.
Fig. 4F, Supp. Data 1), indicating that the performance of the gene-targeting gRNAs was
not affected by the position from which they were expressed. Similarly, as was done
previously with the concatenated gRNA format (U6-g1-g2), effective gRNAs were
identified for all six genes. However, in this dual-promoter setup (U6-g1-U6-g2), the
functional effects of active gRNAs remained consistent across both positions, regardless
of the sequence of the coexpressed gNTC (Fig. 14D and 14F). Moreover, due to the
absence of systematic correlation between the different gene-targeting gRNAs and the
gNTCs, no sequence-specific performance differences were observed between different
gene-targeting gRNAs (Fig. 14E, 14G). This suggested that expressing two gRNAs from
separate promoters can overcome the gRNA-gRNA interference observed with

concatenated gRNAs. Overall, these results demonstrate the usability of Cas13d for Gl

mapping.
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(A) Schematic of the dual promoter gRNA expression strategy mU6-g1-hU6-g2. mU6 = mouse U6
promoter, hU6 = human U6 promoter, diamonds = direct repeat DR36, squares = target-specific
spacer sequence. (B) Correlation between tau values from two independent screen replicates after
19 days of imatinib treatment using the U6-g1-U6-g2 strategy. Pearson’s correlation was used to
determine the r value. (C) Correlation between tau values from gRNA-gNTC and gNTC-gRNA
combinations after 19 days of imatinib treatment using the U6-g1-U6-g2 strategy. Pearson’s
correlation was used to determine the r value. (D) Heatmap of tau values from gene-targeting
gRNAs expressed from the mU6 promoter co-expressed with the indicated gNTCs from hU6. (E)
Pearson’s correlation (r) between tau values from all columns in (D). (F) Heatmap of tau values
from gene-targeting gRNAs expressed from the hU6 promoter co-expressed with the indicated
gNTCs from mU6. (G) Pearson’s correlation (r) between tau values from all columns in (F). Crossed
squares (x) indicate not available (n.a.) data points. Screen data was analyzed in collaboration with
Jasmine Hillmer.

1.3.5 Single-gene arrays generate stronger knockdown and proliferation
phenotypes

Although gRNA-gRNA interference prevents the use of Cas13d arrays to target two genes
for Gl mapping, combining multiple gRNAs that target the same gene may still be a viable
approach to enhance knockdown efficiency. To explore this, we synthesized and cloned
“single-gene arrays” by concatenating three gRNAs targeting the same gene into one
construct (Fig. 15A). We then compared the knockdown efficiency of these arrays to that
of the individual gRNAs by targeting cell surface markers CD46, CD47, CD71, and CD63
(Supp. Table 2). Across all targets, the single-gene arrays achieved more robust
knockdown than any single gRNA alone, with residual protein expression dropping as low
as 0.7% for CD46, 4.9% for CD47, 10% for CD71, and 17% for CD63 (Fig. 15B). To further
assess the potential of single-gene arrays for Gl mapping, the 27 gRNA sequences used
in the previous dual promoter single gRNA library were concatenated into 9 single-gene
arrays (Fig. 15C, Supp. Table 3). The dual gene targeting single-gene array library showed
a narrow distribution, with 89.5% of all elements falling within one order of magnitude
(Supp. Fig. 3C). This strategy resulted in a reduction of library size from 36,864 elements
down to 4,096. These findings highlight the effectiveness of Cas13d single-gene arrays in
enhancing perturbation phenotypes while reducing the complexity and size of the

screening library.

Finally, pooled screens were conducted as shown in Figure 10C using both the single
gRNA library (U6-g1-U6-g2) and the single-gene array library (U6-a1-U6-a2), with and
without imatinib treatment to compare the performance of both gRNA expression
strategies. Like previous screens, the data quality of the screen was assessed through
Pearson’s correlation analysis of the normalized read counts and tau values of the screen
replicates at different stages of data analysis. The high correlation values of tau values in
the imatinib-treated technical screen replicates (r values between 0.94 and 0.96)

demonstrated the reproducibility of the screen (Fig. 15D, Supp. Fig. 6A-F). Additionally,
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when comparing gRNAs targeting the same gene but expressed from different positions,
a strong correlation of 0.9 was observed (Fig. 15E, Supp. Data 1), indicating that the
performance of single-gene arrays was independent of the position from which it was

expressed.
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Figure 15 - Single-gene arrays generate stronger knockdown and proliferation phenotypes.

(A) Schematic of the single-gene array strategy. (B) Flow cytometric quantification of CD46, CD47,
CD71, and CDG63 residual protein levels in cells expressing either a single-gene array or one of the
three single gRNAs concatenated in the single-gene array. Values represent the mean of biological
replicates (n=3). (C) Schematic of the dual promoter single-gene array expression strategy used
for subsequent U6-a1-U6-a2 libraries. mU6 = mouse U6 promoter, hU6 = human U6 promoter,
diamonds = direct repeat DR36, squares = target-specific spacer sequence. (D) Correlation
between tau values from two independent screen replicates, following 19 days of imatinib treatment
using the U6-a1-U6-a2 strategy. Pearson’s correlation was used to determine the r value. (E)
Correlation between tau values from gRNA-gNTC and gNTC-gRNA combinations following 19 days
of imatinib treatment using the U6-a1-U6-a2 strategy. Pearson’s correlation was used to determine
the r value. Screen data was analyzed in collaboration with Jasmine Hillmer.

1.3.6 Cas13d perturbation shows no nonspecific proliferation phenotypes

Recent studies have demonstrated that Cas13d, specifically the RfxCas13d utilized in this
work, shows collateral activity upon target binding under certain conditions. This activity
leads to nonspecific RNA degradation in eukaryotic cells, which in turn reduces cell
proliferation in specific cell types (240). To ensure that the observed growth phenotypes
were indeed due to specific Cas13d-mediated gene knockdown, a Cas9 sgRNA library

was designed and cloned to target the same six genes as the Cas13d libraries, and Cas9
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counter screens were conducted as described previously (Fig. 10C). The Cas9 library
consisted of four sgRNAs per gene, accompanied by five NTC and five Safe-cutter controls
cloned with a narrow distribution (Supp. Fig. 3D, Supp. Table 4). Proliferation phenotypes
from single gene perturbed cells in the untreated and 19 day imatinib treated screens
showed a strong correlation between the Cas9, Cas13d single gRNA, and Cas13d single-
gene array screens (Fig. 16, Supp. Fig. 5). Additionally, a comparison with Chronos scores
from K562 DepMap data (85) also revealed a strong correlation with both the Cas9 and
Cas13d results in untreated conditions. Most importantly, no instances of cell death were
observed following Cas13d knockdown of a target gene that could not be confirmed by
Cas9-mediated knockout and DepMap data. These results indicate the absence of

cytotoxicity due to potential collateral activity in this study.
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Figure 16 - Cas13d shows no signs of unspecific growth phenotypes.

(A) Correlation between MAGeCK MLE beta scores from the untreated Cas9 counter screen and
the single gRNA screen (U6-g1-U6-g2). (B) Correlation between MAGeCK MLE beta scores from
the untreated Cas9 counter screen and the single-gene array screen (U6-a1-U6-a2). (C) Correlation
between MAGeCK MLE beta scores from the imatinib-treated Cas9 counter screen and the single
gRNA screen (U6-g1-U6-g2). (D) Correlation between MAGeCK MLE beta scores from the imatinib-
treated Cas9 counter screen and the single-gene array screen (U6-a1-U6-a2).
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1.3.7 Cas13d allows reproducible quantification of Gls in therapeutic signaling

pathways

Moving to the identification and quantification of Gls in the signaling pathways of K562
cells under both untreated and imatinib-treated conditions. Tau values from all four
screens were used to calculate Gl scores (Fig. 17A, Supp. Data 1). Consistent with
previously observed stronger knockdown effects of single-gene arrays compared to
individual gRNAs (Fig. 15B), the tau values and Gl scores derived from the single-gene
arrays displayed greater effect sizes (Fig. 17B). The U6-g1-U6-g2 dual promoter single
gRNA approach revealed only two Gls in the untreated condition in both orientations: NF1-
SOS1 and NF1-GAB2. In contrast, three additional Gls were detected with the U6-a1-U6-
a2 single-gene array approach, including the well-established buffering interaction
between the ABL1 kinase and its antagonist phosphatase, PTPN1 (241,242). Under
imatinib treatment, Gl scores generally showed larger effect sizes compared to untreated
conditions. As noted earlier, single-gene arrays outperformed single gRNAs by producing

stronger tau values and Gl scores (Fig. 17B, 18A).
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Figure 17 - Single-gene arrays generate reproducible stronger tau and G/ scores.
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(A) The formula for calculating Gl scores. (B) GI maps showing Gl scores from single gRNA (top
panel) and single-gene array screens (bottom panel), both with (right panel) and without (left panel)
imatinib treatment. Tau values from single gene perturbations in both possible orientations (Gene1-
gNTC and gNTC-Gene1) are shown along the edges of each Gl map. Gl scores derived from
gRNA/array orientation 1 are shown at the bottom left of each Gl map, while Gl scores derived from
gRNA/array orientation 2 are shown at the top right. Positive Gl scores indicate buffering
interactions, while negative Gl scores indicate synergistic interactions. Data was analyzed in
collaboration with Jasmine Hillmer.

Gl scores showed strong correlations within each gRNA expression method and between
the single gRNA and single-gene array approaches, confirming that both reliably identified
similar Gls (Fig. 18B, Supp. Fig. 7). A subtle yet consistent negative correlation was
observed between Gl scores in treated and untreated conditions for both strategies. This
indicates that some interactions change their nature in response to imatinib treatment. For
instance, the buffering interaction between ABL17 and PTPN1 becomes synergistic with
imatinib treatment, while the ABL7-SOS1 interaction shifts from synergistic to buffering. In
all four screens, “single gene controls” were calculated as the interaction between the six
candidate genes and all non-target control gRNAs. As expected, none of the six
investigated genes showed a significant Gl with non-target controls (Fig. 18A). Figure 18C
shows a de novo generated interaction network, consisting of all reproducible Gls
calculated from the tau values that were generated by the single-gene array approach in
both gene orientations (Gene1-Gene2 and Gene2-Gene1) under untreated and imatinib

treated conditions.
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Figure 18 - Cas13d enables the highly reproducible identification of Gls in oncogenic signaling
pathways.
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(A) Volcano plots showing Gl scores and their associated significance (—logio(p-value)) for all
possible gene-gene combinations arising from single gRNA (top) and single-gene array screens
(bottom), both with and without imatinib treatment. Blue and yellow data points indicate interactions
that meet the threshold of Gl >< +/-0.2 and FDR < 0.5. Data points with black labels represent Gls
identified in both orientations (QRNA-gNTC and gNTC-gRNA). Gray-labeled data points indicate
“same gene GIs” that passed the threshold, where gRNAs in both positions targeted the same
gene. Red data points indicate ‘single gene controls’ where Gl scores were calculated as between
genes, with one gene replaced by non-target control gRNAs (see methods section 2.7.20 for
details). (B) Pearson’s correlation (r) between Gl scores determined from imatinib-treated and
untreated cells via the single gRNA and single-gene array approach, analyzed in both orientations.
(C) Gl network of reproducible Gls between all six investigated genes, derived from the single-gene
array strategy. Only interactions identified by Gls of >< +/-0.2 and FDR < 0.5 in both orientations
(QRNA-gNTC and gNTC-gRNA) are shown. Ras-GEF = Ras guanine nucleotide exchange factor.
Ras-GAP = Ras-GTPase activating protein. Edges between genes are colored based on the
average Gl score of screen replicates and gRNA-gNTC orientations. The figure was created using
Biorender.com. Data was analyzed in collaboration with Jasmine Hillmer.

1.4 Discussion

Novel combinatorial screening methods are needed for mapping Gls which is crucial for
understanding the functional interdependencies between genes within genetic networks.
In the context of cancer, Gls can reveal hidden vulnerabilities, inform combination
therapies, and identify synthetic lethal gene pairs. In this chapter, we systematically
evaluated of the utility of Cas13d, a type VI-D CRISPR system that targets RNA, for
quantifying Gls.

Previous Gl mapping approaches relied primarily on the DNA-targeting nucleases Cas9
and Cas12a. Despite advancing Gl mapping in mammalian cells, these systems have
critical limitations. Both Cas9 and Cas12a can exhibit slow editing kinetics and
heterogeneous DNA cleavage and repair dynamics, leading to mosaic populations of
edited and unedited cells even several days post-delivery (Fig. 8, 9). It was previously
reported that the Cas9 induced non-frameshift indels can lead to over one third of
transduced cells with in-frame mutation, or non-perturbed characteristics resulting in true
knockouts, heterozygotes, and wild-type cells. This heterogeneity leads to increased noise
in functional assays and complicates the analysis of Gl data, especially when weak

phenotypic effects are being measured (84,115,243).

These limitations are especially problematic when studying essential genes, such as CD71
(K562 DepMap Chronos score: -0.975). Targeting such genes with DNA nucleases can
result in rapid loss of cell viability, which may hide more subtle biological information. In
contrast, Cas13d-mediated RNA targeting enables a more controlled and tunable
approach which allows the study of partial as well as full loss-of-function phenotypes. In
our study, Cas13d achieved 79% reduction of CD71 protein levels within 3 days post-
transduction, without signs of CD71 perturbation related cytotoxicity over 10 days, as it

was observed after Cas9 as well as Cas12a mediated knockout of CD71 (Fig. 8B). This
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observation highlights the advantage of using Cas13d and its ability to modulate gene
expression without inducing cell death by providing a more controlled loss of gene

expression.

Besides essential genes, Cas13d can also be used to target non-coding RNAs (ncRNAs),
such as IncRNAs, which have been shown to be involved in chromatin regulation, splicing,
and post-transcriptional gene regulation (244,245). DNA targeting CRISPR systems rely
on introducing frameshift mutations to disrupt gene function. Since ncRNAs do not rely on
a reading frame, this strategy is ineffective for perturbing non-coding transcripts. Cas13d
circumvents this limitation by directly targeting the RNA for degradation, enabling a
functional knockdown on the transcript level. Previous studies have demonstrated the
effectiveness and specificity of Cas13d in degrading IncRNAs, proving its ability to
interrogate the function of both coding and non-coding elements, which allows a systems-

level analysis of cellular pathways (150,235).

Another key observation from our study relates to the perturbed cell population dynamics
of Cas13d-mediated knockdown compared to traditional DNA-targeting nucleases. We
found that in comparison to the RNA-targeting Cas13d, DNA-targeting nucleases generate
bimodal populations of full knockout (null mutation) cells and wildtype cells (Fig. 8A). This
poses a challenge for studying genes that are relevant for therapeutic intervention because
typically, pharmacological inhibitors reduce rather than completely eliminate the activity of
their targets. In contrast, Cas13d generated homogenous, uniform knockdown populations
that resemble the effects of pharmacological modulation of target activity. The knockdown
population uniformity is important in higher-order perturbation screens that are required
for Gl studies, since the compounding multiplicative effect of the efficiency of single
perturbations greatly reduces the double perturbed cell populations. The uniform
knockdown mediated by Cas13d led to a higher fraction of double perturbed cell
populations in comparison to both DNA-targeting nucleases (Fig. 9B). Overall, this
uniformity of perturbed cell populations improves the interpretability of Gl data, especially

when conducting large-scale combinatorial screens.

Similar logic has been applied for the development of CRISPRI systems, such as those
based on dCas9-KRAB, which enable target repression without DNA cleavage (246).
However, CRISPRI suffers from strong dependence on chromatin context, positional
effects relative to the TSS (247), and can cause substantial off-target effects (248), which
reduce its generalizability and scalability. Cas13d avoids these pitfalls by directly targeting
mature transcripts, bypassing the complexities of transcriptional regulation and chromatin

structure.
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In addition to phenotypic consistency, Cas13d offers a major technical advantage by
avoiding DNA DSBs, which are the hallmark of Cas9 and Cas12a activity. DNA DSBs can
cause cytotoxicity by triggering the p53 response (249,250), and this effect strongly
correlates with the number of target loci, raising concerns about the feasibility of using
DNA-targeting nucleases in higher-order perturbation screens (251,252). When multiple
target loci are edited simultaneously, the cumulative DNA damage can lead to unintended
cytotoxicity, confounding the interpretation of observed phenotypes. By targeting RNA
rather than DNA, Cas13d overcomes this issue and thus provides a more scalable platform

for combinatorial studies.

While Cas13d circumvents many cytotoxicity concerns associated with DSB from DNA-
targeting CRISPR systems, several studies have reported varying levels of cytotoxicity in
eukaryotic cells caused by Cas13d from Ruminococcus flavefaciens (RfxCas13d) due to
collateral RNA cleavage activity. Unlike Cas9 or Cas12a, Cas13 effectors has a
nonspecific RNase activity that is allosterically activated upon target RNA binding, leading
to the collateral degradation of non-target transcripts. This phenomenon was first seen in
bacterial systems and later in select mammalian studies (149,253). Although collateral
RNA cleavage was not reported in the original RfxCas13d publication by Konermann et al.
2018 (177), it represents a potential concern for using RfxCas13d that should be carefully
monitored in future studies. Subsequent studies have demonstrated context-dependent
cytotoxicity associated with collateral activity based on cell type, target gene expression
levels, and the delivery method of the RfxCas13d system (158-161). However, most
studies employing RfxCas13d did not report any adverse effects from collateral activity
(152,165,234,235,254-258). Similarly, in this study, we observed no unexpected growth
phenotypes that could be attributed to collateral RNA cleavage (Fig. 16, Supp. Fig. 5), nor
did we detect reciprocal degradation between the highly expressed surface proteins CD46
and CDA47, as would be expected from collateral RNA trans-cleavage (Fig. 9A). While
these results are reassuring, we emphasize that collateral activity remains a relevant
concern, especially in large-scale pooled screens or in more sensitive systems such as
primary cells or in vivo models. To mitigate the effects of collateral activity, newer high-
fidelity variants of RfxCas13d with minimal collateral activity, as well as Cas13d orthologs
like DjCas13d, have demonstrated strong on-target activity with minimal cytotoxicity, even

when targeting highly abundant transcripts (160,163).

Although Cas13d offers several inherent advantages, its application to combinatorial Gl
mapping revealed critical technical challenges that needed resolution to unlock its full
potential. Cas13d can process concatenated gRNA arrays from a single transcript through

inherent RNase activity, enabling compact and modular expression of multiple gRNAs
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from a single promoter. This multiplexing strategy is appealing in combinatorial pooled
screening settings, where vector size and cloning complexity impose practical constraints.
However, we detected sequence-specific interference between Cas13d gRNAs targeting
genes expressed in position 1 with non-target gRNAs expressed in position 2 of the same
array (Fig. 11H and 12), making this approach ineffective for quantitative Gl mapping.
Specifically, when two distinct gRNAs were co-expressed in a tandem array, we observed
that the gRNAs in the first position displayed diminished knockdown efficiency depending
on the sequence identity of the gNTC in the second position. Notably, this phenomenon

occurred in an orientation-dependent and sequence-specific manner (Fig. 11H, 12, 13).

Cas13d gRNA-gRNA sequence-dependent interference effects on efficiency have also
been observed in Tieu et al. 2024, where Cas13d gRNA knockdown efficiency varied when
multiple gRNAs were concatenated into arrays in a sequence-dependent manner. In their
study, they used a library of 6400 arrays targeting 576 gene pairs in primary human T cells
to identify gene pairs that regulate HA-28C CAR T cell proliferation and anti-tumor activity
(165). Similar to our Cas13d libraries, their library was designed with gRNA pairs cloned
in two orientations. Consistent with our observation, the gRNAs were less efficient when
expressed from position 1 compared to position 2 in the array, which can be attributed to
gRNA-gRNA sequence-dependent interference (165). Similarly, reduced gRNA efficiency
was observed with the dCasRx-RBM25 fusion protein when targeting alternative exons. Li
et al. 2024 reported that two-spacer arrays showed a moderate decrease in efficiency for
exon activation compared to single gRNAs. This effect was further intensified when using
five-spacer gRNA arrays (259). Previous studies have attributed this effect to ssRNA
secondary structures that render them inaccessible, preventing Cas13d from recognizing
the cleavage site 5’ of the DR sequence, thereby severely impacting its array processing
efficiency (139,260).

Although concatenating gRNAs against different target genes for GI mapping has been
successfully applied with Cas12a (197,208), gRNA-gRNA sequence-dependent
interference has been studied more extensively in this CRISPR system due to its more
widespread use. These studies can provide insights into the mechanisms behind the
Cas13d dual gRNA array efficiency effects observed in this study, despite Cas12a being
structurally and functionally different from Cas13d. Several reports have indicated that
arrays encoding multiple Cas12a gRNAs often exhibit unpredictable performance for multi-
gene perturbation. Small RNA-Seq experiments suggest that array processing by Cas12a
is uneven, resulting in gRNAs that may differ in abundance by 10- to 100-fold after
processing (209,261,262). Magnusson et al. 2021 reported that Cas12a array
performance is hypersensitive to the GC content of gRNA spacers, with high-GC gRNAs
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impairing the activity of the downstream gRNA (262). Additionally, the presence of
complementary sequences in gRNAs that could generate complex secondary RNA
structures negatively impacts Cas12a’s array processing ability (263,264). Similarly,
recent data from CHyMErA (203) screens revealed that polycistronic gRNA processing
can substantially impair phenotype induction and reduce the effect size range compared
to single-gRNA strategies. Specifically, CHyMErA’s hybrid Cas9-Cas12a arrays
underperformed both in efficiency and speed of target gene depletion, attributed in part to
compromised gRNA activity due to processing interference (265). Further exploration of
the underlying reasons behind the Cas13d gRNA sequence-dependent interference and
array processing mechanisms may enable the use of concatenated Cas13d gRNAs

against different target genes for quantitative GI mapping.

To overcome the Cas13d gRNA-gRNA sequence-dependent interference, we
implemented a dual-promoter gRNA expression strategy where each gRNA is expressed
under its own U6 promoter in separate transcriptional units. This approach is conceptually
analogous to the multiSPAS strategy, which decouples SpCas9 and enAsCas12a gRNA
expression to restore optimal gRNA functionality in orthogonal CRISPR systems (265). In
our case, this configuration restored efficient knockdown of both targets, enabling accurate
quantification of Gl phenotypes (Fig. 14) on the expense of slightly increased vector size
and library cloning complexity. Nevertheless, for the purpose of high-resolution Gl
mapping, the benefits of this strategy such as robust knockdown, reproducibility, and

minimized gRNA interference, outweigh its drawbacks.

Guide RNA design is essential in all CRISPR applications. Compared to Cas9, that was
used in over 1000 whole-genome screens in cancer cell lines, data on Cas13d guide
efficacy is lagging behind (266). By analyzing the fitness scores from the gRNA-gNTC
combinations in both orientations in our U6-g1-U6-g2 screen, we identified gRNAs that
showed absent or minimal fithess effects despite having high predicted efficiency scores
in the gRNA selection algorithm from Wessels et al. 2020 (234). Therefore, we assessed
the efficiency of the gRNA selection algorithm and compared it to the updated version of
the algorithm that was published during the course of the project, TIGER (Supp. Table 1)
(166,234). The outcome of this comparative analysis revealed that neither model exhibited
a reliable prediction of gRNA performance. These prediction models have predominantly
been created through the examination of log. fold changes derived from essentiality
screens. Although essentiality screens offer the advantage of simultaneously testing a
large number of gRNAs, they represent a proxy measure for RNA knockdown levels
(160,166,234,267). Ideally, model performance should be evaluated by directly comparing

predictions to experimental RNA knockdown measurements. This discrepancy highlights
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the need for further refinement and optimization of Cas13d gRNA efficiency predictive

models.

Next, we explored the potential of concatenating multiple gRNAs targeting the same gene
to enhance knockdown efficiency while simultaneously reducing library size. By
concatenating three distinct gRNAs against the same target within a single array, we
achieved stronger target reduction (Fig. 15B), more pronounced growth phenotypes (Fig.
17B), and reduced the combinatorial library size nine-fold, from 36,864 gRNA-gRNA
combinations to just 4,096 array-combinations while enhancing Gl effect sizes at the same
time (Fig. 18A). The more compact size of the array library allows this approach to be
readily adapted to study Gls between hundreds of genes in a single screen. These results
show that by leveraging the multiplexing ability of Cas13d, the same-gene arrays can also
enable the creation of compact genome-wide libraries by reducing the number of unique
library elements while maintaining multiple gRNAs per gene. Such approaches are needed
in cases where the cell numbers are limited, such as in primary cells and in scCRISPR-
seq approaches. Similar approaches were previously developed for Cas12a and showed
that compact Cas12a libraries demonstrated comparable performance to optimized Cas9
libraries (197,212).

One limitation of our dual promoter expression strategy was the recombination of the
Cas13d DR sequences in the U6-g1-U6-g2 and the U6-a1-U6-a2 libraries due to the
complementarity of the Cas13d DR sequences. Since the libraries were cloned
symmetrically with all gRNAs/Arrays present in both positions, recombination during
cloning of these libraries was observed when identical gRNA/arrays were present in both
positions (Supp. Fig. 3C-D). In these recombined constructs, a single gRNA/array was
present under the expression of the mU6 promoter. These events were removed later
during analysis, but this underscores the need for further development of efficient
alternative Cas13d DR sequences in a similar fashion to the alternative DR sequences
developed for Cas12a (197).

Finally, we benchmarked both approaches, the single gRNA (U6-g1-U6-g2) and the single-
gene array approach (U6-a1-U6-a2) in a focused screen to study Gls between six genes
involved in oncogenic signaling downstream of BCR::ABL: ABL1, GAB2, SOS1, NF1,
PTPN1, and NF1. The BCR::ABL fusion protein is a well-characterized oncogenic driver
in CML, where it promotes constitutive tyrosine kinase activity and activates downstream
pathways such as Ras-MAPK and PI3K-AKT (40,41). Our results show that the calculated
Gl scores were highly reproducible, both within and across the two approaches (Fig. 18B).
Interestingly, 3 out of the 4 synergistic Gls that could be detected under imatinib treatment
were between PTPN1 and ABL1, SOS1 or GAB2, respectively (Fig. 18C), suggesting a
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negative upstream regulatory function of PTPN1 on these genes. These findings are
consistent with the known role of PTPN1 in dephosphorylating and attenuating ABL1
activity, which has been documented in several prior studies (241,242). While there have
been no reports on the direct interaction between PTPN1 and the adaptor protein GAB2
or the Ras-GEF SOS1 yet, the observed synergistic interactions could be explained by the
well-established function of both proteins as direct physical interaction partners of
BCR::ABL, the target of PTPN1 (268). In addition, we also identified a strong synergistic
interaction between ABL7 and NF1, which can be rationalized by their opposing roles in
regulating Ras activity. ABL1 positively regulates Ras through phosphorylation of Ras-
GEFs and activation of adaptor complexes, while NF1 is a GAP protein that promotes Ras
inactivation (44—46,269). We also observed a buffering interaction between ABL1 and
SOS1 under imatinib treatment, wherein the combined knockdown rendered cells less
sensitive to the drug than expected based on individual perturbations, possibly due to their
involvement in the same signaling complex (38). This counterintuitive result can be
interpreted as a case of negative epistasis within the same pathway, where both genes
participate in a shared signaling module. Taken together, these results demonstrate that
Cas13d-mediated Gl mapping is not only technically robust but also biologically

informative, capable of recapitulating known interactions and uncovering new ones.

1.5 Conclusion

This study establishes Cas13d, an RNA targeting CRISPR system, as an efficient tool for
quantitative GI mapping in mammalian cells. By comparing Cas13d to other traditional
DNA-targeting CRISPR systems, such as Cas9 and Cas12a, we show that Cas13d allows
rapid RNA knockdown and results in more uniform perturbation across cell populations. In
addition, Cas13d acts post-transcriptionally which enables its use in contexts where DNA
DSB-based perturbation is undesirable or infeasible, such as studies involving essential
genes where full gene knockouts are not tolerated, as well as ncRNAs where the function
is independent of the presence of reading frames. These findings position Cas13d as a
complementary tool to other DNA-targeting CRISPR platforms for gene function and Gl
studies. Our dual-promoter strategy for expressing multi-gene-targeting gRNAs
overcomes gRNA-gRNA sequence-dependent interference observed with concatenated
gRNAs expressed under a single promoter as multi-gRNA arrays. Furthermore, we
demonstrate that concatenating gRNAs targeting the same gene into same-gene arrays
increases the knockdown phenotype effect sizes and allows the detection of Gls within
oncogenic signaling pathways. In conclusion, we show that Cas13d has a strong potential

for Gl mapping to advance our understanding of drug response pathways.
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Chapter 2

Chapter 2: Perturb seq reveals TCF7 as a nexus of
interaction between MAPK- and Wnt-driven gene

expression

2.1 Abstract

The MAPK pathway is a crucial cellular signaling cascade whose dysregulation is
implicated in numerous cancers. While its upstream regulators are well characterized, how
its activation translates into different transcriptional responses remains poorly understood.
This study addresses this gap by using targeted Perturb-seq against 22 transcription
factors in an inducible model system for RAF-MAPK signaling. Leveraging the power of
single-cell CRISPR screening, which enables high-resolution mapping of complex
phenotypes through single-cell transcriptomic profiling, we capture the diverse
transcriptional programs induced by gene perturbations. A topology-based modeling
approach is applied to the obtained data to construct a transcription factor directional
interaction network which identified a positive feedback loop between EGR1, a
downstream regulator of the RAF-MAPK response, and TCF7, a transcription factor best
known for its involvement in Wnt-signaling. This work demonstrates how the combination
of single-cell CRISPR screening and gene network analysis can provide novel insights into

gene cross-talk and the transcriptional architecture downstream of RAF-MAPK activation.

2.2 Introduction

Cell surface signals traverse a complex network of signaling proteins that lead to the
activation of intricate gene expression programs. Investigating the relationship between
these signaling proteins and the gene expression programs they activate is challenging
due to the potential activation of different signaling pathways by a single receptor and the
ability of different receptors to activate the same pathway. Moreover, the transcriptional
response to a signal is not fixed but rather is shaped by the cellular context, including the
presence of other signaling inputs, feedback regulators, and epigenetic states (270,271).
Activated pathways can intersect, antagonize each other, or converge on shared
downstream effectors through the presence of feedback loops, which add further

complexity (272).

One of the hallmarks of cancer formation is mutations of tumor activator and tumor
suppressor genes that have a critical role in intracellular signal transmission. For example,

G12D activating KRAS mutations and APC loss-of-function mutations lead to
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dysregulation of the MAPK (273) and Wnt signaling pathways (274). Both these mutations
are seen in 21% and 14% of all cancer cases, respectively, and can occur in isolation as
well as in combination in a large number of cancers (275-277). Interactions between the
MAPK and Wnt pathways have been demonstrated at multiple levels, including cross-talk
at the receptor activation level, interactions at the cytosolic kinase level, and transcriptional
co-regulation of target genes (278). One established interaction is MAPK-dependent (-
catenin phosphorylation, a main Wnt signaling effector, which may influence its stability
and nuclear localization. Similarly, EGR1, a MAPK-inducible immediate-early gene, is
involved in B-catenin/TCF-dependent transcriptional regulation (279). Dissecting the
mechanisms of such cross-talk and studying how the extracellular signals are converted

into gene expression programs is still one of the challenges of systems biology.

The MAPK cascade is a conserved and central regulator of essential cellular functions
such as proliferation, differentiation, and survival (15,271). It is activated by various
extracellular cues such as growth factors, cytokines, and environmental stress, and it
relays signals from cell surface receptors to intracellular mediators, and finally to the
nucleus where targeted transcriptional programs are activated. MAPK signaling has been
extensively studied and therefore it serves as a model to investigate signal-induced
transcriptional regulation (280). While individual MAPK isoforms are structurally
conserved, they have evolved functionally and acquired distinctive activation profiles and
substrate specificities that ensure cellular homeostasis as well as unique responses to

various upstream stimuli (15,16).

The MAPK pathway is divided into the canonical and the non-canonical pathways. Signal
transmission via the MAPK pathway involves a tiered phosphorylation cascade in which
MAPKKKs phosphorylate MAPKKs, which in turn activate MAPKs through dual
phosphorylation on conserved motifs. In this study, we focus on the RAF-MEK-ERK
pathway which is part of the canonical MAPK pathway. After Ras activation by growth
factor-induced and mitogen-induced signals at the cell plasma membrane, GTP-loaded
Ras directly interacts with RAF kinases, inducing catalytic activity via RAF kinase domain
dimerization (25,281). Serving as a MAPKKK, RAF subsequently initiates the activation of
the dual-specificity kinase MEK (MAPKK) by phosphorylating its activation segment. This
signal is then propagated by MEK, which phosphorylates and activates ERK (27). Once
activated, ERK translocates to the nucleus where it phosphorylates a diverse set of

transcription factors (TFs) triggering specific transcriptional programs (28).

Time-resolved transcriptome analysis following ERK activation has provided insights into
the temporal dynamics and hierarchical organization of ERK-target genes. The studies

have shown that cell outputs are subject to the duration of ERK signals, with transient
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activation prompting cell proliferation, and sustained signaling leading to differentiation or
apoptosis (282,283). The duration of ERK activity itself is also regulated by the types of

ligand, receptor abundance, and ERK-dependent negative feedback loops (284).

In addition, transcript half-life also influences the kinetics of this initial cellular response
(285). ERK signaling is generally associated with fast and transient induction of primary
response genes (PRGs) or immediate early genes (IEGs), which are independent of de
novo protein synthesis and share regulatory motifs within their promoters (286,287). Many
IEGs encode TFs that subsequently initiate activation of secondary response genes
(SRGs) after a temporal delay (288—290). This delay, modulated by mRNA half-lives,
enables the cell to differentiate between transient and sustained signals effectively
(291,292). Delayed primary genes frequently encode negative feedback regulators,

attenuating growth factor signaling at specific nodes within the network (293-295).

Despite extensive characterization of ERK-induced transcriptomic responses and
associated regulatory proteins (296), significant gaps remain in understanding the detailed
structure of the transcriptional network. Specifically, the regulatory interplay between the
TFs and how they regulate secondary response genes remains poorly studied. A better
understanding of the transcriptional network topology and dynamics is crucial to decoding
how MAPK pathways orchestrate distinct and often opposing phenotypes. Reverse
engineering approaches represent a powerful strategy for dissecting these complex
transcriptional networks downstream of MAPK signaling to understand how physiological
and pathological MAPK signals are integrated into a cellular response. Early studies using
RNAI based perturbations and semi-quantitative modeling identified a small seven node
TF network downstream of Ras/MAPK signaling that modulates cell growth and
transformation (290). Advances in genome editing technologies and coupling of CRISPR-
based genetic perturbations with single-cell RNA sequencing (scCRISPR-seq), such as in
Perturb-seq (214,215) and CROP-seq (223), have overcome limitations that restricted
broader and more profound analyses (79). Pooled genetic screens rely on selectable
phenotypes like cell growth, drug resistance, or reporter gene expression with
fluorescence-activated cell sorting that are intrinsically limited in their ability to capture
complex biological processes, particularly those involving transcriptional network
topologies (175). scCRISPR-seq integrates single-cell transcriptomics with targeted
genetic perturbations at scale to enable the systematic and simultaneous dissection of
complex transcriptional interactions. These technologies now offer unprecedented
capacity to map network topology, decode signaling cascades, and achieve deeper
mechanistic insight into how physiological and pathological MAPK signaling are

coordinated into cell response.
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In this study, we used a targeted Perturb-seq (TAP-seq) strategy (228) to evaluate the
transcriptional changes resulting from the knockout of 22 TFs activated downstream of
RAF1-mediated MAPK signaling. Using this data, we constructed a model of the genetic
interaction network and demonstrated the complex transcriptional interdependence that
describes how these transcriptional elements regulate each other's expression. In this
network, EGR1 emerged as the most upstream regulator of the transcriptional RAF-MAPK
response, and together with FOS, it frequently co-regulates overlapping target gene sets
in an orthogonal manner. Furthermore, we also identified a positive feedback loop between
EGR1 and TCF7, thereby establishing a nexus that links the MAPK and Wnt signaling
pathways. Our results demonstrate the effectiveness of Perturb-seq in reconstructing
topological networks and identifying dynamic interactions within cellular transcriptional

networks.

The work presented in this chapter was conducted in collaboration with the Blithgen Lab
at Charité - Universitadtsmedizin Berlin, who contributed to the experimental design,

preliminary experiments, and computational analysis.
2.3 Results

2.3.1 Identification of transcription factors up-regulated by RAF1-induction

To characterize the transcriptional networks activated by RAF-MAPK signaling, a
HEK293ARAF1:ER cell line engineered with a tamoxifen-inducible CR3 kinase domain of
RAF1 was used (Fig. 19). This cell line, previously established by Samuels et al. 1993
(297), allows precise control of RAF1 activity. Unlike cell culture systems stimulated by
growth factors, this model of RAF-MAPK signaling is activated independently of the
upstream G-protein receptor activation of Ras, thereby reducing the potential for pathway

divergence and the initiation of feedback mechanisms.

Kinase Domain

RAF1 ( CR1 , CR3

Cytoplasm

(} + 40HT
ARAFTER ( CR3 ) .“ (hbER#) Estrogen receptor
l Nucleus
MEK1/2
Transcription
l Factors Gene transcription

TR o /2 + eg. EGRT, FOS, TCF7

Figure 19 - Schematic structure of the 4OHT-inducible RAF1-CR3 kinase domain in
HEK293ARAF1:ER cells.
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The RAF1 CR3 domain is fused to an estrogen receptor hormone-binding domain (hbER*) to create
the ARAF1:ER fusion protein. Adding 4-hydroxytamoxifen (4OHT) relieves the inhibitory activity of
the hbER* domain, allowing the ARAF1:ER to phosphorylate and activate MEK1/2. Activated
MEK1/2 subsequently phosphorylates ERK1/2, resulting in ERK1/2 activation. Phosphorylated
ERK1/2 translocates into the nucleus, promoting the activation of TFs and the transcription of MAPK
pathway target genes. The figure was created using Biorender.com.

RAF1 activation was induced by treatment with 4-hydroxytamoxifen (4OHT) for periods
ranging from 0.5 h to 8 h, and the resulting changes in the cellular transcriptome were
analyzed using bulk RNA sequencing (RNA-Seq). Out of 1,142 significantly upregulated
genes, we selected 22 TFs that were induced at different time points following RAF1
induction for further analysis. The basal expression levels of the selected TFs varied over
several orders of magnitude, and the degree of their upregulation after RAF1 activation

was independent of their basal expression levels (Fig. 20A).

Pulse activation of RAF1 signaling enabled the classification of the selected TFs into four
distinct response classes previously described by Uhlitz et al. 2017 (285) (Fig. 20B, Table
1). The first group consists of primary response genes, including immediate-early genes
(IEG) and immediate-late genes (ILG), such as members of the EGR gene family, FOS,
FOSB, and JUNB. These genes are rapidly induced upon signal activation and display
short mMRNA half-lives, resulting in a quick decline in expression following the removal of
40HT. The second group belongs to the immediate-late genes (ILGs), which include
FOSL1 and FOSL2. These genes are also rapidly induced within the first 1-2 h of RAF1
induction but show longer mRNA stability and remain elevated even after the pulse has
concluded. The third group consists of secondary response genes (SRG), representing
delayed-response TFs that require longer induction periods for activation because they
depend on the translation of IEGs and DEGs. For example, TCF7 expression is detectable
only after 4 h and reaches maximal levels after 8 h of stimulation (285). The distinct
induction kinetics for each of the 22 selected candidate TFs are shown in Fig. 20B. Using
this data, we calculated the half-maximal induction times of the TFs, which ranged
between 17 min and 5 h (Table 1). These induction kinetics indicate the temporal role of
each TF within the RAF-MAPK response. However, they do not by themselves clarify
whether or how these TFs contribute functionally to downstream transcriptional regulation
of the RAF-MAPK pathway. To address this, we proceeded with a series of Perturb-seq

loss-of-function screens.
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Figure 20 - Transcriptional profiling of HEK293ARAF1:ER cells following RAF1 induction.

(A) The maximum log: fold change in expression of the selected candidate TFs is plotted against
their expression levels in non-induced HEK293ARAF1:ER cells from bulk RNA-Seq analysis. (B)
The time-resolved log: fold expression changes of candidate TFs are shown after the indicated
pulse lengths of 40HT-mediated RAF1 induction. Data was generated by Florian Uhlitz and
analyzed by David Steinbrecht.
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Table 1 - Selected candidate genes and their classification based on their response time to RAF1
induction (285).

IEG = Immediate-early genes, ILG = Immediate-late genes, DEG = Delayed-early genes, SRG =
Secondary response genes.

Gene Name Class (Uhlitz et al. Half-maximal
symbol 2017) induction (h:min)
EGR1 Early Growth Response 1 IEG 0:17
FOS Fos Proto-Oncogene, AP-1 Transcription IEG 0:19

Factor Subunit

EGR2 Early Growth Response 2 IEG 0:22
EGR3 Early Growth Response 3 IEG 0:25
EGR4 Early Growth Response 4 ILG 0:29
JUNB JunB Proto-Oncogene IEG 0:33
FOSB FosB Proto-Oncogene IEG 0:37
NR4A1 Nuclear Receptor Subfamily 4 Group A ILG 0:47
Member 1
KLF10 KLF Transcription Factor 10 DEG 0:49
ID4 Inhibitor Of DNA Binding 4 DEG 1:05
MXD1 MAX Dimerization Protein 1 DEG 1:13
FOSL1 FOS Like 1 ILG 1:17
CSRNP1 Cysteine And Serine Rich Nuclear Protein 1 SRG 1:19
FOSL2 FOS Like 2 ILG 1:23
ETV5 ETS Variant Transcription Factor 5 IEG 1:31
EN2 Engrailed Homeobox 2 SRG 1:37
ZNF26 Zinc Finger Protein 26 DEG 2:09
BHLHE40 Basic Helix-Loop-Helix Family Member E40 DEG 2:15
ARID3B AT-Rich Interaction Domain 3B SRG 3:03
ELF4 E74 Like ETS Transcription Factor 4 SRG 3:10
NPAS2 Neuronal PAS Domain Protein 2 SRG 3:16
TCF7 Transcription Factor 7 SRG 5:08
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2.3.2 Perturb-seq screens for the functional characterization of RAF1 upregulated
TFs

To investigate the transcriptional targets of the 22 selected RAF-induced TFs and identify
key regulators of the RAF-MEK-ERK signaling network, we performed pooled CRISPR
Cas9 screens with scRNA-seq readout via direct capture Perturb-seq (225), alongside
pooled CRISPR screens with proliferation read-out. A pooled CRISPR sgRNA library was
designed and cloned targeting each of the 22 candidate TFs with 4 sgRNAs per gene.
Additionally, the library included 10 non-target control sgRNAs (sgNTC), 10 safe-cutter
sgRNAs that cleave gene-free regions to control for Cas9-induced DNA DSB effects, and
4 sgRNAs targeting the RAF1-CR3 kinase domain as a positive control. After lentiviral
packaging of the sgRNA library, the HEK293ARAF1:ER cells were transduced at low
multiplicity of infection (MOI = 0.2) and cultured for 10 days to achieve efficient knockout
of the targeted TFs (Supp. Fig. 8, 9). Following the editing period, the ARAF1:ER
transgene was activated by treatment with 4OHT. Cells were treated for 6 h, 12 h, and 18
h to capture the temporal dynamics of transcriptional responses within the RAF-MEK-ERK
pathway. Single-cell transcriptomic profiles were then generated using the 10x Genomics
3’ scRNA-seq pipeline with “Feature Barcode technology” to simultaneously detect the
transcriptome and the sgRNA expressed in each single cell. All experiments were

conducted in duplicate to enhance the robustness of the findings.
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Proliferation screen (21 days)

Figure 21 - Schematic of Perturb-seq screens (fop panel) and proliferation CRISPR screens (bottom
panel).

A pooled sgRNA library targeting candidate TFs is packaged into viral particles and used to infect
HEK293ARAF1:ER cells at low MOI. Following induction with 4OHT, cells are divided into two
branches: Top panel: scCRISPR-seq screens to identify the transcriptional targets of the 22
candidate TFs at 6 h, 12 h, and 18 h post RAF-induction. For this purpose, perturbed cell pools
were run through the 10x Genomics scRNA-seq pipeline with simultaneous sgRNA capture.
Consequently, the identity of the sgRNA expressed in a given cell could be determined along with
the cell’s transcriptome. Bottom panel: Negative selection screens were performed to identify
proliferation phenotypes caused by the knockout of the 22 candidate TFs.
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2.3.3 Quality control of Perturb-seq screen data

We confirmed the high quality of our data using various metrics. The cloned sgRNA library
showed a narrow distribution, with 95.5% of the normalized sgRNA sequence read counts
falling within one order of magnitude (Fig. 22A). This narrow distribution is crucial for
Perturb-seq screens, ensuring comparable numbers of analyzable cells per sgRNA
throughout the experiment. The low MOI during transduction resulted in predominantly
single sgRNA integrations per cell. Cells exhibiting either no sgRNA or more than one
sgRNA were detected, likely due to multiple cells being captured together with a single
10x bead in the same emulsion droplet as a result of intentionally overloading the 10x
Genomics Chips with cells. These cells were excluded from further analysis, resulting in
approximately 10,000 analyzable cells per sample with exactly one sgRNA (Fig. 22B).
Subsequent sequencing of the CRISPR libraries after the scCRISPR-seq experiments
yielded high saturation levels, with median unique molecular identifier (UMI) counts per
sgRNA ranging from 26 to 84, depending on the sample and time point (Supp. Fig. 10A).
Due to the narrow distribution of the sgRNA library, the number of analyzable cells per
sgRNA was also very uniform across the six Perturb-seq CRISPR library samples, with
median values ranging from 75 to 89 analyzable cells per sgRNA. sgRNAs with fewer than
30 cells per sgRNA were excluded from further analysis (Fig. 22C). These results
demonstrate the high technical quality and depth of coverage achieved in our experimental

design, forming a solid foundation for all subsequent analyses.
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Figure 22 - Perturb-seq screens QC in HEK293ARAF1:ER cells.

(A) Distribution of the pooled sgRNA library used for all Perturb-seq and proliferation screens. (B)
Total number of recovered cells and number of cells with 0, 1, and >1 sgRNAs detected in the
respective Perturb-seq samples. (C) Median number and distribution of cells per sgRNA detected
in the respective Perturb-seq samples. Dashed line at 30 cells per sgRNA indicates the cut-off cell
number per sgRNA used for further analysis. sgRNA library was designed by Michael Béttcher.
Perturb-seq screens data was analyzed by Nils Bliithgen.
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After integrating the scCRISPR screen data at 6 h, 12 h, and 18 h post RAF1 induction
and visualizing it using UMAP projections, we observed robust clustering of biological
replicates at each induction time point, highlighting the high reproducibility of our dataset.
Cells from the 12 h and 18 h induction time points formed distinct clusters, separate from
those of the 6 h samples, suggesting that major transcriptional changes occur between 6
h and 12 h following RAF1 induction (Fig. 23A). This observation emphasizes the temporal
dynamics of the cellular response. To evaluate potential confounding effects of the cell
cycle on our data, we examined the distribution of cells across different cell cycle phases
within the UMAPs. We found a uniform representation of G1, S, and G2M phase cells
within each cluster (Fig. 23B), indicating that cell cycle heterogeneity did not contribute to
the observed transcriptional differences. This is particularly noteworthy as the cell cycle is

a common source of biological noise.

To assess the transcriptional consequences of RAF1 induction, we compared RAF1
transgene knockout cells with safe-cutter control cells. The RAF1 knockout cells formed a
distinct cluster, separated from the safe-cutter controls (Fig. 23C). This separation
confirmed the expected absence of transcriptional response to RAF1 activation in the
knockout cells and validated that the transcriptional changes observed in the safe-cutter
controls were specific to RAF1 induction by 4OHT. Furthermore, pseudo-bulk analysis of
the differential expression of known RAF-MAPK target genes revealed a normally
distributed peak around zero for the safe-cutter controls. Simultaneously, RAF1-knockout
cells showed a -0.5 log: fold change shift towards negative (Fig. 23D). The absence of the
shift in the safe-cutter controls compared to sgNTC indicates a lack of global transcriptional
changes in response to Cas9-induced DSB in our scCRISPR-seq results. Additionally, the
shift in the RAF1 knockout cells indicates the inability of these cells to activate RAF-MAPK
pathway genes in response to 40HT treatment, reinforcing the functional impact of the
knockout. Examination of individual sgRNAs targeting RAF1 confirmed the effectiveness
of three of the four guides (the fourth RAF71 sgRNA was represented in less than 30 cells
and hence was omitted from analysis), each showing between 12% and 37% of
significantly deregulated genes among the RAF1 induced targets identified in bulk RNA-
Seq (Supp. Fig. 10B). Overall, these findings demonstrate that the Perturb-seq screens
performed as intended, with both positive and negative controls behaving as expected,

thereby establishing a solid foundation for downstream analyses.
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Figure 23 - UMAP clustering and RAF knockout validation confirm high-quality Perturb-seq data.

(A) UMAP integration of Perturb-seq samples from three different time points with two replicates
each. (B) Distribution of cell cycle phases G1, S, and G2M on the integrated UMAPs. (C)
Distribution of the safe cutter sgRNA cells and the RAF1-knockout cells on the UMARP clusters. (D)
Histograms of the log2 fold change of differentially expressed genes between RAF1-knockout (red)
and the safe cutter control cells (blue), relative to the non-target control cells. Dashed line: 6 h time
point, Dotted line: 12 h time point, Solid Line: 18 h time point. Perturb-seq screens data was
analyzed by Nils Bliithgen.

2.3.4 Proliferation CRISPR screens of candidate TFs in HEK293ARAF1:ER cells

To investigate whether the knockout of candidate TFs has strong effects on cell growth,
we performed pooled CRISPR screens with a proliferation readout, both with and without
RAF1 induction (Fig. 21). The proliferation screens revealed that most TFs show no
significant depletion or enrichment compared to sgNTC controls. Perturbation of FOS and
EGRZ2 had a mild yet significant negative impact on the proliferation of both RAF1-induced
and uninduced cells (Fig. 24), confirming their established roles in cell proliferation. In
contrast, the knockout of the RAF1 transgene itself (positive control) resulted in strong
enrichment of cells upon RAF1 induction but not under uninduced conditions (Fig. 24).
This finding is consistent with the observation that prolonged RAF-MAPK activation in
HEK293ARAF1:ER cells leads to Caspase-8-mediated apoptosis induction (282) and
suggests that cells in which the RAF1 transgene was successfully knocked out gain a

proliferative advantage under RAF1-activating conditions. Most importantly, the absence
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of strong depletion of sgRNAs targeting candidate TFs also ensured that Perturb-seq
experiments could be conducted without losing sgRNA library representation.

r 4 1.0
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RAF 1.14 =
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Figure 24 - CRISPR-Cas9 proliferation screen in HEK293ARAF1:ER cells.

MAGeCK MLE beta scores and corresponding significance are shown. * Wald FDR <0.05, ** Wald
FDR <0.01, *** Wald FDR <0.001.

2.3.5 Number of target genes varies greatly between candidate TFs

Perturb-seq experiments are constrained by high costs, inadequate detection of lowly
expressed genes, and complex data analysis. Targeted Perturb-seq (TAP-seq) addresses
these challenges by sequencing PCR-amplified specific genes instead of the entire
transcriptome, enhancing scalability, cost-effectiveness, and sensitivity (228). We
employed a modified TAP-seq method using PCR-amplified cDNA as a template. With this
approach, we successfully amplified 140 genes selected based on their activation and
expression following RAF1 induction, after which we combined the targeted and
untargeted Perturb-seq sequencing data to optimally analyze the 140 selected transcripts
at high sequencing depth while simultaneously covering the entire transcriptome from the

standard gene expression library (Supp. Data 5).
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Examining the number of deregulated genes in Perturb-seq screen results at 6 h, 12 h,
and 18 h after RAF1 induction, we found that the vast majority of the 10 safe-cutter
negative control sgRNAs produced no significantly deregulated target genes across all
three time points when compared to sgNTC controls (Fig. 25A). These results aligned with
the absence of a shift for the safe-cutter controls in the pseudo-bulk analysis of differential
expression in Figure 23C-D. In contrast, sgRNAs targeting the positive control RAF1
consistently yielded between 500 and 1,000 significantly deregulated target genes at the
three post-induction time points. For the 22 candidate TFs, the degree of transcriptional
deregulation following their perturbation varied greatly among the individual TFs. For
instance, while perturbation of EGR1 resulted in the deregulation of hundreds of target
genes, the perturbation of more than half of the candidate TFs did not lead to significant
deregulation of target genes above the threshold defined by the safe-cutter controls. These
results underscore the differential impact of individual TFs on the RAF1-driven

transcriptional program.

Figure 25B shows a heatmap of all candidate TFs whose perturbation resulted in
significant deregulation of target genes, including the RAF1 positive control. As expected,
the perturbation of RAF1 resulted in a strong downregulation of known RAF1 target genes
following 40OHT treatment compared to 4OHT-induced sgNTC cells, indicating the
knockout cells' inability to activate RAF1 signaling. The data furthermore reveal that a
substantial fraction of RAF1 target genes were already deregulated after 6 h of induction
in RAF1 perturbed cells, while additional genes showed significant deregulation only at 12
h, consistent with the temporal induction kinetics described in Figure 20. No substantial
differences were observed between the 12 h and 18 h time points, suggesting that the

complete transcriptional response to RAF1 activation occurs by 12 h (280).

Among the 22 candidate TFs analyzed, EGR1 and FOS emerged as the primary regulators
of the RAF-MAPK transcriptional program, showing the largest number of significantly
deregulated target genes (Fig. 25A). Unlike RAF1, the perturbation of EGR1 and FOS
influenced both the upregulation and downregulation of distinct gene modules, suggesting
that RAF1 activation both inhibits and induces these subsets of EGR1 and FOS target
genes. These differentially expressed target gene modules only partially overlap with
differentially expressed genes following RAF1 knockout. Interestingly, these two TFs
appeared to operate in an orthogonal and sometimes opposing manner on overlapping
sets of target genes, where one factor induced the expression of a gene module while the
other repressed it (Fig. 25B). This observation indicates that EGR1 and FOS govern
divergent and potentially compensatory transcriptional programs in response to RAF1

activation.
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Figure 25 - Summary of Perturb-seq screen results.

(A) Number of significantly deregulated transcripts (adjusted p-value <0.05) following perturbation
of the indicated candidate TF separated by sgRNAs and time points. (B) Heatmap of the log: fold
change of significantly deregulated genes in response to all candidate TFs whose perturbation
resulted in significant deregulation of target genes, including the RAF transgene positive control.
The results from perturbed target genes separated by sgRNAs and time points are shown. Negative
values indicate lower and positive values higher target transcript levels in the perturbed cells relative
to cells expressing sgNTCs. Perturb-seq screens data was analyzed by Nils Bliithgen. TAP-seq
PCR amplification of 140 target transcripts was performed by Bertram Klinger and Anja Sieber.
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2.3.6 De novo construction of a TF core network identifies an EGR1-TCF7
positive feedback loop within the RAF-MAPK transcriptional response

To analyze the transcriptional impact of each candidate TF at the gene level, we
aggregated data across all time points and sgRNAs targeting the same gene to calculate
gene expression fold changes. Fisher's method was then used to calculate significantly
deregulated targets by combining the p-values from individual sgRNAs and time points.
This allowed us to create a “core heatmap” focusing only on the candidate TFs and how
they regulate each other (Fig. 26A). We began by examining the perturbation effects of
each TF on its own expression. We observed a consistent trend of target gene
downregulation, likely attributable to the introduction of frameshift mutations by Cas9-
mediated INDEL formation in early exonic regions, which triggers nonsense-mediated
mRNA decay (298). In contrast, EGR1, FOS, and CSRNP1 displayed an unexpected
upregulation of their transcripts following their knockout, which may reflect compensatory
auto-regulatory feedback mechanisms, where the loss of functional protein leads to
increased transcription or stabilization of the edited, stop-gain mutation-containing mRNA.
Together, these results highlight the importance of careful interpretation when evaluating
perturbation efficiency, considering both the downregulation of the targeted transcript and

the secondary effects on downstream gene expression.

Next, we examined how the candidate TFs regulate the expression of the other TFs in our
list. As seen previously in Figure 25, EGR1 and FOS emerged as central regulators within
the TF core heatmap, controlling the expression of several other candidate TFs in an
orthogonal manner. EGR1 primarily acts as an activator, while FOS functions as an
inhibitor within the network. EGR1 activated the same targets that FOS inhibited, including
JUNB, KLF10, ID4, and NR4A1 (Fig. 26A). Notable exceptions to this pattern include
FOSL1, which EGR1 inhibited but FOS activated, and EN2, the only candidate TF co-
activated by both EGR1 and FOS. Additionally, FOS directly inhibited EGR1 expression,
reinforcing its inhibitory role in the network. Collectively, these findings highlight the
previously established central and contrasting roles of EGR71 and FOS and emphasize

their central role in orchestrating the transcriptional response downstream of RAF1.

Finally, we created a core transcriptional network using the TF core heatmap. Each TF is
represented as a node, connected by directional edges to its significantly affected target
genes. Upon examining this network, we identified multiple coherent feed-forward loops.
For instance, FOS inhibits JUNB expression both directly and indirectly by inhibiting the
upstream EGR1. However, a limitation of the perturbation-based approach is that it does
not allow us to differentiate between direct and indirect regulatory relationships, as both

configurations yield identical response patterns in the resulting heatmap (see example in
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Fig. 26B). To resolve this ambiguity, we simplified the model by excluding edges that
represent potential feed-forward loops, retaining only the minimal set of regulatory

connections necessary to explain the observed data (Fig. 26C).

Among the interactions revealed by this core network, we identified a positive feedback
loop between EGR1 and TCF7, in which both genes activate one another. Analysis of the
bulk RNA-Seq data shown in Figure 20B reveals that these two genes belong to distinct
temporal classes of RAF1-responsive genes: EGR1 is classified as an immediate-early
gene with a half-maximal induction time of 17 min, whereas TCF7 is part of the secondary
response genes, reaching half-maximal induction only after 5 h and 8 min. In the following
section, we investigate this loop in greater detail to determine its regulatory dynamics and

potential biological significance within the context of MAPK and Wnt signaling.
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Figure 26 - Model of transcriptional interactions between the 22 candidate TFs.

(A) Heatmap of candidate TF expression changes following the perturbation of all 22 TFs and
RAF1, showing the log: fold change upon perturbation for the significantly differentially expressed
TFs (adjusted p-value <0.05). (B) Example of the removal of edges from coherent feed-forward
loops: The measured perturbation data in A is compatible with a feed-forward loop, where FOS
directly and indirectly inhibits JUNB, but it is also compatible with a cascade, in which FOS inhibits
JUNB via EGR1 only. To create the most parsimonious network, we removed the feed-forward loop
from FOS to JUNB in the inferred network. (C) De novo model of the TF core network showing
directional interactions between all perturbed TFs with inferred interaction type: Black = Activating,
Red = Inhibiting. Transparent edges represent the removed feed-forward loops. TFs are color-
coded by their half-maximal induction time. Perturb-seq screens data was analyzed by Nils
Bliithgen.

70



Chapter 2

2.3.7 RAF-MEK-ERK and Whnt signaling pathways cross-talk mediated by TCF7

One of the critical interactions in cancer involves the MAPK pathway and the Wnt/B-catenin
signaling pathway. Figure 27A shows a simplified schematic of both signaling pathways,
including the EGR1-TCF7 positive feedback loop identified by the Perturb-seq screen.
EGR1, a well-characterized effector of the MAPK pathway, is rapidly induced in
HEK293ARAF1:ER cells upon treatment with 4OHT. On the other hand, TCF7 is more
prominently recognized for its central role in mediating transcriptional responses to Wnt
pathway activation, despite also being upregulated following RAF1 induction (Fig. 20). In
HEK293 cells, Wnt signaling can be induced by treatment with the GSK3[ inhibitor
CHIR99021, which blocks the ubiquitination and subsequent proteasomal degradation of

B-catenin, leading to the activation of Wnt signaling (Fig. 27A).

To validate the EGR1-TCF7 positive feedback loop observed in the Perturb-seq screen,
we performed RT-qPCR to measure EGR71 and TCF7 transcript levels following their
respective knockouts. Knockout of TCF7 resulted in a modest but significant reduction in
EGR1 fold change expression after treatment with 40OHT from 152-fold (+/- 5.1) to 135-
fold (+/- 8.2), indicating that TCF7 functions as an activator of EGR1 (Fig. 27B).
Conversely, EGR1 knockout resulted in a decrease in TCF7 fold change expression after
treatment with 40HT from 5.3-fold (+/- 0.6) to 1.68-fold (+/- 0.2), confirming that EGR1
promotes TCF7 expression as well (Fig. 27C). Together, these findings support the
existence of the EGR1-TCF7 positive feedback loop initially inferred from the Perturb-seq

data.

To confirm the selective activation of MAPK and Wnt signaling pathways in response to
the treatment of cells with either 4OHT or CHIR99021, we measured the expression of
EGR1, TCF7, and AXIN2, an established Wnt signaling marker, following treatment with
either compound. Treatment with 4OHT resulted in a 188-fold (+/- 8.7) increase in EGR1
and a 5.8-fold (+/- 0.2) increase in TCF7 mRNA expression levels, while AXIN2 mRNA
levels showed only a slight increase of 1.3-fold (+/- 0.3), consistent with specific MAPK
pathway activation. In contrast, CHIR99021 treatment led to an 8-fold (+/- 0.8) and a 3-
fold (+/- 0.2) increase in AXIN2 and TCF7 expression, respectively, which indicates
efficient Wnt signaling activation. Interestingly, treatment with CHIR99021 also caused a
5.2-fold (+/- 0.6) increase in EGR1 expression (Fig. 27D)
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Figure 27 - Characterization of MAPK and Wnt signaling pathways cross-talk through EGR1-TCF7
positive feedback loop.

(A) Schematic representation of the MAPK-Wnt signaling cross-talk via the EGR1-TCF7 positive
feedback loop. The RAF-MEK-ERK pathway is activated by 40HT treatment. Wnt signaling is
initiated by CHIR99021, a GSK38 inhibitor. (B) Validation of the TCF7-EGR1 arm of the positive
feedback loop identified in the Perturb-seq screens through RT-qPCR measurement of the fold
change in EGR1 mRNA levels following the perturbation of TCF7 after treating HEK293ARAF1:ER
cells with 0.5 uM 40HT for 12 h. Values represent the mean of biological replicates (n=3). (C)
Validation of the EGR1-TCF7 arm of the positive feedback loop identified in the Perturb-seq screens
through RT-qPCR measurement of the fold change in TCF7 mRNA levels following the perturbation
of EGR1 after treating HEK293ARAF1:ER cells with 0.5 uM 40OHT for 12 h. Values represent the
mean of biological replicates (n=3). (D) RT-qPCR measurement of fold change in EGR1, TCF7,
and AXIN2 mRNA levels after treating HEK293ARAF1:ER cells with 0.5 uM 40OHT or 10 uM of
CHIR99021. Values represent the mean of biological replicates (n=3). * p-value <0.05, ** p-value
<0.01, *** p-value <0.001.

To further explore the cross-talk between the two pathways, we performed bulk RNA-Seq
after CHIR99021 treatment of the HEK293ARAF1:ER, both with and without TCF7
knockout, to identify the genes regulated by TCF7 in the context of Wnt pathway activation.
Our results showed that activation of Wnt signaling led to the TCF7-dependent
upregulation of DKK1, CALCB, HES6, FAH, GPRIN1, and BICDL1 (Fig. 28A). Among

these, we chose DKK1 for further investigation using RT-qPCR under different treatment
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conditions: 40OHT alone, CHIR99021 alone, and a combination of both. Our results showed
that 40HT treatment had no effect on DKK71 expression levels, while CHIR99021
treatment caused a 2-fold increase in its expression. However, simultaneous activation of
MAPK and Wnt signaling led to an additional 0.9-fold increase in DKK1 expression,
resulting in a total increase of 2.9-fold (Fig. 28B). This indicated that MAPK signaling
enhances Wnt signaling gene expression and further validated the cross-talk between both
pathways. TCF7 knockout, on the other hand, resulted in a decrease in DKK1 levels with
CHIR99021 and the combined treatment. Nonetheless, some expression was still
detected, indicating that additional regulators beyond TCF7 may contribute to DKK1
transcription (Fig. 28B). Taken together, our results suggest that TCF7 mediates the cross-
talk between the MAPK and Wnt signaling pathways by enhancing Wnt signaling gene

expression when both pathways are activated.
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Figure 28 - TCF7 mediates the cross-talk between the MAPK and Wnt signaling pathways.

(A) Heatmap showing the transcriptional changes detected via bulk RNA-Seq from cells treated
with 10 uM of CHIR99021, both with and without TCF7 knockout. Log: fold change values are
calculated with reference to untreated cells. Values represent the mean of biological replicates
(n=3). (B) RT-qPCR measurement of DKK1 mRNA levels fold change after treating cells with 0.5
UM 40HT for 12 h, 10 uM CHIR99021 for 6 h, or both treatments combined. Values represent the
mean of biological replicates (n=3). * Adj. p-value <0.05, ** Adj. p-value <0.01, *** Adj. p-value
<0.001. Bulk RNA-Seq data was analyzed by Nils Bliithgen.

2.4 Discussion

The MAPK signal pathway is a central cascade in cell communication with mutations in its
components associated with numerous human diseases such as cancer (30). Extensive
research has been dedicated to characterizing the upstream regulation of this pathway,
which resulted in compiling a comprehensive map of its elements and their interactions
(271). These studies have identified the mechanisms through which MAPK signaling
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generates distinct temporal dynamics, which in turn control cell outcomes (299-302).
Time-resolved transcriptome analysis following ERK activation enabled the systematic
study of the order and kinetics of ERK-target genes response. These experiments
demonstrated that the mRNA half-life of transcripts filters short pulses and is a central
element of the initial cellular response (285). Despite the detailed research of ERK-induced
transcriptome kinetics and associated proteins (296), the structure of the transcriptional
network and the mechanisms through which these dynamic signaling patterns are
translated into defined transcriptional programs remain unclear (303). More precisely,
which TFs govern immediate early genes and how these induced TFs, in turn, regulate the
secondary response genes remains understudied. Gaining insights into this network’s
topology and dynamics is important for understanding how this pathway manages
divergent, and at times contradictory, outcomes and how it processes and interprets
genetic information. One of the promising methods for bridging this gap is transcriptional
network modeling from perturbation data (290). scCRISPR-seq technologies now enable
systematic profiling of gene expression changes in response to genetic perturbations at
scale, which enables de novo construction and tuning of transcriptional network models

associated with the RAF-MAPK signaling pathway.

In this study, we used a targeted Perturb-seq (TAP-seq) strategy (228) to evaluate the
transcriptional consequences of disrupting 22 TFs activated downstream of RAF1-
mediated MAPK signaling in a HEK293ARAF1:ER model cell line engineered with a
tamoxifen-inducible RAF1-CR3 kinase domain. The selection of the 22 TFs for
perturbation was guided by prior knowledge of their inducibility upon ERK activation (285)
as well as bulk RNA-Seq measurement of their expression kinetics after pulse activation
of RAF1 signaling (Fig. 20). Calculation of the half maximal induction time enabled the
classification of the selected TFs into four distinct response classes: IEG, ILG, DEG, and
SRG (Table 1). Many of these factors, including EGR1, FOS, and JUN, are well-
characterized downstream effectors of MAPK signaling, rapidly induced in response to
pathway activation and implicated in controlling key cellular decisions such as proliferation,
differentiation, and apoptosis (304—-307). Others, such as TCF7 and BHLHE40, represent
less-characterized but transcriptionally responsive factors that may participate in feedback
or cross-pathway regulation. By including both canonical and less-studied but ERK-
responsive TFs that belong to different response classes of ERK signaling, the
experimental design captures a broad spectrum of the transcriptional landscape

downstream of RAF-MAPK signaling.

To analyze the generated Perturb-seq data, we applied a topology-based modeling

strategy to construct a "core network", outlining directional interactions among the 22
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perturbed candidate TFs (Fig. 26C). We identified several coherent feed-forward loops
where a TF influences a target gene both directly and indirectly through another TF. Since
these feedforward loops could not be resolved with the available data, they were removed
from the network to reach the most parsimonious network structure. This method of
network simplification was previously used in transcriptional network inference tools such
as ARACNE, which discards the least supported edge within a triangular regulatory
relationship to reduce false positives (308). Since coherent feed-forward loops are well-
documented in biological systems and often fulfill important regulatory roles (309), future
studies aiming to study specific biological functions of such motifs could benefit from
orthogonal CRISPR strategies in which gene knockouts are combined with simultaneous
gene activation within the same cell to dissect directional regulatory interactions (198).
Notably, the immediate early genes EGR1 and FOS emerged as the most interactive
upstream regulators, with orthogonal regulatory influence on the expression of other TFs

and downstream targets within the network.

EGR1 and FOS are part of the IEGs which are among the earliest responders to ERK
activation. These genes are directly induced by ERK-regulated SRF-TCF complexes and
play a significant role in inducing cell proliferation (310). FOS both serves as an initial
response gene and as a crucial ERK signal duration sensor (311,312). Under continuous
ERK signaling, FOS protein becomes stabilized, increasing its ability to promote the
transcription of specific secondary response genes. Transient ERK activity, on the other
hand, results in a decline of FOS protein levels before substantial accumulation occurs,
limiting the transcriptional response (313). This temporal regulation is also adjusted by
downstream phosphorylation cascades and autoregulatory feedback loops that further
amplify the accumulation and activation of IEG TFs, enabling the cell to effectively

distinguish between sustained and recurrent signals.

Several delayed early and secondary response genes have negative feedback regulatory
functions in signaling networks (294,295). This suggests that disruption of EGR1 or FOS
function could impair negative feedback mechanisms, potentially resulting in increased
MAPK signaling. This effect may also be observed in our core network, where we see that
FOS and EGR1 have an inhibitory influence on multiple immediate early TFs and
immediate early genes. However, to fully study the complex feedback regulation between
transcriptional networks and signal transduction, perturbation experiments that not only
capture transcriptomic responses but also monitor dynamic changes in signaling activity

directly through specific MAPK signaling reporters are required (314,315).
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In addition, the core network revealed a positive feedback loop between EGR1 and TCF7,
linking MAPK and Whnt signaling (Fig. 26C). Signaling pathways often interact with each
other through a process known as pathway cross-talk, which allows cancer cells to evade
normal regulatory mechanisms. In the context of cancer, the MAPK pathway and the
Whnt/B-catenin signaling pathway interact extensively (278). While EGR1 is a downstream
TF of the RAF-MEK-ERK MAPK signaling pathway, TCF7 is a key transcriptional regulator
within the Wnt signaling pathway (Fig. 27). Our results indicate that the interplay between
these two TFs provides a mechanism by which MAPK signaling can reinforce Wnt pathway
activity, potentially enhancing oncogenic transcriptional programs (Fig. 28). Such
interaction has been previously identified where a hidden positive feedback loop caused
by cross-talk between the Wnt and ERK pathways can contribute to sustained activation
of both pathways in cancer (316). In addition, it has been shown that EGR7 and TCF7
cooperate in a positive feedback loop that amplifies LCN2 expression and promotes
aggressive cancer behaviors in esophageal squamous cell carcinoma cells (317). In other
cancers, such as colorectal cancer or melanoma, where aberrant activation of both the
MAPK and Wnt pathways is commonly observed, targeting the EGR1-TCF7 feedback loop
may offer a novel therapeutic strategy to interrupt this pathological cross-talk, reducing the
growth potential of tumors that rely on sustained MAPK and Wnt pathway signaling (318—
321). The identification of the EGR71-TCF7 positive feedback loop provides an additional
example of this phenomenon, where these TFs that are key regulators in different signaling

pathways mutually reinforce each other's expression.

While this study provides significant insights into the transcriptional networks of RAF-
MAPK signaling using the direct capture Perturb-seq approach, there are several
methodological limitations that warrant discussion. First, although we perturb 22 key TFs
activated by RAF-MAPK signaling, transcriptional networks are inherently complex and
therefore, many additional TFs not considered in our study may also play important
regulatory roles in mediating MAPK pathway responses. In addition, we did not detect
significant deregulation of target genes for more than half of our candidate TFs. Since
scRNA-seq has limitations of low mRNA capture efficiency and high dropouts (217), this
can be partly explained by the relatively low number of genes that are detected in Perturb-
seq experiments. In our experiments, we detected between 2,261 and 3,599 genes per
cell, therefore, target genes of TFs that are lowly expressed could not be detected (Supp.
Fig. 10C). Another likely explanation is the presence of compensatory mechanisms that
buffer the loss of individual TFs, such as functional redundancy within TF gene families or
the activity of gene paralogues with overlapping regulatory roles. These compensatory

effects may mask the transcriptional consequences of single TF perturbations (50). Future
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studies could overcome this limitation by expanding the gene panel used in the targeted
Perturb-seq approach, employing CRISPRa methods to increase the expression levels of
candidate TFs along with their downstream target genes, or implementing higher-order
combinatorial Perturb-seq screens to simultaneously perturb multiple TFs and overcome

compensatory regulatory mechanisms (138,152,225,322).

Another limitation of this study is the use of a single synthetic model cell line, which may
not fully capture the cell type specific variations in MAPK signaling and transcriptional
regulation. The regulatory networks downstream of RAF-MAPK signaling can vary
significantly between different cell types, including different cancer models (323,324).
Therefore, the network we reconstructed may not fully reflect the dynamics in other cellular
contexts. Future studies should extend these analyses to a wider array of cell types,
including cancer cell lines or primary cells, to better understand how MAPK signaling

regulates transcription across different biological contexts.

Finally, a key component of the direct capture Perturb-seq method is the introduction of
specific capture sequences within the Cas9 sgRNA tracr sequence, which enables 3’
based annealing and sequencing of the sgRNA sequences for the identification of
perturbations at the single-cell level (225). A critical consideration in the design of these
capture sequences is to ensure that their addition does not interfere with the sgRNA's
ability to guide the Cas9 nuclease to the intended DNA target or with its on-target efficiency.
Initial studies with CRISPRI, have demonstrated that the modifications to the Cas9 tracr
sequence did not affect the efficacy of the sgRNA in mediating gene perturbation
(225,227). However, a recent study comparing three different scCRISPRseq approaches
revealed that CS1-modified sgRNAs are less active than unmodified sgRNAs (325). High
on-target efficiency is important in Perturb-seq experiments since efficient gRNAs ensure
that a sufficient proportion of cells in the population carry the intended gene perturbation,
which is necessary to observe phenotypic changes in the subsequent transcriptomic
analyses. Therefore, using highly efficient gRNAs improves the signal-to-noise ratio in the
downstream data by maximizing the impact of the target perturbation on gene expression.
Future studies can benefit from the use of single-cell 5’ CRISPR screening approaches. In
this method, a guide-specific RT oligo is used that anneals to the standard constant region
present in most sgRNA designs during the reverse transcription process. With this strategy,
gRNA libraries with unmodified Cas9 tracr sequences can be used without the need for
the addition of capture sequences. As such, this method shows superior gRNA
perturbation efficiency compared to the 3' CRISPR screening method (325). These
limitations highlight areas where future research can improve upon our findings and

address unresolved questions within the field.
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2.5 Conclusion

The MAPK signaling pathway is implicated in the regulation of fundamental cellular
processes, including proliferation, differentiation, survival, and apoptosis, and its
dysregulation is commonly associated with various human diseases such as cancer. While
upstream regulators of this pathway are well studied, how its activation translates into
different transcriptional responses remains poorly understood. Perturb-seq, which
combines single-cell RNA sequencing with CRISPR-based genetic perturbations, provides
a powerful approach for dissecting complex gene interactions within signaling networks
and allows mapping of transcriptional changes at a single-cell level following gene
perturbations. In this study, we applied Perturb-seq to study the interactions between 22
TFs downstream of RAF-MAPK signaling in an inducible model cell line. Using a topology-
based modeling approach, we constructed a TF interaction network where we identified a
positive feedback loop between EGR1 and TCF7, establishing an essential nexus linking
MAPK and Wnt signaling pathways. Further investigation of this cross-talk showed that
TCF7 mediates the cross-talk between the MAPK and Wnt signaling pathways by
enhancing Wnt signaling gene expression when both pathways are activated. In
conclusion, the approach outlined in this chapter provides a foundational framework for
the systematic investigation of transcriptional network dynamics. Its scalability and

robustness make it well-suited for broader applications beyond RAF-MAPK signaling.
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Conclusion and Remarks

Understanding how genes regulate each other and interact within complex networks is
important for resolving the complexity of cellular systems. Gene regulation and genetic
interactions control critical cellular processes such as proliferation, differentiation, and
apoptosis, often through tightly controlled signaling pathways. These pathways translate
external signals into specific transcriptional responses that determine cell fate. By
systematically perturbing genes, scientists can study transcriptional programs and map
genetic interactions, which allows them to study the functional architecture of cell signaling
pathways, and identify vulnerabilities in disease related pathways offering new targeted
therapy options. This thesis presents two complementary CRISPR-based approaches to

understanding gene function, regulation, and interactions.

In Chapter 1, we investigated the utility of Cas13d as a robust RNA targeting platform for
quantitative genetic interaction mapping. Contrary to traditional DNA targeting systems
such as Cas9 and Cas12a, Cas13d allows precise and rapid post-transcriptional
perturbation of gene expression, generating homogenous knockdown cell populations. By
systematically optimizing gRNA expression using two promoter systems and using single-
gene arrays, we addressed gRNA-gRNA sequence-dependent interference, increased
effect sizes of perturbation phenotypes and Gl scores, and reduced the library size by
nine-folds. We finally use pooled combinatorial screening to demonstrate Cas13d’s ability
to reveal both known and novel genetic interactions between six genes involved in the
chronic myeloid leukemia model cell line K562’s response to tyrosine kinase inhibitor
imatinib. The methodological improvements presented here lay the groundwork for future
large-scale, compact, Cas13d-based combinatorial screening in different disease and

cellular contexts.

In Chapter 2, we apply scCRISPR-seq screening to study the downstream transcriptional
regulatory networks of 22 transcription factors in an inducible RAF1 model cell line. Using
the direct capture Perturb-seq data, we reconstruct a de novo transcriptional regulatory
network between our candidate transcription factors, where EGR1 and FOS emerge as
central regulators in the RAF-MAPK pathway. In addition, we uncover a positive feedback
loop within this network between EGR1 and TCF7 that bridges MAPK and Wnt signaling
and allows the cells to control the signaling intensities of these two pathways. This work
provides a mechanistic view into how signal transduction pathways coordinate structured
gene expression programs and underscores the importance of mapping transcriptional
regulators to understand cell signaling pathways through single-cell CRISPR screening

approaches.
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Taken together, the tools and insights presented in this thesis provide high content
screening methods to study gene function and network topology. Cas13d-based Gl
mapping and Perturb-seq-based transcriptional network analysis are complementary tools
that allow us to study genetic interactions and signaling pathway regulators. Further
research should build on this framework by extending these tools to larger screens to
investigate larger gene panels in other signaling pathways, tissue types, and disease
models. In the future, integrating results from complementary perturbation strategies such
as CRISPRi and CRISPRa, as well as proteomic studies, should enable the generation of
more comprehensive genetic interaction maps and models. With these tools, the CRISPR-
based functional genomics can move beyond linear gene-function studies and toward a

systems-level understanding of cellular regulation and its disruption in disease.
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2.6 Materials

Consumables, disposables, chemicals, and reagents that were used are provided within

the methods section with their respective suppliers and catalog numbers.
2.7 Methods

2.7.1 Vector maps

The plasmids pXR001-mCD4, 783-Rx-hU6, 783-Rx-mU6, 783-Rx-Dual, pMB1, and AiO-
Cas12a were used to investigate the utility of Cas13d for Gl screening. The all-in-one Cas9
vector pMB1, containing the 10x Genomics capture sequence 1 (5-
GCTTTAAGGCCGGTCCTAGCAA-3") in the stem-loop of the Cas9-tracr sequence,
referred to as pMB1-10x, was employed in the Perturb-seq experiments (225). The

plasmids and their sequences were deposited at Addgene.

2.7.2 K562, Lenti-X 2931, and HEKZ293ARAF 1:ER cell culture

K562 (ATCC, CCL-243) cells were cultured in complete RPMI supplemented with 10%
fetal bovine serum (Sigma-Aldrich, 11875093) and 1% pen/strep antibiotics (Sigma-
Aldrich, PO781-100ML). Lenti-X 293T cells (Takara, 632180) were cultured in complete
DMEM (Thermo Fisher Scientific, 11995073) supplemented with 10% fetal bovine serum
and 1% pen/strep antibiotics (Sigma-Aldrich, P0781-100ML).

HEK293ARAF1:ER cells (282) contain a tamoxifen-inducible fusion of the kinase domain
of RAF1 (reviewed in Samuels et al., 1993 and McMahon, 2001) (297,326), were cultured
in complete DMEM low glucose without phenol red (Thermo Fisher Scientific, 11880028),
supplemented with 10% fetal bovine serum (Pan Biotech, P30-1502) and 1% pen/strep
antibiotics (Sigma-Aldrich, P0781-100ML).

2.7.3 K562-Cas13d-mCD4 clonal line

The pXR001 plasmid (150) was digested with Nhel (NEB, R0131). The mCD4 gene was
amplified from the S. aureus Cas9 nuclease vector (Addgene #105998) using Phusion
Flash High-Fidelity PCR Master Mix (Thermo Fisher Scientific, F548L) following the
manufacturer's protocol. P2A fragment and Gibson Assembly-compatible overhangs were
added to the digested pXR001 plasmid site using the following primers: 5’-
CGATGTTCCAGATTACGCTGGATCCGGCGCAACAAACTTCTCTCTGCTGAAACAAG

CCGGAGATGTCGAAGAGAATCCTGGACCGCCGGACATGTGCCGAGC-3 and 5'-
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GCCCTCTCCACTGCCGCCCTGGCGCTGTTGGTGCCGG-3'. The amplified PCR
fragment was purified from a 1% Agarose gel using NucleoSpin columns (Macherey-
Nagel, 740609.250) and subsequently cloned into the digested pXR001 plasmid using
Gibson Assembly (327).

The Cas13d-mCD4 gene was introduced into the K562 cell line through lentiviral
transduction. The cells were stained with an anti-mouse CD4 antibody (Miltenyi, 130-116-
526) using a final antibody dilution of 1:50 in 100 uL PBS with 0.5% BSA buffer, and single
clones were sorted using a BD Melody Flow Cytometer 19 days post-transduction. The
single clones were expanded for 5 weeks. To assess the functionality of the expanded
clonal lines, we transduced the cells with a gRNA to knock down CD46 (5'-
CAGACAATTGTGTCGCTGCCATC-3’). The clonal lines were screened for the
functionality of the Cas13d system after 10 days via flow cytometry analysis of >10,000
cells stained with CD46 antibody (Miltenyi, 130-104-509) using a final antibody dilution of
1:100 in 100 uL PBS with 0.5% BSA buffer. The best performing clonal line out of 24 clonal

lines was selected for the CRISPR screens and further experiments.

2.7.4 Cas9 gRNAs design and cloning for kinetics and dual knockout experiments

The web tool CRISPick (328,329) was utilized to select 4 spCas9 sgRNAs targeting CD46,
CD47, CD63, and CD71 (Supp. Table 5). The sgRNAs were ordered as complementary
single-stranded oligos from Sigma-Aldrich, following this structure for the sense and
antisense strands respectively: 5-TTGGNNNNNNNNNNNNNNNNNNNN-3’ and 5'-
AAACNNNNNNNNNNNNNNNNNNNN-3'. The complementary sequences were then
joined by incubating 10 uM of each oligo in T4 ligation buffer in a 10 uL reaction in a
thermocycler using the following program: 37 °C for 30 min, 95 °C for 5 min, and a ramp
down from 95 °C to 25 °C at 0.1 °C/s. Meanwhile, the pMB1 vector was digested with Aarl
(Thermo Fischer Scientific, ER1582), and the linear plasmid was purified from a 1%
agarose gel. The annealed oligos and the digested plasmid were then combined via T4
ligation. To do this, the annealed oligos were diluted 1:200 with water, and 1 pL was mixed
with 1 pL of 10x T4 ligation buffer and 5 U of T4 DNA Ligase (Thermo Fisher Scientific,
ELOO11) in a 10 pL reaction. The mixture was incubated at 16 °C overnight. The next day,
2 uL were used to transform chemo-competent DH5a. Single colonies were subsequently
picked from the LB agar plates, and the plasmids were isolated from liquid cultures using
NucleoSpin columns (Macherey-Nagel, 740588.250).

To test the functionality of the cloned gRNAs, we transduced the HEK293ARAF1:ER (285)
cells with the CD46 gRNAs, while the K562 cells were transduced with the CD47, CD63,
and CD71 gRNAs. After 20 days, the cells were screened for the knockout of CD46, and
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after 7 days for the knockout of CD47, CD63, and CD71, using flow cytometry analysis of
>10,000 cells stained with CD46-APC, CD47-APC, CD63-APC, or CD71-APC antibodies
(Miltenyi, 130-104-558, 130-123-315, 130-118-151, 130-115-030) using a final antibody
dilution of 1:100 in 100 puL PBS with 0.5% BSA buffer. The best performing sgRNAs were
used for further experiments (Supp. Fig. 7 and Supp. Table 5).

For the dual knockout of CD46 and CD47, the sgRNAs in the first position were expressed
from a mU6 promoter and the one in the second position from an H1 promoter. Modified
Cas9 tracr sequences WCR2 and VCR1L were selected to avoid recombination (266). The
pMB1 plasmid was digested with PaqCl and Nhel (NEB, R0745S, R0131), and the linear
plasmid was purified from a 1% agarose gel. Gene fragments with Gibson assembly-
compatible overhangs of the following structure gRNA1-WCR2-filler-VCR1L-gRNA2-
H1promoter were ordered from Twist Biosciences (Supp. Table 6). The gene fragments
were PCR amplified using Phusion Flash High-Fidelity PCR Master Mix (Thermo Fisher
Scientific, F548L) according to the manufacturer’s instructions with the primers: 5'-
CCCTTGGAGAACCACCTTGTTGG-3’ and 5-AATACGGTTATCCACGCGGCC-3'. The
amplified PCR fragment was purified from a 1% agarose gel using NucleoSpin columns
(Macherey-Nagel, 740609.250) and cloned into the digested pMB1 plasmid using Gibson
Assembly (327).

2.7.5 All-in-one-Cas12a plasmid cloning

The all-in-one-Cas12a (AiO-Cas12a) plasmid consists of the enAsCas12a (143) gene
expressed from an EF1a promoter, along with a gRNA expression cassette from a mU6
promoter. The enAsCas12a gene was PCR amplified from the pCAG-enAsCas12a
plasmid (143) using a nested PCR strategy for cloning. The PCR reactions were
conducted using the Phusion Flash High-Fidelity PCR Master Mix (Thermo Fisher
Scientific, F548L) according to the manufacturer’s instructions, with the following primers
for the first PCR reaction: 5-
ACCGGTTCTAGAGCGATGCCTGCTGCTAAGAGAGTGAAACTGGATCCTGCTGCTAA
GAGAGTGAAACTGGATCCTGCTGCTAAGAGAGTGAAACTGGATACACAGTTCGAGG
GCTTTACC-3’ and 5-GGATCCGCTAGCGTTGCGCAGCTCCTGGA-3'. For the second
PCR reaction, Gibson Assembly compatible overhangs were added to the PCR fragments
from the first PCR reaction using these primers: 5-
AACACAGGACCGGTTCTAGACTAGAGCGATGCCTGCT-3’ and 5-
AGAGAGAAGTTTGTTGCGCCGGATCCGCTAGCGTTGCG-3. The CROP-Seq Cas9
Plasmid was digested with Xhol and BamHI (NEB, R0146S, R0136S), and the linear
plasmid was purified from a 1% agarose gel. The enAsCas12a gene was inserted into the
digested CROP-Seq Cas9 Plasmid backbone via Gibson Assembly (327). The resulting
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plasmid was subsequently digested with Sacll and SnaBIl (NEB, R0157S, R0130S). A
gene fragment containing WPRE-3LTR with Gibson Assembly compatible overhangs was
ordered from Genscript (Supp. Table 10) and cloned into the digested plasmid. The final
plasmid was then digested with Xhol and the llluminaPBS-Filler-mU6 gene fragment
(Genscript), which was PCR amplified using the following primers: 5'-
GATCCACTTTGGCGCCGGCCTCGAGCAG-3’ and 5-
CTTTCAAGACCTAGGGCCCCCCTCGAGCCCGGGCATGCTCTTCAACCTCAATAACT
GGAGTTATATGGACCATTGTTCTAGCGCTGATCCGACG-3'. The PCR reaction used
the Phusion Flash High-Fidelity PCR Master Mix (Thermo Fisher Scientific, F548L)
according to the manufacturer’s instructions. This fragment was then inserted into the
digestion site using Gibson Assembly. The final plasmid included the enAsCas12a gene
linked to the puromycin resistance gene under the EF1a promoter, along with the gRNA

expression cassette positioned under the mU6 promoter in the reverse orientation.

2.7.6 Cas12a gRNAs design and cloning for kinetics and dual knockout

experiments

Cas12a gRNAs targeting CD63 and CD47, used by DeWeirdt et al. 2021 to assess and
optimize Cas12a performance for combinatorial screens, were selected (197). Cas12a
gRNAs targeting CD46 and CD47 were chosen using the web tool CRISPick (328,329)
(Supp. Table 7). The gRNAs for single gene knockout were ordered as complementary
single-stranded oligos from Sigma-Aldrich, using the following structure for the sense and
the antisense strands respectively: 5-AAAANNNNNNNNNNNNNNNNNNNN-3" and 5'-
TTGGNNNNNNNNNNNNNNNNNNNN-3'. For dual gene knockout, the gRNAs were
assembled as two gRNA arrays separated by a DR sequence, and complementary single-
stranded oligos with four nucleotide T4 ligation overhangs were ordered as before from
Sigma-Aldrich (Supp. Table 8). The complementary sequences were then combined by
incubating 10 uM of each oligo in T4 ligation buffer in a 10 pL reaction in a thermocycler
using the following program: 37 °C for 30 min, 95 °C for 5 min, and ramping down at 0.1
°Cl/s from 95 °C to 25 °C. The AiO-Cas12a plasmid was digested with BsmBIl-v2 (NEB,
R0739S) overnight, followed by purification from a 1% agarose gel using NucleoSpin
columns (Macherey-Nagel, 740609.250). The annealed oligos and the digested plasmid
were then combined by T4 ligation. For this, the annealed oligos were diluted 1:200 with
water, and 1 yL was mixed with 1 pL of 10x T4 ligation buffer and 5 U T4 DNA Ligase
(Thermo Fisher Scientific, ELO011) in a 10 yL reaction. The mixture was incubated at 16
°C overnight. The next day, 2 uL were used to transform chemo-competent DH5a. Single
colonies were then picked from the LB agar plates, and the plasmids were isolated from

liquid cultures using NucleoSpin columns (Macherey-Nagel, 740588.250).
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2.7.7 Cas13d single gRNAs and arrays cloning
Cas13d gRNAs targeting CD46, CD47, CD63, and CD71 were selected from

cas13design.nygenome.org (234). The single gRNAs were ordered as single-stranded
oligos with Gibson Assembly-compatible overhangs (Sigma-Aldrich). The oligos had the
following structure: 5-ACTGGTCGGGGTTTGAAAC-(N)23-
CAAGTAAACCCCTACCAACTGGTCGGGGTTTGAAACTTTTTTTGAATTGGCCGCG-3'.
Arrays targeting one gene were designed by concatenating three single gRNAs, separated
by Cas13d DR36; Gibson assembly overhangs were added as before, and the arrays were
synthesized by Genscript as gene fragments. The oligos were PCR amplified using the
Phusion Flash High-Fidelity PCR Master Mix (Thermo Fisher Scientific, F548L) according
to the manufacturer’s instructions. gRNA-specific primers were used to avoid nonspecific
priming (Supp. Table 9). The PCR amplified DNA fragments were purified using
NucleoSpin columns (Macherey-Nagel, 740609.250). The 783-Rx-hU6 plasmid was
digested with BfuAl (NEB, R0701S) and purified from a 1% agarose gel. The single gRNAs
and arrays were cloned into the digested 783-Rx-hU6 plasmid backbone using Gibson

Assembly (327). The gRNAs and arrays were expressed from a hU6 promoter.

2.7.8 Cas13d gRNAs design and cloning for kinetics and dual knockdown

experiments

The plasmids expressing CD46, CD47, CD63, and CD71 arrays were used for the Cas13d
knockdown kinetics experiments (Supp. Table 2). The 783-Rx-Dual plasmid was
engineered to express gRNAs from mU6 and hU6 promoters for dual gene knockdown.
To clone the plasmid, we removed the saCas9 and spCas9 tracrRNA sequences from the
sgLenti-orthogonal vector (Addgene #105997). For this, the plasmid was digested with
Nhel and BfuAl overnight (NEB, R0131, R0701S), and the digested plasmid was purified
from a 1% agarose gel using NucleoSpin columns (Macherey-Nagel, 740609.250). A gene
fragment without the saCas9 tracrRNA was synthesized by Genscript and cloned into the
plasmid cut position through Gibson Assembly. The resulting plasmid was then digested
with Sphl and PaqCl (NEB, R0182S, R0745S) and purified as previously described. A
gene fragment lacking the spCas9 tracrRNA was synthesized by Genscript and cloned
into the plasmid cut position by Gibson Assembly (Supp. Table 10). To insert Cas13d
DR36 sequences and gRNA insertion sites after the mU6 and hU6 promoters, the plasmid
was digested with BfuAl (NEB, R0701S). Single-stranded DNA oligos containing the gRNA
insertion sites were synthesized as oPools (IDT) (Supp. Table 9). The DNA oligos were
amplified using the Phusion Flash High-Fidelity PCR Master Mix (Thermo Fisher Scientific,
F548L) according to the manufacturer’s instructions using the following primers: 5’-
GCCGTCTAATGTTCAGCTAGTATGCACAGTTGATCCGTCTC-3’ and 5-
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GTGTGACGTATGATCAGATCTATGCTACAGTGAACCGTCTC-3'. After amplification,
the DNA fragments were purified using NucleoSpin columns (Macherey-Nagel,
740609.250) and digested with BsmBIl-v2 (NEB, R0739S) overnight. The digested
fragments and plasmid were annealed together using T4 Ligation (Thermo Fisher
Scientific, EL0011).

Cas13d arrays targeting CD46 and CD47 were selected for the dual knockdown of both
genes. The arrays were synthesized as oligo pools (IDT). They had the following structure:
5-AGTATGCACAGTTGATCCGTCTCAAAAC-(N)23-DR36-(N)23-DR36-(N)23-

CAAGAGAGACGGTTCACTGTAGCA-3. The DNA oligos were amplified using the
Phusion Flash High-Fidelity PCR Master Mix (Thermo Fisher Scientific, F548L) according
to the manufacturer's instructions  with the  following  primers: 5'-
GCCGTCTAATGTTCAGCTAGTATGCACAGTTGATCCGTCTC-3’ and 5-
GTGTGACGTATGATCAGATCTATGCTACAGTGAACCGTCTC-3'. After amplification,
the DNA fragments were purified using NucleoSpin columns (Macherey-Nagel,
740609.250) and digested with BsmBI-v2 (NEB, R0739S) overnight. Oligos were then
cloned into the plasmid in both positions for combinatorial knockdown of CD46 and CD47
through 2-step digestion and T4 ligation cycles. In short, the plasmid was first digested
with BfuAl (NEB, R0701S) and the first position gRNA was cloned using T4 ligation. Then
the plasmid was digested again with Aarl (Thermo Fisher Scientific, ER1582) and the

second position gRNA was cloned.

2.7.9 Lentivirus production

Lenti-X 293T cells (Takara, 632180) were seeded at 65,000 cells per cm? in 25 mL of
media (DMEM, 10% FBS, 1% P/S) in a 15 cm dish and incubated overnight at 37 °C with
5% CO,. The following day, 15 ug of sgRNA library plasmid, 6 ug of psPAX2 (Addgene
#12260), 6 ug of pMD2.G (Addgene #12259), and 108 pL of Turbofect (Thermo Fisher
Scientific, R0532) were mixed into 5.4 mL of serum-free DMEM (Thermo Fischer Scientific,
11995073), vortexed briefly, incubated for 20 min at room temperature, and added to the
cells. At 48 h and 72 h post-transfection, the supernatant was harvested, passed through
0.45 um filters (Millipore), and concentrated 50x using PEG8000 lentivirus concentrator
solution. The concentrator solution consisted of 80g of PEG-8000 (Sigma-Aldrich, 81268-
1KG), 1.4g of NaCl (Carl Roth, 3957.1) in 80 mL of MillQ water and 20 mL of 10x PBS
(Bio-Rad, 1610780) (pH 7.4) in 200 mL of water. Concentrated lentivirus aliquots were
stored at -20 °C.
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2.7.10 Knockout and knockdown efficiency assessment with flow cytometry

K562-CasRx cells were seeded in 12-well plates at a density of 50,000 cells/mL. They
were transfected with lentiviral gRNA constructs at a low MOI of 0.2 and incubated at 37
°C with 5% CO: for 48 h. After incubation, the cells were selected with 2 ug/mL puromycin
for 3 days. After 10 to 12 days of infection, the cells were stained with the appropriate
antibodies against the target genes, and the knockout/knockdown efficiency was
determined via flow cytometry analysis of >10,000 cells on a BD LSRFortessa Il flow

cytometer.

2.7.11 Pooled CRISPR screens libraries design

ABL1, GAB2, SOS1, NF1, PTPN1, and SPREDZ2 genes were selected as target genes
based on the combinatorial screen results presented in Boettcher et al. 2018 (198). For
the Cas13d combinatorial perturbation screen, U6-g1-g2 and U6-g1-U6-g2, 27 gRNAs
were chosen from the cas13design.nygenome.org algorithm (234). The gRNAs were
selected based on three different criteria. The first and third groups, comprising 9 gRNAs
per gene, were selected based on the predicted guide score from the cas13design
algorithm. For the second group of gRNAs, we chose the sequences that target the highest
number of the most expressed mRNA transcripts of a gene while considering the guide
score. To accomplish this, the transcript expression data in the K562 cell line as transcripts
per million (TPM) from the CCLE database were summed for the transcripts of each target
gene. The gRNAs with the highest sum and guide score were selected. In each step of the
gRNA selection criteria, a minimum distance of 150 base pairs between target sites on the
gene mRNA transcript was maintained to avoid targeting narrow regions of the mRNA
transcripts. Finally, 30 non-target control gRNAs were selected from Wessels et al. 2020
and added to the library (Supp. Table 1). To design the U6-a1-U6-a2 library, the same-
gene targeting Cas13d arrays were created from the 27 selected gRNAs by compiling
three gRNAs from each group, separated by the Cas13d DR36 sequence, to form three
gRNA arrays. Non-target control arrays were generated by randomly compiling three non-
target gRNAs to create 10 arrays using the same design. The U6-a1-U6-a2 library was
therefore 9-fold smaller than the U6-g1-U6-g1 library (Supp. Table 1, 3).

The Cas9 sgRNA library included 4 sgRNAs per gene, along with 10 non-target control
sgRNAs and 10 safe-cutter sgRNAs. The sgRNA sequences were chosen from the
Brunello genome-wide library (Supp. Table 4) (328).
2.7.12 Cas9 Perturb-seq screens library design

Target genes were chosen based on RNA-Seq data after the induction of
HEK293ARAF1:ER cells with 0.5 yM 40HT at various time points (Fig. 20). The sgRNA
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library consisted of 4 sgRNAs per gene, along with 10 non-target control sgRNAs and 10
safe cutter sgRNAs. The sgRNA sequences were selected from the Brunello genome-wide
library (328). 4 positive-control sgRNAs targeting the Raf-transgene were designed using
CRISPick (328,329) (Supp. Table 11).

2.7.13 Cas13d libraries cloning

The U6-g1-g2 library was cloned into the 783-Rx-mUG6 plasmid. The selected 27 gRNAs
per gene and 30 NTC gRNAs were cloned so that only gRNA-gNTC, gNTC-gRNA, and
gNTC-gNTC combinations are obtained. For this purpose, gRNA template sequences for
positions 1 and 2 of the format 5-AGTATGCACAGTTGATCCGTCTCATTGG-DR36-(N)23-
CAAGTAAACCCCTACCAACTAGAGACGGTTCACTGTAGCA-3’ and 5'-
AGTATGCACAGTTGATCCGTCTCAAACTGGtCGGGGTTTGAAAC-(N)23-DR36-
GCTTTAAAGAGACGGTTCACTGTAGCA-3’ were designed. The final library consisted of
11,520 elements. The U6-g1-U6-g2 and U6-a1-U6-a2 libraries were cloned into the 783-
Rx-Dual plasmid. To systematically determine the effect of the different promoters used
for gRNA/array expression on their activity, the libraries were cloned symmetrically so that
the selected 30 gRNAs per gene and 30 NTC gRNAs were cloned into both gRNA
positions. gRNA and array template sequences of the format: 5'-
AGTATGCACAGTTGATCCGTCTCAAAAC-(N)23-CAAGAGAGACGGTTCACTGTAGCA-
3 and 5-AGTATGCACAGTTGATCCGTCTCAAAAC-(N)23-DR36-(N)23-DR36-(N)23-
CAAGAGAGACGGTTCACTGTAGCA-3 were designed. The final libraries of U6-g1-U6-
g2 and U6-a1-U6-a2 consisted of 36,864 and 4,096 elements, respectively.

The oligo pools were synthesized as oligo pools (Twist Bioscience) and PCR-amplified
using Phusion Flash High-Fidelity PCR Master Mix (Thermo Fisher Scientific, F548L)
according to the manufacturer's protocol with 0.1 ng/uL sgRNA template DNA, 1 M
forward primer (5-GCCGTCTAATGTTCAGCTAGTATGCACAGTTGATCCGTCTC-3'),
and 1 MM reverse primer (5
GTGTGACGTATGATCAGATCTATGCTACAGTGAACCGTCTC-3') in a total volume of 50
uL with the following cycle numbers: 1x (98 °C for 3 min), 16x (98 °C for 1 s, 64 °C for 15
s, 72 °C for 20 s), and 1x (72 °C for 5 min). PCR products were purified using NucleoSpin
columns (Macherey-Nagel, 740609.250), followed by restriction digestion with BsmBI-v2
(NEB, R0739S) at 55 °C overnight. The digested fragments from the U6-g1-g1 and U6-
a1-U6-a2 libraries were then run on a 2% agarose gel, followed by excising the digested
band and purifying it via NucleoSpin columns (Macherey-Nagel, 740609.250). In contrast,
the U6-g1-U6-g2 library had a fragment size of only 27 bp and was run on a 20% Gradient
TBE gel (Thermo Fischer Scientific, EC6315BOX). At the end of the run, the gel was
stained with SYBR-Gold (Thermo Fischer Scientific, S11494), and the digested fragment
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was cut. The gel pieces were passed through a microcentrifuge tube pierced with an 18-
G needle. The gel slurry was resuspended in 400 pL of water and incubated at 70 °C for
45 min. The gel was then removed by passing the mixture through a SpinX column (Sigma-
Aldrich, CLS8162) after centrifugation at 20,000 x g for 3 min. Finally, the DNA fragments

were extracted by ethanol precipitation.

In parallel, the vectors mentioned above were prepared by restriction digestion with Aarl
(Thermo Fisher Scientific, ER1582) at 37 °C overnight. The digestion reaction was run on
a 1% agarose gel, followed by the excision of the digested band and purification using
NucleoSpin columns (Macherey-Nagel, 740609.250). 500 ng of digested vectors and the
amplified sgRNA library inserts were ligated at a 2:1 insert:vector ratio using T4 ligation in
a 20 pL reaction at 16 °C overnight. The reaction was purified by ethanol precipitation, and
the resuspended volume was transformed into MegaX DH10B (Thermo Fisher Scientific,
C640003) by electroporation using 100 ng of precipitated ligated DNA per 20 pL of
bacterial suspension. E. coli were recovered and cultured overnight in 100 mL LB (100
pug/mL ampicillin). The plasmid library was extracted using the NucleoBond Xtra Midi kit
(Macherey-Nagel, 740410.5). In parallel, a fraction of the transformation reaction was
plated to determine the total number of transformed clones, ensuring the coverage
remained above 1,000x. For the U6-g1-U6-g2 and U6-a1-U6-a2 libraries, the cloned
plasmids were then digested again with BfuA1 (NEB, R0701S) at 37 °C overnight, and the
library oligo fragments were cloned in position 2 through T4 ligation as before. The libraries
U6-g1-g2, U6-g1-U6-g2, and U6-a1-U6-a2 achieved final coverages of 2,700x, 2,700x,
and 11,700x per library element, respectively, ensuring even representation of all library

sequences and their narrow distribution (Supp. Fig. 3B-D).

2.7.14 Cas9 library cloning for Cas9 counter screen and Perturb-seq screens

The selected 20-nucleotide target-specific sgRNA sequences were cloned using Gibson
Assembly into the pMB1 library vector for the Cas9 counter screen library and the pMB1-
10x library vector for the Perturb-seq screens (327). sgRNA template sequences of the
format: 5-GGAGAACCACCTTGTTGG-(N)2o-GTTTAAGAGCTAAGCTGGAAAC-3' were
synthesized as oligo pools by Integrated DNA Technologies and GenScript Biotech, Inc.

for each screen, respectively.

The oligo pools were PCR-amplified using Phusion Flash High-Fidelity PCR Master Mix
(Thermo Fisher Scientific, F548L) according to the manufacturer’s protocol with 1 ng/pL
sgRNA template DNA, 1 yM forward primer (5-GGAGAACCACCTTGTTGG-3'), and 1 uM
reverse primer (5'-GTTTCCAGCTTAGCTCTTAAAC-3') in a total volume of 50 pL with the
following cycle numbers: 1x (98 °C for 3 min), 16x (98 °C for 1 s, 54 °C for 15 s, 72 °C for
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20 s), and 1x (72 °C for 5 min). PCR products were purified using NucleoSpin columns
(Macherey-Nagel, 740609.250). The library vectors pMB1 and pMB1-10x were prepared
by restriction digestion with Aarl (Thermo Fisher Scientific, ER1582) at 37 °C overnight.
The digestion reaction was run on a 1% agarose gel, followed by excision of the digested
band and purification via NucleoSpin columns (Macherey-Nagel, 740609.250). 100 ng of
digested pMB1 and 2.4 ng of the amplified sgRNA library insert were assembled using
Gibson Assembly Master Mix (NEB, E2611L) in a 20 uL reaction for 30 min. The reaction
was purified using P-30 buffer exchange columns (Bio-Rad, 7326250) that were
equilibrated 5x with water, and the eluted volume was transformed into 20 pL of MegaX
DH10B (Thermo Fisher Scientific, C640003) via electroporation. E. coli were recovered
and cultured overnight in 100 mL of LB with 100 pg/mL ampicillin. The plasmid libraries
were extracted using the NucleoBond Xtra Midi kit (Macherey-Nagel, 740410.5). In
parallel, a fraction of the transformation reaction was plated to determine the total number
of transformed clones. The coverage was determined to be 3,111x clones per sgRNA for
the Cas9 counter screen library and 1,643x clones per sgRNA for the Perturb-seq library,
ensuring even representation of all library sgRNA sequences and their narrow distribution
(Fig. 22A).

The quality of the cloned Perturb-seq sgRNA library was determined by NGS using an
lllumina Miniseq (See below). MAGeCK (330) was used for library alignment. The narrow
distribution of sgRNA sequences was confirmed, with read counts for 96% of sgRNA

sequences falling within a single order of magnitude (Supp. Fig. 3A).

2.7.15 Pooled proliferation CRISPR screens in K662

The K562-CasRx cells were transduced with lentiviral sgRNA libraries at an MOI of >0.3
and a 1,000-fold coverage. The low MOI was used to minimize the frequency of multiple
infected cells, ensuring the introduction of one copy of the gRNA expression cassette per
cell. The cells were then cultured in RPMI with 10% FBS and 1x Pen/Strep (Sigma-Aldrich,
P0781-100ML) in a 37 °C incubator with 5% CO.. 24 h post-transduction, the cells
underwent selection with Puromycin (Carl Roth, 0240.2) (2 ug/mL) for 96 h. After selection,
aliquots of cells, representing 1,000x coverage each, were centrifuged at 1,000 x g for 5
minutes, and the pellets were frozen for later analysis using NGS (see below). The cell
numbers representing 1,000x coverage for the different screens were as follows: U6-g1-
g2 with 11,520,000 cells, U6-g1-U6-g2 with 36,864,000 cells, U6-a1-U6-a2 with 4,096,000
cells, and the Cas9 screen with 36,000 cells. The remaining cells were diluted to a density
of 100,000 cells/mL with fresh medium. The cells were divided into two fractions. One
fraction was treated with imatinib, while the other represented untreated cells. An IC50
concentration of 100 nM imatinib (MedChemExpress, HY-50946) was added to the treated
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cell culture plates. Imatinib was renewed at day 3 of cell splitting (IC60 = 150 nM) and day
7 (IC80 = 300 nM) following the start of the imatinib treatment. Cells for endpoint analysis
were harvested on day 19. On day 19, cells representing 1,000x coverage of the libraries
per sample were harvested for downstream analysis using NGS as described below.
Coverage at the cell level was maintained at over 1,000x throughout the screens, and the

culture was diluted with fresh medium when the cell density reached 1 million cells/mL.

2.7.16 Direct capture Perturb-seq CRISPR screens in HEK293ARAF1:ER

HEK293ARAF1:ER cells were transduced with a lentiviral sgRNA library at an MOI of 0.2
and 1,000x coverage in 2 replicates. The low MOI and high coverage minimized the
occurrence of multiple-infected cells, ensuring that only one gene was knocked out in each
cell and facilitating an even distribution of the sgRNA library. Cells were then cultured in
DMEM low glucose without phenol red, supplemented with 10% FBS (Pan Biotech, P30-
1502) and 1% pen/strep (Sigma-Aldrich, P0781-100ML), in a 37 °C incubator with 5% CO..
48 h after transduction, transduced cells were selected with 2 ug/mL puromycin (Carl
Roth, 0240.2) for 96 h. After selection, the top 20% of mCherry positive cells were sorted
8 days post-infection using a BD FACSAria Il flow cytometer to increase sgRNA capture
efficiency by the 10x Genomics Gel Beads. A total of 3 million cells were sorted. For the
Perturb-Seq screen, 500,000 of the sorted cells were reseeded in full medium in 3 wells
of a 12-well plate and incubated at 37 °C with 5% CO.. On day 10 post-infection, the sorted
cells were stimulated with 0.5 uM 40HT (Sigma-Aldrich, H7904) for 6 h, 12 h, and 18 h.
After the incubation, the cells were harvested, followed by scRNA-seq using the 10x
Genomics Chromium Next GEM Single Cell 3’ Reagent Kits v3.1 (Dual Index) with Feature
Barcode technology for CRISPR Screening protocol (CG000316 Rev A).

The remaining 2.5 million sorted HEK293ARAF1:ER cells from day 8 post-infection were
reseeded in full medium in a 6-well plate and incubated at 37 °C with 5% CO,. On day 18
post-infection, 0.5 yM 40OHT was added for 48 h to induce RAF1 transgene expression
and apoptosis in the induced cells. After 48 h, the dead cells were detached and removed
along with the medium. The living cells were reseeded in tamoxifen-containing medium
and incubated at 37 °C with 5% CO- for 48 h more to enhance the cell selection efficiency.
Aliquots of 500,000 cells from the 48 h induction time point were taken. The cells were

centrifuged, and the cell pellets were frozen for later analysis via NGS.

2.7.17 Genomic DNA extraction

For the U6-g1-g2 and the U6-g1-U6-g2 screens, the cell pellets from the baseline and day
19 time point untreated and imatinib-treated samples were resuspended in 20 ml of P1
buffer (Qiagen, 19051), which contained 100 pg/ml RNase A (Sigma-Aldrich,
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10109142001) and 0.5% SDS (Sigma-Aldrich, 71725-50G), followed by incubation at 37
°C for 30 minutes. Then, Proteinase K (Sigma-Aldrich, 70663-4) was added to achieve a
final concentration of 100 pug/ml and incubated at 55 °C for 30 minutes. After digestion, the
samples were homogenized by passing them through an 18G needle three times and then
through a 22G needle three times. The homogenized samples were mixed with 20 ml of
Phenol:Chloroform:Isoamyl alcohol (Thermo Fisher Scientific, 15593031), transferred to
50 ml MaXtract tubes (Qiagen, 129073), and thoroughly mixed. The samples were
centrifuged at room temperature (RT) for 5 minutes at 1,500 x g. The aqueous phase was
transferred to ultracentrifuge tubes and thoroughly mixed with 2 ml of 3M sodium acetate
(Sigma-Aldrich, S2889-250G) and 16 ml of isopropanol (Sigma-Aldrich, 650447-1L) at
room temperature before centrifugation at 15,000g for 15 minutes. The gDNA pellets were
gently washed with 10 ml of 70% ethanol (Thermo Fischer Scientific, 17740239) and dried
at 37 °C. The dry pellets were resuspended in water, and the gDNA concentration was
adjusted to 1 ug/ul. The degree of gDNA fragmentation was assessed on a 1% agarose
gel, and the gDNA was further fragmented by boiling at 95 °C until the average size ranged
between 10 and 20 kb.

For the U6-a1-U6-a2 and Cas9 screens, gDNA was extracted from the baseline and day
19 time points in untreated and imatinib-treated samples, as well as from baseline and day
21 of the HEK293ARAF1:ER samples, using the DNeasy Blood & Tissue DNA Purification

kit (Qiagen, 69506) following the manufacturer’s instructions.

2.7.18 PCR recovery of gRNA/array sequences from gDNA

Two nested PCR reactions were conducted to amplify the U6-g1-g2, U6-g1-U6-g2, and
the Cas9 screens gRNA/array cassette from the extracted gDNA. For the first PCR
reactions, up to 50 Mg of gDNA, 0.3 UM forward (5"-
GGCTTGGATTTCTATAACTTCGTATAGCA-3’) and reverse (5"-
CGGGGACTGTGGGCGATGTG-3') primer, 200 uM dNTP mix (Thermo Fischer Scientific,
10297018), 1x Titanium Taq buffer, and 2 pL of Titanium Taq polymerase (Takara,
639209) were combined in a total volume of 50 uL. For the U6-g1-U6g1 screen samples,
the PCR reaction was performed using the following cycles: 1x (95 °C, 3 min), 16x (95 °C,
30s,62°C, 30 s, 68 °C, 3 min), 1x (68 °C, 5 min). For the U6-g1-g2 and the Cas9 screens,
the PCR cycling conditions were 1x (94 °C, 3 min), 16x (94 °C, 30 s, 62 °C, 10 s, 72 °C,
20 s), 1x (68 °C, 2 min). For the second PCR reactions, 2 pL of the first- round PCR, 0. 5

uM forward (5-
AATGATACGGCGACCACCGAGATCTACACACACTCTTTCCCTACACGACGCTCTTC
CGATCTTGAGACTATAAGTATCCCTTGGAGAACCACCTTG- 3 and 5'-

AATGATACGGCGACCACCGAGATCTACACACACTCTTTCCCTACACGACGCTCTTC
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CGATCTTCCCTTGGAGAACCACCTTGTTGG-3' for the Cas13d and Cas9 screens
samples, respectively) and reverse (5-CAAGCAGAAGACGGCATACGAGA-(N)e-
TGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTATTGCTAGGACCGGCCTTAAA
GC-3 and 5'-CAAGCAGAAGACGGCATACGAGAT-(N)s-
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC-3' for the Cas13d and Cas9 screens
samples, respectively) primers, where (N)s is a 6 nt index for sequencing on the lllumina
NGS platform, 200 yM dNTP mix (Thermo Fischer Scientific, 10297018), 1x Titanium Taq
buffer, and 1.5 uL of Titanium Taq (Takara, 639209). For the U6-g1-U6g1 screen samples,
the PCR cycles were: 1 x (95 °C, 3 min), 12x (95 °C, 30 s, 55 °C, 30 s, 68 °C, 3 min), 1x
(68 °C, 5 min). For the U6-g1-g2 and the Cas9 screens, the PCR cycling conditions were
1x (94 °C, 3 min), 20x (94 °C, 30 s, 55 °C, 10 s, 72 °C, 20 s), 1x (68 °C, 2 min). The PCR
products for the U6-g1-g2, U6-g1-U6-g2, and the Cas9 screens had a size of 344 bp, 888
bp, and 325 bp, respectively, and were purified from a 1% agarose gel via NucleoSpin
columns (Macherey- Nagel, 740609.250).

For the U6-a1-U6-a2 screen samples, a one-step PCR reaction was performed using
ExTag Polymerase (Takara, RRO01A). For this, 10 uyg gDNA, 0.5 pM forward (5'-
AATGATACGGCGACCACCGAGATCTACACACACTCTTTCCCTACACGACGCTCTTC
CGATCTTGAGACTATAAGTATCCCTTGGAGAACCACCTTG-3") and reverse (5-
CAAGCAGAAGACGGCATACGAGA-(N)e-
TGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTATTGCTAGGACCGGCCTTAAA
GC-3’) primers, 800 uM dNTP mix, 1x ExTaq buffer, and 1.5 yL ExTaq (Takara) were
mixed. The PCR cycles were set at 1x (95 °C, 1 min), 28x (95 °C, 30 s, 66 °C, 30 s, 72 °C,
1 min), 1x (72 °C, 10 min). The PCR product had a size of 1124 bp and was purified from
a 1% agarose gel via NucleoSpin columns (Macherey-Nagel, 740609.250). NGS for all
amplified samples was performed on either MiniSeq using a MiniSeq Mid Output Kit (300-

cycles) or NovaSeq 6000 lllumina platforms using paired-end 150 strategy.

2.7.19 Cas9 proliferation screens data analysis

Paired-end sequencing was performed using an lllumina NovaSeq 6000 platform for the
Cas9 counter screen in K562 and an lllumina Miniseq for the Cas9 Perturb-seq
proliferation screen in HEK293ARAF1:ER. Data analysis was carried out using MAGeCK
0.5.9.2 (330). In summary, sgRNA read count files were generated from the raw CRISPR
FASTQ files using the count function (Supp. Data 2). The MAGeCK MLE command was
then utilized to calculate the MAGeCK beta score, Wald-P values, and false discovery
rates for the enrichment and depletion of each guide compared to the baseline sample.
Wald-P values from the Cas9 Perturb-seq proliferation screen were adjusted using the

Bonferroni correction method in R (Supp. Data 4).
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2.7.20 Cas13d screens data analysis

Paired-end sequencing was performed using an lllumina NovaSeq 6000 for the U6-g1-U6-
g2, U6-a1-U6-a2, and Cas9 counter screen samples, while the lllumina NovaSeq X Plus

was used for the U6-g1-g2 samples.

MAGeCK was used to analyze the proliferation screens for gRNA counting. Initially, the
FASTQ files from the U6-g1-U6-g2 and U6-a1-U6-a2 screen samples were filtered to
exclude sequences containing 5-GCTTTAAGGC-3’ in read 1 and 5-CCAACAAGGT-3’ in
read 2, in order to remove recombined constructs expressing a single gRNA (sgRNA) or
single-gene array (array). Following this, cutadapt 4.4 (331) was used to remove regions
spanning the first 74 bp and the last 18 bp in read 1, and the first 59 bp and the last 33 bp
in read 2, resulting in the gRNA-1 and gRNA-2 sequences in U6-g1-g2 and U6-g1-U6-g2,
respectively, as well as the gRNA-1 sequence from array-1 and the gRNA-3 sequence
from array-2 in U6-a1-U6-a2. FLASH v1.2.11 (332) was used to merge the resulting
trimmed reads. The sequence alignment to the reference sequences was performed using
Bowtie 1.2.3 (333), allowing for up to three nucleotide mismatches. Conversion of the
resulting sam files to bam files was completed using SAMtools 1.18 (334), which then
served as input for MAGeCK. The gRNA sequences were counted from the bam files using
MAGeCK COUNT (Supp. Data 2). The distribution of the libraries was then determined

from the baseline samples.

Based on the count matrix, the tau values and Gl scores were calculated (Supp. Data 1).
To eliminate low read counts gRNA combinations within each screen that had counts below
10% of the baseline mean counts were systematically removed. Additionally, a
pseudocount was applied to each count value to mitigate the occurrence of zero counts.
Normalization was then performed by dividing each count by the mean value of all count
numbers of the gRNAs in the corresponding sample. Tau values were then computed using

the following formula:

(N%()

NX

T, = log, (szt;)c>
t

NTC
Nto

(1)

where N* denotes the frequency of sgRNA x and N"'C denotes the frequency of non-

targeting control gRNAs before (fo) or after (¢) imatinib treatment.

To normalize the non-zero gNTC*gNTC tau values in the tau values of the sgRNA and
array combinations, the average tau values of the gNTC*gNTC combinations for each

sample were calculated and subtracted from all tau values within that specific sample.
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Afterwards, the Gl score was calculated for each gRNA/Array combination using the

following formula:

Gl = T(Gene1+GeneZ) - (TGenel + TGeneZ) (2)

where Tgene1+cene2 is the measured phenotype of the double perturbation and Tgene1 + Taene2
is the expected phenotype calculated from the calculated individual perturbation

phenotype of each gene.

To obtain stable Gl scores, sgRNAs and arrays with weak phenotypes were removed. The
mean value of tau scores per sgRNA/array combination across both replicates of imatinib
treatment was calculated, followed by taking the mean across all sgRNA-NTC/array-NTC
phenotypes for each gene per sgRNA/array. A distinction was made between the
respective orientations of sgRNA/array in position 1 (sgRNA-NTC/array-NTC) or
sgRNA/array in position 2 (NTC-sgRNA/NTC-array). The individually calculated mean
values for each sgRNA/array were then used to determine the overall mean value per
gene, which serves as a cut-off for determining weaker phenotypes. All sgRNAs/arrays
that did not reach the cut-off value were identified for each gene and orientation. Finally,
Gl scores of sgRNAs/arrays that did not meet the cut-off value for both orientations were
removed. Similar to Aregger et al. 2020, all remaining Gl scores per gene were mean-
summarized, and their significance was calculated using the limma moderated t-test

followed by Benjamini-Hochberg multiple testing correction (Supp. Data 3) (202).

The calculation of the “same gene GI” and the “single gene controls” was performed
similarly to the calculation for the Gl scores described above. “Same gene GIs” refer to
“self-genetic interactions” of a gene such as ABL1-ABL1. The formula for the calculation

is shown below using ABL1 as an example:

GI = t(apr1+ar1) — (Tapr1 + Tapr1) (3)

In contrast, “single gene controls” represent the interaction of a gene with all non-target
controls, such as ABL-NTC. While the orientation of the gene and non-target controls was

previously disregarded in “same gene GI”, it is considered in “single gene controls”.

Gl = T(apr1+ntc) — (Tapr1 + Tnre) 4)

All scripts used for data analysis were written in R 4.3.0 (335). To create the plots shown
in the figures the R package ggplot2 (336) and ComplexHeatmap (337) as well as

GraphPad Prism 10.3.0 were used. The network was created in BioRender.
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2.7.21 Perturb-seq screen data analysis

Cell Ranger (10x Genomics) Version 6.1.1 was used for scRNA-seq data analysis

(https://support.10xgenomics.com/single-cell-gene-

expression/software/pipelines/latest/using/count). NGS reads from the gene expression

library were mapped to the GRCh38-1.2.0 genome reference compiled by 10x Genomics
for Cell Ranger. sgRNA reads were mapped to an sgRNA feature reference. Count
matrices were then used as input into the Seurat R package (338) to perform downstream
analyses. Differential expression was identified based on pseudo bulks using the R-library
glmGamPoi version 1.10.2 (339).

2.7.22 EGR1, TCF7, and Safe-Cutter knockout in HEK293ARAF1:ER Cells

sgRNAs targeting EGR1 (sgEGR1-1), TCF7 (sgTCF7-2), and a safe-cutter control
(sgSafe-cutter-1) were selected from the Perturb-seq library and ordered as
complementary single-stranded oligonucleotides from Sigma-Aldrich and cloned into the
pMB1 sgRNA expression vector, as described previously (see Section 3.8.4).
HEK293ARAF1:ER cells were transduced with lentiviruses produced from these vectors
and selected with 2 ug/mL puromycin. Following 10 days of selection, genomic DNA was
extracted using the DNeasy Blood & Tissue DNA Purification Kit (Qiagen, 69506)
according to the manufacturer’s instructions, to assess knockout efficiency by Sanger

sequencing of the targeted loci.

The genomic regions flanking the sgRNA target sites in EGR1 and TCF7 were PCR-

amplified using gene-specific primers. The sequences used were: gDNA_EGR1_for: 5'’-

CCAGCCAAACCACTCGACTG-3, gDNA_EGR1_rev: 5-
CGAAGAGGCCACAACACTTTTG-3, gDNA_TCF7_for: 5-
GTCGAGTCACTTCCGGTGCC-3, and gDNA_TCF7_rev: 5-

ATTGCAAAGCTCTGAGCTCAGATC-3'. PCR-amplification was performed using Phusion
Flash High-Fidelity PCR Master Mix (Thermo Fisher Scientific, F548L) according to the
manufacturer’s protocol with 250 ng template genomic DNA, 1 uM forward primer, and 1
MM reverse primer in a total volume of 50 pL with the following cycle numbers: 1x (98 °C
for 5 min), 30x (98 °C for 15 s, 56 °C for 20 s, 72 °C for 1 min), and 1x (72 °C for 3 min).
PCR products were purified using NucleoSpin Gel and PCR Clean-up columns (Macherey-
Nagel, 740609.250) and submitted for Sanger sequencing at GENEWIZ Germany GmbH.

2.7.23 Bulk RNA-Sequencing data generation and preprocessing

For transcriptional profiling of HEK293ARAF1:ER cells following RAF1 induction, cells
were treated with 0.5 uM 40OHT (Sigma-Aldrich, H7904) for 0.5 h, 1 h, 2 h, 4 h, and 8 h.

After the incubation period, the cells were harvested and the total RNA was extracted using
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TRIzol (Thermo Fisher Scientific, 15596018). Sequencing libraries were prepared using
lllumina TruSeq MRNA Library Prep Kit v2 and sequenced on lllumina HiSeq 2000. Raw
reads were processed using the snakemake-workflows rna-seq-star-deseq2 pipeline,

v1.2.0, and counts were subsequently analyzed using DESeq2 in R (340).

For bulk RNA-sequencing of TCF7 knockout HEK293ARAF1:ER cells after Wnt signaling
activation, TCF7 knockout and wild type HEK293ARAF1:ER cells were treated with 10 uM
CHIR99021 for 24 h. The cells were then harvested and the total RNA was extracted using
the RNeasy Mini Kit (Qiagen, 74106) according to the manufacturer’s instructions. The
RNA was then quantified using a NanoDrop One and sent for bulk RNA-seq at Novogene
UK.

2.7.24 Processing of bulk, multiplexed QuantSeq data

bcl2fastq (v2.20.0 by lllumina) was used to demultiplex and convert raw sequencing data
to fastq files. A Snakemake (v7.18.2) (341) workflow was designed in which BBMap’s
BBDuk (v39.01) was used to trim adapters, STAR (v2.7.10b) (342) to align reads to the
GENCODE GRCh38.p13 (v39) geneset, UMlI-tools (v1.1.4) (343) to extract and
deduplicate UMIs, and subread's featureCounts (v2.0.6) (344) to count mapped reads on

the gene level.

2.7.25 RNA isolation, cDNA synthesis and RT-gPCR

For the MAPK and Wnt signaling pathway activation, HEK293ARAF1:ER cells were
treated with 0.5 yM 40OHT for 12 h and 10 uM CHIR99021 for 24 h. To validate the EGR1-
TCF7 positive feedback loop, the cells were treated with 0.5 uM 40HT for 12 h. Finally, to
examine the effect of MAPK and Wnt signaling activation on DKK1, cells were treated with
0.5 yM 40HT for 12 h and 10 uM CHIR99021 for 6 h either separately or in combination.

Total RNA was isolated for gRT-PCR using a RNeasy Mini Kit (Qiagen, 74106) according
to the manufacturer’s instructions and quantified with a Nanodrop One. cDNA was
synthesized from 500 ng total RNA using a RevertAid H Minus First Strand cDNA
Synthesis Kit (Thermo Fischer Scientific, K1632) using random hexamer primers.
Quantitative PCR (qPCR) was performed with ORA qPCR Green ROX L Mix (highQu,
QPDO0105) on a LightCycler 480 System (Roche) following the manufacturer's protocol
with 12.5 ng template cDNA, 0.2 uM forward primer, and 0.2 uM reverse primer in a total
volume of 5 pL with the following cycle numbers: 1x (95 °C for 5 min), 45x (95 °C for 10 s,
60 °C for 10 s, 72 °C for 10 s), and 1x (95 °C for 5 s, 65 °C for 1 min, ramp to 97 °C at
0.11 °C/s). The primer pairs used for each gene were as follows: GAPDH_for:
CTGGTAAAGTGGATATTGTTGCCAT, GAPDH_rev:
TGGAATCATATTGGAACATGTAAACC, EGR1_for: CTTCAACCCTCAGGCGGACA,
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EGR1 rev: GGAAAAGCGGCCAGTATAGGT, TCF7_for:
CTGACCTCTCTGGCTTCTACTC, TCF7_rev: CAGAACCTAGCATCAAGGATGGG,
AXIN2_for: CAAACTTTCGCCAACCGTGGTTG, AXIN2_rev:

GGTGCAAAGACATAGCCAGAACC, DKK1_for: CACACCAAAGGACAAGAAGG, and
DKK1_rev: CAAGACAGACCTTCTCCACA. Analysis was conducted using the double
delta Ct (2 AACt) method to quantify the relative gene expression (345). GAPDH served
as the reference housekeeping gene. The expected RT-qPCR gene product was validated

using a 2% agarose gel.

2.7.26 Statistics and reproducibility

The number of technical and/or biological replicates for all experiments is listed in the
Figure legends or text. Unless otherwise indicated, statistical significance was calculated
using limma moderated t-test followed by Benjamini-Hochberg multiple testing correction.
Pearson’s correlation was used to determine the r values. Statistical analyses were
performed using GraphPad Prism 9 (GraphPad Software) or the R language programming

environment.

2.7.27 Data availability

Raw FASTQ files from the K562 screens have been deposited on the SRA database under
the following accession code PRJNA1092399
[https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1092399]. Plasmids and their sequences
are deposited at Addgene: pXR001-mCD4 (Addgene #228359), 783-Rx-hU6 (Addgene
#228360), 783-Rx-mU6 (Addgene #228361), 783-Rx-Dual (Addgene #228362), pMB1
(Addgene #228363), AiO-Cas12a (Addgene#228364).

Raw and processed transcriptome data from the HEK293ARAF1:ER Perturb-seq and

proliferation screens is available at GEO under the accession number GSE250559.

2.7.28 Code availability

Data processing scripts and raw input data for the data processing scripts are available at
Zenodo [doi: https://zenodo.org/records/14160184 and doi:
https://zenodo.org/records/10493550].
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2.8 Appendix Chapter 1

2.8.1 Supplementary Figures
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Supplementary Figure 1 - Knockout efficiency of Cas9 and Cas12a sgRNAs and Cas13d arrays
per gene targeting different cellular surface markers.

(A-H) The percentage of gene knockout cells using the indicated CRISPR system was determined
via flow cytometry analysis of >10,000 cells stained with CD46-APC antibodies (Miltenyi, 130-130-
362). (A) CD46 knockout with 4 Cas9 sgRNAs in HEK293ARAF1:ER cells (285). (B) CD47
knockout with 4 Cas9 sgRNAs in K562 cells. (C) CD63 knockout with 4 Cas9 sgRNAs in K562 cells.
(D) CD71 knockout with 4 Cas9 sgRNAs in K562 cells. (E) CD46 knockout with 4 Cas12a gRNAs
in K562 cells. (F) CD71 knockout with 4 Cas12a gRNAs in K562 cells. (G) CD63 knockout with 4
Cas13d arrays in K562 cells. (H) CD71 knockout with 4 Cas13d arrays in K562 cells. Values
represent the mean of biological replicates; error bars show SD (n=3 except in (A) where n=2).
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Supplementary Figure 2 - Flow cytometry gating strategy used in the comparison of single gene
and double gene perturbation properties of Cas9, Cas12a, and Cas13d.
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(A) Untransduced control cells. (B) Non-target control cells. (C) CD46-CD47 dual knockdown cells.
(D) CD46 knockdown cells. (E) CD47 Knockdown cells. The gating strategy for the Cas13d double
perturbation of CD47 and CDA46 is illustrated here. The process begins by identifying events that
represent cell populations using the FSC-Area vs SSC-Area scatter plots. Next, single cells are
isolated from FSC-Area vs FSC-High scatter plots. Finally, GFP and mCherry positive cells, which
represent those carrying the Cas13d-EGFP and the gRNA/Array construct, are selected. These
cells are then divided into four bins representing non-perturbed, single-perturbed, and double-
perturbed cells
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Supplementary Figure 3 - Narrow distribution of screening library elements after cloning.
(A) U6-g1-g2 library distribution. (B) U6-g1-U6-g2 library distribution. (C) U6-a1-U6-a2 library

distribution. (D) Cas9 library distribution. The percentage of elements within one order of magnitude
is shown between the dotted lines.
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Untreated normalized read counts
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Supplementary Figure 4 - High technical reproducibility of the U6-g1-U6-g2 screens in K562 at
different levels of data analysis.

(A-B) Correlation between normalized read counts from two technical screen replicates under
untreated (A) and imatinib-treated (B) conditions. (C) Correlation between tau values from two
technical screen replicates in the untreated condition prior to filtering for functional gRNAs. (D-E)
Correlation between tau values from two technical screen replicates in the untreated (D) and
imatinib-treated (E) conditions following the filtering for functional gRNAs. (F) Correlation between
tau values from gRNA-gNTC and gNTC-gRNA combinations in the untreated condition. Pearson’s
correlation was used to calculate the r values.
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B Correlation coefficient (r)
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Supplementary Figure 5 - Cas13d screens phenotypes correlate with DepMap data.
(A) Heatmap of DepMap Chronos scores for the six candidate genes in K562, along with the

MAGeCK MLE beta scores from the Cas9 counter screens and all Cas13d screens. (B) Pearson’s
correlation (r) between the beta scores presented in (A).
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Untreated normalized read counts B
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Supplementary Figure 6 - High technical reproducibility of the U6-a1-U6-a2 screens in K562 at
different levels of data analysis.

(A-B) Correlation between normalized read counts from two technical screen replicates under
untreated (A) and imatinib-treated (B) conditions. (C) Correlation between tau values from two
technical screen replicates in the untreated condition prior to filtering for functional gRNAs. (D-E)
Correlation between tau values from two technical screen replicates in the untreated (D) and
imatinib-treated (E) conditions following the filtering for functional gRNAs. (F) Correlation between
tau values from gRNA-gNTC and gNTC-gRNA combinations in the untreated condition. Pearson’s
correlation was used to calculate the r values.
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Supplementary Figure 7 - Cas13d enables the highly reproducible identification of Gls.

Pearson’s correlation of Gl scores obtained from (A) single gRNA and (B) single-gene array
screens, displayed without (top) and with imatinib treatment (bottom). The left panels show the
correlation of Gl scores between Gene1-Gene2 and Gene2-Gene1 orientations. The right panels
show the correlation of Gl scores between screen replicates.
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2.8.2 Supplementary Tables

Supplementary Table 1 - List of gRNA sequences in the U6-g1-g2 and U6-g1-U6-g2 Cas13d
libraries.

gRNA on-target scores predicted by the cas13design.nygenome.org algorithm (234), and the gRNA
TIGER score (166,234) are included.

Gene gRNA dgRNA sequence dgRNA score TIGER score
ABL1 ABL1_1 CCACAGATAAAATTCGAGGACAG 1.000 0.982
ABL1 ABL1_10 ACGTGTAAAATATAGTGGCACAT 0.918 0.981
ABL1 ABL1_11 CACAAAATCATACAGTGCAACGA 0.857 0.992
ABL1 ABL1_12 AATTAAATAAGACATTCGCCCAG 0.879 0.984
ABL1 ABL1_13 ATCTCCAACATTTTCCCGCGCCA 0.917 0.712
ABL1 ABL1_14 AGCAATACTCCAAATGCCCAGAC 0.853 0.978
ABL1 ABL1_15 CGCCACTTAGAAAAGAGCGTCTA 0.898 0.978
ABL1 ABL1_16 GAACCGCATAAAACGATCCAGAG 0.916 0.326
ABL1 ABL1_17 AATGATGATGAACCAACTCGGCC 0.848 0.120
ABL1 ABL1_18 GAAAAAGACAGTCCACATCAGCC 0.868 0.906
ABL1 ABL1_19 CAGAAACAAAATGCACTGGACCC 0.914 0.436
ABL1 ABL1_2 CAAAGTCAGATGCTACTGGCCGC 0.747 0.686
ABL1 ABL1_20 GTCACTGATTTCCTTCACCGAAC 0.794 0.569
ABL1 ABL1_21 AGAACTCAGAAAAGTGAAGGCTG 0.865 0.973
ABL1 ABL1_22 AAAACATTGCAGTGTGGACCCCC 0.911 n.a.
ABL1 ABL1_23 TGATTATAGCCTAAGACCCGGAG 0.791 0.059
ABL1 ABL1_24 CAAACGTAGGTAGTAGAGCTGGA 0.846 0.727
ABL1 ABL1_25 CACCCAAATCAAGAGCTGTCCTG 0.908 0.845
ABL1 ABL1_26 TTCACAGCATCAACCAGACTCGT 0.789 0.869
ABL1 ABL1_27 CCTTCTTGGATTTGCAGCCCACC 0.826 0.897
ABL1 ABL1_3 ACAAAATGCACTGGACCCCGAGA 0.951 0.928
ABL1 ABL1_4 ATTAAATAAGACATTCGCCCAGT 0.978 0.983
ABL1 ABL1_5 CCACAAAATCATACAGTGCAACG 0.874 0.992
ABL1 ABL1_6 GTGTAAAATATAGTGGCACATCA 0.919 0.979
ABL1 ABL1_7 CACAGATAAAATTCGAGGACAGA 0.954 0.943
ABL1 ABL1_8 AAAGTCAGATGCTACTGGCCGCT 0.710 0.243
ABL1 ABL1_9 GAAACATGTCTTCAGCACACGAC 0.905 0.938
GAB2 GAB2_1 ATAACTTAAGTGATTAGGCACCA 1.000 0.955
GAB2 GAB2_10 TCAGACAGAAGGTAATAGCGCCT 0.972 0.409
GAB2 GAB2_11 TCAGCCTGATTGAAGCCACAGAT 0.866 0.496
GAB2 GAB2_12 ATCAAGGACTTAAGGAGACACCA 0.882 0.959
GAB2 GAB2_13 CCATAAATCACATGACAGCCTGG 0.930 0.993
GAB2 GAB2_14 AAACACAAAACTATCCTGCAGCT 0.828 0.305
GAB2 GAB2_15 AGAAACTGGAGACAGCAGCCATT 0.864 0.991
GAB2 GAB2_16 CAAACAGTGACAATTCTGCGTGA 0.930 0.459
GAB2 GAB2_17 GTCCTCTTCTGTCTCAGCCACCA 0.805 0.703
GAB2 GAB2_18 AGATTCGATTTGAACACCTCAGT 0.864 0.320
GAB2 GAB2_19 ACCACAGCAAAAACATGACCCAC 0.902 0.984
GAB2 GAB2_2 AGTTACCAGAATAGGGGGCTGGA 0.601 0.511
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GAB2 GAB2_20 AAGTTCAGGTTGATGATCCGCAG 0.729 0.947
GAB2 GAB2_21 ATTTCAAGACACAAGTAGCCAAC 0.862 0.979
GAB2 GAB2_22 TAAAAACATTCAGATCCCCCACC 0.898 0.282
GAB2 GAB2_23 GGAAACATTTCTCAGGGAGTCTG 0.653 0.888
GAB2 GAB2_24 TTAACTTCTACATTGGAAACCAC 0.845 0.757
GAB2 GAB2_25 GGAACATCCATATTGTCTACCAG 0.897 0.933
GAB2 GAB2_26 CCGCTCATCCGGCCACTCCGCAG 0.531 0.474
GAB2 GAB2_27 GCCAGATAATCAACGCTGCCGGT 0.841 0.474
GAB2 GAB2_3 CACCATAAATCACATGACAGCCT 0.963 0.932
GAB2 GAB2_4 CAGACAGAAGGTAATAGCGCCTC 0.981 0.964
GAB2 GAB2_5 CAAACACAAAACTATCCTGCAGC 0.879 0.715
GAB2 GAB2_6 CCACAGCAAAAACATGACCCACT 0.948 0.988
GAB2 GAB2_7 AACTTAAGTGATTAGGCACCAAC 1.000 0.980
GAB2 GAB2_8 TAGTTACCAGAATAGGGGGCTGG 0.538 0.116
GAB2 GAB2_9 TCCATTCACTTATTGGAACACCA 0.894 0.885
NF1 NF1_1 AAAGCAAGAAACAAGGCAGTCAA 1.000 0.989
NF1 NF1_10 CACACAGAAGATTATAGGCAGCT 1.000 0.339
NF1 NF1_11 TTAGAAAGGTTAAGGTTGGCAGT 0.802 0.957
NF1 NF1_12 TTATAAAACAGGAAGTGCAGCAT 0.995 0.261
NF1 NF1_13 AACGAACTAGATTTGACAGCCAT 1.000 0.993
NF1 NF1_14 GGATTCTTCATGGTACACCACAC 0.781 0.962
NF1 NF1_15 CACCATTAAGGACAACAGCCGAT 0.980 0.221
NF1 NF1_16 AAAAAGTTAAAGAAAAGGCAGCA 1.000 0.827
NF1 NF1_17 TGTTTGCTTTGAAAACGGTCCTG 0.763 0.474
NF1 NF1_18 AGCAAAATAGCATAACACCCACT 0.974 0.991
NF1 NF1_19 ACAGCAAGAAATGTTGAGACCCA 1.000 0.980
NF1 NF1_2 ATTAGAAAGGTTAAGGTTGGCAG 0.879 0.736
NF1 NF1_20 GTTTCTTCATCAATTCCAGGCAG 0.751 0.820
NF1 NF1_21 TTTAAAATAGTAGTGAGGCCGCT 0.972 0.165
NF1 NF1_22 AGCACAAACAAGTCACAGCACCG 1.000 0.993
NF1 NF1_23 CATTAAAACCAAAACTTTGCAGG 0.694 0.077
NF1 NF1_24 CGAAAGCAAGAAACAAGGCAGTC 0.970 0.697
NF1 NF1_25 AAGCAAGAATGAAGACAGTCAGC 1.000 0.985
NF1 NF1_26 TGGGAAGTTGCAAGTGAGGTCAT 0.575 0.611
NF1 NF1_27 TAGCAGCAATTCTAACAGCCCCC 0.969 0.311
NF1 NF1_3 CTAGAACAGTAAGAAGCAGCGCC 1.000 0.989
NF1 NF1_4 TTAGAAAACATGTTCCAGAGCAG 1.000 0.980
NF1 NF1_5 GAAACTTAACAATAAGCTCAGCA 0.875 0.854
NF1 NF1_6 AAACGAACTAGATTTGACAGCCA 1.000 0.869
NF1 NF1_7 TCACAAAATCATTGAAAGGCCGC 1.000 0.958
NF1 NF1_8 AAACTTAACAATAAGCTCAGCAT 0.871 0.899
NF1 NF1_9 GCTAGAACAGTAAGAAGCAGCGC 0.999 0.940
NTC NTC_1 ACGCTACGAAGCTTATGGCACTG n.a. n.a.

NTC NTC_10 CGGGGTCGTGCAATGTCCGGCTC n.a. n.a.

NTC NTC_11 GGCAAGTGTGGTTACGCCGTATT n.a. n.a.

NTC NTC_12 GCTGTGGCGGCCGGCTGTGAAAC n.a. n.a.
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NTC_13
NTC_14
NTC_15
NTC_16
NTC_17
NTC_18
NTC_19
NTC_2
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PTPN1_20
PTPN1_21
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PTPN1_26
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AATGAACCAGTTGAGCGCCAGGA
ATAATACTACCACCGTCTGCGTA
AAGGTTCGGCACTACCACCGCAA
CAATTTATCTTTGGAACGGAGCG
TTCTTCGGCTTAGACCAGTGCGG
GGGGATGCATAGTGCCAAGAGCA
TCGGGCCCCAGAGTACTAGGCAC
CATCCGCCCTGAATATTCACAAT
AACTGTGACGATAACGCCACATG
GGTGTACCGCATTTAAGGTACGA
GTCGGTTACTGCCCGGGAAGTTG
ATCGACCGACCGTGAAGATACAC
TCGTCGTAACGAGATGTATTCTA
CACCTGACTCAACTTAGTTGGTA
AAATTACCAAGCGGGCGAGACTA
CCGTCGCTATGCTCTATAGGGTT
TCTATCTGACACGGGATCAGCCT
GGAGTAAGCTGTCGTGGACAAAT
CTACCATATTGACCCGCGCCCGG
TACTTACCTAATGCGCGGTAGAT
CTCGGAAGACCGGAACGCGGGTG
ACATATGCGTCAATACTCCCCAG
GCTGGGTGACGCGATTCATGTTA
AAAGCTAGTCGGCTTAGGGTCGG
GTCGTAGCGCTAGGGTGGCCTTC
GCTGTAGAGCGACGACCTGTTAC
GACTTAAAAACAACAAGCCCAGC
TGCTACTATATATACACACCCAA
ATGTCTGAGTTACAGCAAGACCC
TCAGCCAGACAGAAGGTTCCAGA
CTTAAGGCATATAGCAGAGCAGC
CGACAATGACTTCAGCAACAGGC
AACCCATCATGAATATGGCAAGT
AAAATGTGAAAATGCTGGCAAGA
AAAATGGTTTATTCCATGGCCAT
TCCCTAAATCATGTCCAGAGCGT
ACCATCTCCCAAAAGTGACCGCA
TTAAGGCATATAGCAGAGCAGCT
TACATGCATTCTAATACACACGG
ACACCTCGAATGTTCCCACCACA
GAAGTCACTAGAGTGTCATGCCA
ATGTGTAACAAGGTGGAGAGCCA
ACAGAAGACCCTGAGACACTCCC
CTCTGTTGAGCATGACGACACCC
AGAAAGTTCAAGAATGAGGCTGG
TAAGCCTTATCCACACCTCACCA

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
0.986
0.951
0.862
0.820
0.916
0.847
0.815
0.884
0.845
0.812
0.879
0.937
0.842
0.814
0.876
0.830
0.809
0.871
0.826
0.808

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
0.798
0.755
0.981
0.448
0.985
0.799
0.851
0.976
0.918
0.939
0.992
0.827
0.640
0.976
0.458
0.542
0.229
0.833
0.991
0.799
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PTPN1 PTPN1_3 AAGAAAGTTCAAGAATGAGGCTG 0.890 0.982
PTPN1 PTPN1_4 ATGCTACTATATATACACACCCA 0.960 0.980
PTPN1 PTPN1_5 AGCGACAATGACTTCAGCAACAG 0.911 0.691
PTPN1 PTPN1_6 CAAAATGTGAAAATGCTGGCAAG 0.906 0.991
PTPN1 PTPN1_7 ACTTAAAAACAACAAGCCCAGCT 0.957 0.209
PTPN1 PTPN1_8 TGTTTCTTATTAAATACCCACGT 0.869 0.582
PTPN1 PTPN1_9 GCCATGTAATGATCAGGTCATGC 0.825 0.913
SOS1 SOS1_1 AAGTTCAAAGTAATGGAGACAGT 1.000 0.990
SOS1 SOS1_10 AAAGTTCAAAGTAATGGAGACAG 0.988 0.990
SOS1 SOS1_11 GAGCATCATCATTAGACTCGAGA 0.905 0.282
SOS1 SOS1_12 TAAACCTATTCACAGCAGCAGAA 0.955 0.764
SOS1 SOS1_13 TTCTTACATCAAAGACCGACCGA 0.987 0.989
SOS1 SOS1_14 TGCAAATAAAGTGCTGCCCCAGG 0.936 0.944
SOS1 SOS1_15 AAATTCCAAAGAAAGGCACACAT 0.954 0.994
SOS1 SOS1_16 TAAACATAATTTGATGCCCAACA 0.985 0.432
SOS1 SOS1_17 CGATCATGAAAACCAGGTCGCAA 0.915 0.969
SOS1 SOS1_18 CTCAATAATTCGACTCACCACAG 0.951 0.946
SOS1 SOS1_19 GACGTAAAAGTGTCGCCCACCAA 0.979 0.948
SOS1 SOS1_2 CCATCAATACCTTGTCAGCACAC 0.986 0.994
SOS1 SOS1_20 AAACAATTTTGAATTGGAGACAA 0.890 0.075
SOS1 SOS1_21 ATGCCAGAAAAATAACAGCCGTT 0.949 0.973
SOS1 SOS1_22 AATAATTTAATATATGCCAGCCA 0.974 0.542
SOS1 SOS1_23 TCCATCAATACCTTGTCAGCACA 0.862 0.990
SOS1 SOS1_24 TGAAATTAATGTTTTAGGACGCT 0.940 0.307
SOS1 SOS1_25 CATATTAGATGTATAGACCACAC 0.961 0.898
SOS1 SOS1_26 CTGACTATAAAACCGACATGCAG 0.859 0.989
SOS1 SOS1_27 CTGTAAAGATATCAATGCTGCCA 0.934 0.759
SOS1 SOS1_3 TTCACCAGATATTTGCACCCCAA 1.000 0.978
SOS1 SOS1_4 ATAATTTAATATATGCCAGCCAA 1.000 n.a.

SOS1 SOS1_5 AGAGCATCATCATTAGACTCGAG 0.963 0.629
SOS1 SOS1_6 AATGCCAGAAAAATAACAGCCGT 0.997 0.995
SOS1 SOS1_7 ACTTATAGATGATACAGAAGCAG 0.993 0.278
SOS1 SOS1_8 TTTCTTACATAATTCCCAACCAG 0.954 0.893
SOS1 SOS1_9 CGACATACATTTAATACTCGCAG 0.958 0.978
SPRED2 SPRED2_1 CCCATGAAGAAAATGCAACCCAC 1.000 0.910
SPRED2 SPRED2_10 CATACAGTGATAGAGCATGCTGT 0.963 0.987
SPRED2 SPRED2_11 CAAACTTCCTATTATCGACCTTC 0.622 0.826
SPRED2 SPRED2_12 TACAGATTGTTAATAGTACAGGA 0.884 0.281
SPRED2 SPRED2_13 CATAGCATTCCAATACCACCAGT 0.959 0.992
SPRED2 SPRED2_14 CATTTTCTTGTTCACCTAGACGC 0.678 0.098
SPRED2 SPRED2_15 GCTAAAGATAGAAACTGCAGCTT 0.875 0.762
SPRED2 SPRED2_16 CAAGGCAATAAGAGCCATCCACC 0.919 0.319
SPRED2 SPRED2_17 TGAAACGTTGGATTGGCTTTGGT 0.579 0.821
SPRED2 SPRED2_18 TAACAACTAAATAGAGGTGACAA 0.874 0.557
SPRED2 SPRED2_19 AAAATCAACTACAAAACCCACCG 0.913 0.976
SPRED2 SPRED2_2 ACCATGGATGAGAAAGCCGCTTC 0.852 0.981
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SPRED2 SPRED2_20 TTACTCCCCTGTCAAAGGCTCGG 0.562 0.634
SPRED2 SPRED2_21 TACAAGTTTGTTAACTAGCTCAC 0.874 0.393
SPRED2 SPRED2_22 ACACGCACAATATAGCTGTCATC 0.910 0.960
SPRED2 SPRED2_23 CCAAAGTCTGAGGAGTCCACGTA 0.833 0.980
SPRED2 SPRED2_24 GACGTATTTACATAAATGTCCCC 0.871 0.645
SPRED2 SPRED2_25 GAATGAATTATGCTTCAGGCACT 0.895 0.932
SPRED2 SPRED2_26 TGCATGACCTTACAGACCCCGAC 0.724 0.356
SPRED2 SPRED2_27 CCCATTAATATAAAATAGCCAGG 0.859 0.840
SPRED2 SPRED2_3 ACATACAGTGATAGAGCATGCTG 0.966 0.983
SPRED2 SPRED2_4 ACAAGGCAATAAGAGCCATCCAC 0.977 0.965
SPRED2 SPRED2_5 ACTTCCTATTATCGACCTTCCAG 0.685 0.951
SPRED2 SPRED2_6 CCATTAATATAAAATAGCCAGGG 0.959 0.194
SPRED2 SPRED2_7 CCATGAAGAAAATGCAACCCACC 1.000 0.835
SPRED2 SPRED2_8 TCACCATGGATGAGAAAGCCGCT 0.823 0.353
SPRED2 SPRED2_9 ATACATAATAACTGACTGCAGGC 0.884 0.979

Supplementary Table 2 - List of Cas13d gRNA and array sequences for cell surface marker
knockdown.

Best performing arrays against each gene are highlighted in bold.

Gene gRNA/Array gRNA/Array sequence

CD46 CD46-1 CAGACAATTGTGTCGCTGCCATC
CD46 CD46-2 AGCCATGTATGATTCCGATCACA
CD46 CD46-3 ACAATCACAGCAATGACCCAAAC

CD46 CD46-Array CAGACAATTGTGTCGCTGCCATCcaagtaaacccctaccaactggtcggggtttgaaacAGCCATGTATGATTCCG
ATCACAcaagtaaacccctaccaactggtcggggtttgaaacACAATCACAGCAATGACCCAAACcaagtaaaccccta
ccaactggtcggggtttgaaac

AGGAGAGCTGTGCCTACACCGGATTTTGCA
TTCTGCAGCAGCTCTGGAGATTGTCTGGAC

CD71 CD71-1
CD71 CD71-2

CD71 CD71-3 ACTCAGGAATCCTCTCAATCAGTTCCTTAT

CD71 CD71-Array-1 AGGAGAGCTGTGCCTACACCGGATTTTGCAcaagtaaacccctaccaactggtcggggtttgaaacTTCTGCAGC
AGCTCTGGAGATTGTCTGGACcaagtaaacccctaccaactggtcggggtttgaaacACTCAGGAATCCTCTCAAT
CAGTTCCTTATcaagtaaacccctaccaactggtcggggtttgaaac

CD71 CD71-Array-2  TTAATCACGAACTGACCAGCGACcaagtaaacccctaccaactggtcggggtttgaaacTCACAAATGAAAGCAG
TTGGCTGcaagtaaacccctaccaactggtcggggtttgaaacAGCCACTGTAAACTCAGGCCCATcaagtaaacccc
taccaactggtcggggtttgaaac

CD71 CD71-Array-3  CACAAATGAAAGCAGTTGGCTGTcaagtaaacccctaccaactggtcggggtttgaaacCCTCACAAATGAAAGC
AGTTGGCcaagtaaacccctaccaactggtcggggtttgaaacCACGAGCAGAATACAGCCACTGTcaagtaaacccc
taccaactggtcggggtttgaaac

CD71 CD71-Array-4  ATAAGGATAATCTGTGTCCTCGCcaagtaaacccctaccaactggtcggggtttgaaacAGACATGTCGGAAAGG

AGACTCTcaagtaaacccctaccaactggtcggggtttgaaacCAGATTAATATAAGTGAAAGCCTcaagtaaacccc

taccaactggtcggggtttgaaac

CCGCAATACAGAGACTCAGTCCA

AACCTGAAATCAGAAGAGGGCCA
GCATTGGTATACACGCCGCAATA

Cb47 CD47-1
CD47 CD47-2
Cb47 CD47-3

CD47 CDA47-Array CCGCAATACAGAGACTCAGTCCAcaagtaaacccctaccaactggtcggggtttgaaacAACCTGAAATCAGAAG

AGGGCCAcaagtaaacccctaccaactggtcggggtttgaaacGCATTGGTATACACGCCGCAATAcaagtaaacccc
taccaactggtcggggtttgaaac
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CD63
CD63
CD63
CD63

CD63

CD63

CD63

NTC

NTC

NTC
NTC

CD63-1
CD63-2
CD63-3
CD63-Array-1

CD63-Array-2

CD63-Array-3

CD63-Array-4

NTC-1

NTC-2

NTC-3
NTC-Array

CACAGTAACATTAATGCAGCAGG
AATCTGTGTAGTTAGCAGCCCCA
TAAGACAATAGTTCTCCTTGCAG

CACAGTAACATTAATGCAGCAGGcaagtaaacccctaccaactggtcggggtttgaaacAATCTGTGTAGTTAGC
AGCCCCAcaagtaaacccctaccaactggtcggggtttgaaacTAAGACAATAGTTCTCCTTGCAGcaagtaaacccct
accaactggtcggggtttgaaac
CCACCAACATGATAAGAGACAGAcaagtaaacccctaccaactggtcggggtttgaaacAGCCCCCAATCTTCTCC
ACACAGcaagtaaacccctaccaactggtcggggtttgaaacCCCTCATGTGACGCGGTAACAGCcaagtaaacccct
accaactggtcggggtttgaaac
AGTACACATGCATTAAGGTCCCAcaagtaaacccctaccaactggtcggggtttgaaacTTTTCGGGTAATTCTCC
ATCTGCcaagtaaacccctaccaactggtcggggtttgaaacCTACCCGGAAGAAGGCGCCCACCcaagtaaacccct
accaactggtcggggtttgaaac
TATCTCTAAACACATAGCCAGCAcaagtaaacccctaccaactggtcggggtttgaaacACAAAAGCAATTCCAAG
GGCTGCcaagtaaacccctaccaactggtcggggtttgaaacCTCCAGCCACGGTCCCCTCCCCCcaagtaaaccccta
ccaactggtcggggtttgaaac

GTATCCCATAGTCCTTAAATTGG

CCTGTGCTTCCTTTGATCTGGGG
GACGATATATACCAAGCGAACGT

GTATCCCATAGTCCTTAAATTGGcaagtaaacccctaccaactggtcggggtttgaaacCCTGTGCTTCCTTTGATC
TGGGGcaagtaaacccctaccaactggtcggggtttgaaacGACGATATATACCAAGCGAACGT caagtaaaccccta

ccaactggtcggggtttgaaac

Supplementary Table 3 - List of gRNA sequences in U6-a1-U6-a2 Cas13d library.

Gene

gRNA

gRNA 1 sequence

gRNA 2 sequence

gRNA 3 sequence

ABL1
ABL1
ABL1
ABL1
ABL1
ABL1
ABL1
ABL1
ABL1
GAB2
GAB2
GAB2
GAB2
GAB2
GAB2
GAB2
GAB2
GAB2
NF1

NF1

NF1

NF1

NF1

NF1

ABL1_1
ABL1_2
ABL1_3
ABL1_4
ABL1_5
ABL1_6
ABL1_7
ABL1_8
ABL1_9
GAB2_1
GAB2_2
GAB2_3
GAB2_4
GAB2_5
GAB2_6
GAB2_7
GAB2_8
GAB2_9
NF1_1

NF1_2

NF1_3

NF1_4

NF1_5

NF1_6

CCACAGATAAAATTCGAGGACAG
ATTAAATAAGACATTCGCCCAGT
CACAGATAAAATTCGAGGACAGA
ACGTGTAAAATATAGTGGCACAT
ATCTCCAACATTTTCCCGCGCCA
GAACCGCATAAAACGATCCAGAG
CAGAAACAAAATGCACTGGACCC
AAAACATTGCAGTGTGGACCCCC
CACCCAAATCAAGAGCTGTCCTG
ATAACTTAAGTGATTAGGCACCA
CAGACAGAAGGTAATAGCGCCTC
AACTTAAGTGATTAGGCACCAAC
TCAGACAGAAGGTAATAGCGCCT
CCATAAATCACATGACAGCCTGG
CAAACAGTGACAATTCTGCGTGA
ACCACAGCAAAAACATGACCCAC
TAAAAACATTCAGATCCCCCACC
GGAACATCCATATTGTCTACCAG
AAAGCAAGAAACAAGGCAGTCAA
TTAGAAAACATGTTCCAGAGCAG
TCACAAAATCATTGAAAGGCCGC
CACACAGAAGATTATAGGCAGCT
AACGAACTAGATTTGACAGCCAT
AAAAAGTTAAAGAAAAGGCAGCA

CAAAGTCAGATGCTACTGGCCGC
CCACAAAATCATACAGTGCAACG
AAAGTCAGATGCTACTGGCCGCT
CACAAAATCATACAGTGCAACGA
AGCAATACTCCAAATGCCCAGAC
AATGATGATGAACCAACTCGGCC
GTCACTGATTTCCTTCACCGAAC
TGATTATAGCCTAAGACCCGGAG
TTCACAGCATCAACCAGACTCGT
AGTTACCAGAATAGGGGGCTGGA
CAAACACAAAACTATCCTGCAGC
TAGTTACCAGAATAGGGGGCTGG
TCAGCCTGATTGAAGCCACAGAT
AAACACAAAACTATCCTGCAGCT
GTCCTCTTCTGTCTCAGCCACCA
AAGTTCAGGTTGATGATCCGCAG
GGAAACATTTCTCAGGGAGTCTG
CCGCTCATCCGGCCACTCCGCAG
ATTAGAAAGGTTAAGGTTGGCAG
GAAACTTAACAATAAGCTCAGCA
AAACTTAACAATAAGCTCAGCAT
TTAGAAAGGTTAAGGTTGGCAGT
GGATTCTTCATGGTACACCACAC
TGTTTGCTTTGAAAACGGTCCTG

ACAAAATGCACTGGACCCCGAGA
GTGTAAAATATAGTGGCACATCA
GAAACATGTCTTCAGCACACGAC
AATTAAATAAGACATTCGCCCAG
CGCCACTTAGAAAAGAGCGTCTA
GAAAAAGACAGTCCACATCAGCC
AGAACTCAGAAAAGTGAAGGCTG
CAAACGTAGGTAGTAGAGCTGGA
CCTTCTTGGATTTGCAGCCCACC
CACCATAAATCACATGACAGCCT
CCACAGCAAAAACATGACCCACT
TCCATTCACTTATTGGAACACCA
ATCAAGGACTTAAGGAGACACCA
AGAAACTGGAGACAGCAGCCATT
AGATTCGATTTGAACACCTCAGT
ATTTCAAGACACAAGTAGCCAAC
TTAACTTCTACATTGGAAACCAC
GCCAGATAATCAACGCTGCCGGT
CTAGAACAGTAAGAAGCAGCGCC
AAACGAACTAGATTTGACAGCCA
GCTAGAACAGTAAGAAGCAGCGC
TTATAAAACAGGAAGTGCAGCAT
CACCATTAAGGACAACAGCCGAT
AGCAAAATAGCATAACACCCACT
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NF1
NF1
NF1
PTPN1
PTPN1
PTPN1
PTPN1
PTPN1
PTPN1
PTPN1
PTPN1
PTPN1
SOS1
SOS1
SOS1
SOS1
SOS1
SOS1
SOS1
SOS1
SOS1
SPRED2
SPRED2
SPRED2
SPRED2
SPRED2
SPRED2
SPRED2
SPRED2
SPRED2
NTC
NTC
NTC
NTC
NTC
NTC
NTC
NTC
NTC
NTC

130

NF1_7
NF1_8
NF1_9
PTPN1_1
PTPN1_2
PTPN1_3
PTPN1_4
PTPN1_5
PTPN1_6
PTPN1_7
PTPN1_8
PTPN1_9
S0S1_1
SOS1_2
S0Ss1_3
SOS1_4
S0S1_5
SOS1_6
S0S1_7
SOs1_8
S0S1_9
SPRED2_1
SPRED2_2
SPRED2_3
SPRED2_4
SPRED2_5
SPRED2_6
SPRED2_7
SPRED2_8
SPRED2_9
NTC_16
NTC_19
NTC_22
NTC_25
NTC_28
NTC_1
NTC_4
NTC_7
NTC_10
NTC_13

ACAGCAAGAAATGTTGAGACCCA
AGCACAAACAAGTCACAGCACCG
AAGCAAGAATGAAGACAGTCAGC
GACTTAAAAACAACAAGCCCAGC
ATGCTACTATATATACACACCCA
ACTTAAAAACAACAAGCCCAGCT
TGCTACTATATATACACACCCAA
CTTAAGGCATATAGCAGAGCAGC
AAAATGTGAAAATGCTGGCAAGA
ACCATCTCCCAAAAGTGACCGCA
GAAGTCACTAGAGTGTCATGCCA
CTCTGTTGAGCATGACGACACCC
AAGTTCAAAGTAATGGAGACAGT
ATAATTTAATATATGCCAGCCAA
ACTTATAGATGATACAGAAGCAG
AAAGTTCAAAGTAATGGAGACAG
TTCTTACATCAAAGACCGACCGA
TAAACATAATTTGATGCCCAACA
GACGTAAAAGTGTCGCCCACCAA
AATAATTTAATATATGCCAGCCA
CATATTAGATGTATAGACCACAC
CCCATGAAGAAAATGCAACCCAC
ACAAGGCAATAAGAGCCATCCAC
CCATGAAGAAAATGCAACCCACC
CATACAGTGATAGAGCATGCTGT
CATAGCATTCCAATACCACCAGT
CAAGGCAATAAGAGCCATCCACC
AAAATCAACTACAAAACCCACCG
ACACGCACAATATAGCTGTCATC
GAATGAATTATGCTTCAGGCACT
CAATTTATCTTTGGAACGGAGCG
TCGGGCCCCAGAGTACTAGGCAC
GTCGGTTACTGCCCGGGAAGTTG
CACCTGACTCAACTTAGTTGGTA
TCTATCTGACACGGGATCAGCCT
ACGCTACGAAGCTTATGGCACTG
CTCGGAAGACCGGAACGCGGGTG
AAAGCTAGTCGGCTTAGGGTCGG
CGGGGTCGTGCAATGTCCGGCTC
AATGAACCAGTTGAGCGCCAGGA

GTTTCTTCATCAATTCCAGGCAG
CATTAAAACCAAAACTTTGCAGG
TGGGAAGTTGCAAGTGAGGTCAT
TTAAGGCATATAGCAGAGCAGCT
AGCGACAATGACTTCAGCAACAG
TGTTTCTTATTAAATACCCACGT
ATGTCTGAGTTACAGCAAGACCC
CGACAATGACTTCAGCAACAGGC
AAAATGGTTTATTCCATGGCCAT
TACATGCATTCTAATACACACGG
ATGTGTAACAAGGTGGAGAGCCA
AGAAAGTTCAAGAATGAGGCTGG
CCATCAATACCTTGTCAGCACAC
AGAGCATCATCATTAGACTCGAG
TTTCTTACATAATTCCCAACCAG
GAGCATCATCATTAGACTCGAGA
TGCAAATAAAGTGCTGCCCCAGG
CGATCATGAAAACCAGGTCGCAA
AAACAATTTTGAATTGGAGACAA
TCCATCAATACCTTGTCAGCACA
CTGACTATAAAACCGACATGCAG
ACCATGGATGAGAAAGCCGCTTC
ACTTCCTATTATCGACCTTCCAG
TCACCATGGATGAGAAAGCCGCT
CAAACTTCCTATTATCGACCTTC
CATTTTCTTGTTCACCTAGACGC
TGAAACGTTGGATTGGCTTTGGT
TTACTCCCCTGTCAAAGGCTCGG
CCAAAGTCTGAGGAGTCCACGTA
TGCATGACCTTACAGACCCCGAC
TTCTTCGGCTTAGACCAGTGCGG
AACTGTGACGATAACGCCACATG
ATCGACCGACCGTGAAGATACAC
AAATTACCAAGCGGGCGAGACTA
GGAGTAAGCTGTCGTGGACAAAT
CATCCGCCCTGAATATTCACAAT
ACATATGCGTCAATACTCCCCAG
GTCGTAGCGCTAGGGTGGCCTTC
GGCAAGTGTGGTTACGCCGTATT
ATAATACTACCACCGTCTGCGTA

TTTAAAATAGTAGTGAGGCCGCT
CGAAAGCAAGAAACAAGGCAGTC
TAGCAGCAATTCTAACAGCCCCC
AAGAAAGTTCAAGAATGAGGCTG
CAAAATGTGAAAATGCTGGCAAG
GCCATGTAATGATCAGGTCATGC
TCAGCCAGACAGAAGGTTCCAGA
AACCCATCATGAATATGGCAAGT
TCCCTAAATCATGTCCAGAGCGT
ACACCTCGAATGTTCCCACCACA
ACAGAAGACCCTGAGACACTCCC
TAAGCCTTATCCACACCTCACCA
TTCACCAGATATTTGCACCCCAA
AATGCCAGAAAAATAACAGCCGT
CGACATACATTTAATACTCGCAG
TAAACCTATTCACAGCAGCAGAA
AAATTCCAAAGAAAGGCACACAT
CTCAATAATTCGACTCACCACAG
ATGCCAGAAAAATAACAGCCGTT
TGAAATTAATGTTTTAGGACGCT
CTGTAAAGATATCAATGCTGCCA
ACATACAGTGATAGAGCATGCTG
CCATTAATATAAAATAGCCAGGG
ATACATAATAACTGACTGCAGGC
TACAGATTGTTAATAGTACAGGA
GCTAAAGATAGAAACTGCAGCTT
TAACAACTAAATAGAGGTGACAA
TACAAGTTTGTTAACTAGCTCAC
GACGTATTTACATAAATGTCCCC
CCCATTAATATAAAATAGCCAGG
GGGGATGCATAGTGCCAAGAGCA
GGTGTACCGCATTTAAGGTACGA
TCGTCGTAACGAGATGTATTCTA
CCGTCGCTATGCTCTATAGGGTT
TACTTACCTAATGCGCGGTAGAT
CTACCATATTGACCCGCGCCCGG
GCTGGGTGACGCGATTCATGTTA
GCTGTAGAGCGACGACCTGTTAC
GCTGTGGCGGCCGGCTGTGAAAC
AAGGTTCGGCACTACCACCGCAA
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Supplementary Table 4 - List of sgRNA sequences in Cas9 counter screen library.

Gene sgRNA sgRNA sequence

ABL1 ABL1_1 CTTAGGCTATAATCACAATG

ABL1 ABL1_2 GGTTCATCATCATTCAACGG

ABL1 ABL1_3 TCAGTGATGATATAGAACGG
ABL1 ABL1_4 TTGCTCCCTCGAAAAGAGCG
GAB2 GAB2_1 CAAACGTGAACAGAGTTGGC
GAB2 GAB2_2 GAATGTCCTAGGGATCTGGT
GAB2 GAB2_3 GACAACAGCCGACTTCACCG
GAB2 GAB2_4 TGCTGAGGACTGCCCCATCG
NF1 NF1_1 CATGAGACCACTGTCTACGT

NF1 NF1_2 CCACCACCTAGAATCGAAAG
NF1 NF1_3 GAGGAAGCAGATATCCGGTG
NF1 NF1_4 GGTCCAGTCAGTGAACGTAA
PTPN1 PTPN1_1 AAGGTGCCAAATTCATCATG

PTPN1 PTPN1_2 AGGGCCTCCTTACCAGCAAG
PTPN1 PTPN1_3 GAAGCTTGGCCACTCTACAT

PTPN1 PTPN1_4 GGCCCTTTGCCTAACACATG

SOS1 SOS1_1 AGTACCGGAGTACACTGGAA
S0OS1 SOS1_2 AGTGGCATATAAGCAGACCT
SOS1 SOS1_3 ATTAAATGTATGTCGGCACT

S0OS1 S0S1_4 CTTACGTACCATATGTACGC

SPRED2 SPRED2_1 AGGCGGGATCAGTCGCGTCG
SPRED2 SPRED2_2 AGTCTGAGGAGTCCACGTAG
SPRED2 SPRED2_3 CTGTGGGGTATGAGTCGTGG
SPRED2 SPRED2_4 TCCAACGTTTCATCACTGGA

non_target NTC-1 AGTATGAGACTCATAGGGTG
non_target NTC-2 ATGTAACGAGTTGTAAGTCA
non_target NTC-3 AGAAGACCGAGGCGCTTCAA
non_target NTC-4 CATTAGCAGCCCAGCGCCCA
non_target NTC-5 CGGGATGGTCCCTGCCGAGA
safe_cutter SAFE_CUTTER-1 GCCATTAATCATGATCTGGA

safe_cutter SAFE_CUTTER-2 GACAATAGAAATTCGAAATG
safe_cutter SAFE_CUTTER-3 GAAATCTAAAGATGTACACT

safe_cutter SAFE_CUTTER-4 GTCCATGTATTTGACCATCA

safe_cutter SAFE_CUTTER-5 GCGTAGTACTGTGGGGTAAA
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Supplementary Table 5 - List of Cas9 sgRNA sequences for cell surface marker knockout.

Best performing sgRNAs against each gene are highlighted in bold.

Gene gRNA gRNA sequence

CD46 CD46-1 ACTCGTAAGTCCCATTTGCA
CD46 CD46-2 ATTGTGGTGACAATTCAGTG
CD46 CD46-3 GGAGTACAGCAGCAACACCA
CD46 CD46-4 GGATCAGTAGCAATTTGGAG
CD71 CD71_1 AAATTCATATGTCCCTCGTG
CD71 CD71_2 AATTGGTGTGTTGATATACA
CD71 CD71_3 CAGGAACCGAGTCTCCAGTG
CDh71 CD71_4 CTATACGCCACATAACCCCC
CD63 CD63-1 GGCTGCTAACTACACAGATT
CD63 CD63-2 TGTCCAGGATCGAAGCAGTG
CD63 CD63-3 AAGACAATAGTTCTCCTTGC
CD63 CD63-4 CCTGAGTCAGACCATAATCC
CD47 CD47-1 TAAGCACTTAAATATAGATC
CD47 CD47-2 ATCGAGCTAAAATATCGTGT
CD47 CD47-3 ACAGGAGTATAGCAAAAATT
CD47 CD47-4 ATGCTTTGTTACTAATATGG
NTC NTC1 AGTATGAGACTCATAGGGTG

Supplementary Table 6 - List of Cas9 dual targeting oligo sequences for CD46 and CD47 cell
surface marker dual knockout.

Oligo Oligo sequence

name

pMB1 CCCTTGGAGAACCACCTTGTTGGACTCGTAAGTCCCATTTGCAGTTTGAGAGCTAAGCAGAAAGCTGCATAGCAAG

D- TTCAAATAAGGCTAGTCCGTACACAACTTGAAAAAGTGGCAGCCGAGTCGGCTGCTTTTTTGAACCGACGGATGAT

CD46- CTCGTGCACCGGTTCAAAAAAGCACCGACTCGGTGCCACTTTGCTGTTTCCAGCAAAGTTGATAACGGACTAGCCTT

1-NTC2 ATTTAAACTTGCTATGCTGTTTCCAGCATAGCTCTTAAACATTGAAGCTCAACCAAAGTCCGGGAAAGAGTGGTCTC
ATACAGAACTTATAAGATTCCCAAATCCAAAGACATTTCACGTTTATGGTGATTTCCCAGAACACATAGCGACATGC
AAATATTGCAGGGCGCCACTCCCCTGTCCCTCACAGCCATCTTCCTGCCAGGGCGCACGCGCGCTGGGTGTTCCCG
CCTAGTGACACTGGGCCCGCGATTCCTTGGAGCGGGTTGATGACGTCAGCGTTCGCGGCCGCGTGGATAACCGTA

T
pMB1 CCCTTGGAGAACCACCTTGTTGGAGTATGAGACTCATAGGGTGGTTTGAGAGCTAAGCAGAAAGCTGCATAGCAA
D- GTTCAAATAAGGCTAGTCCGTACACAACTTGAAAAAGTGGCAGCCGAGTCGGCTGCTT TGAACCGACGGATGA

NTC1- TCTCGTGCACCGGTTCAAAAAAGCACCGACTCGGTGCCACTTTGCTGTTTCCAGCAAAGTTGATAACGGACTAGCCT

CD46-1 TATTTAAACTTGCTATGCTGTTTCCAGCATAGCTCTTAAACTGCAAATGGGACTTACGAGTCGGGAAAGAGTGGTCT
CATACAGAACTTATAAGATTCCCAAATCCAAAGACATTTCACGTTTATGGTGATTTCCCAGAACACATAGCGACATG
CAAATATTGCAGGGCGCCACTCCCCTGTCCCTCACAGCCATCTTCCTGCCAGGGCGCACGCGCGCTGGGTGTTCCC
GCCTAGTGACACTGGGCCCGCGATTCCTTGGAGCGGGTTGATGACGTCAGCGTTCGCGGCCGCGTGGATAACCGT

ATT
pMB1 CCCTTGGAGAACCACCTTGTTGGATCGAGCTAAAATATCGTGTGTTTGAGAGCTAAGCAGAAAGCTGCATAGCAAG
D- TTCAAATAAGGCTAGTCCGTACACAACTTGAAAAAGTGGCAGCCGAGTCGGCTGCTTTTTTGAACCGACGGATGAT

CD47- CTCGTGCACCGGTTCAAAAAAGCACCGACTCGGTGCCACTTTGCTGTTTCCAGCAAAGTTGATAACGGACTAGCCTT

2-NTC2 ATTTAAACTTGCTATGCTGTTTCCAGCATAGCTCTTAAACATTGAAGCTCAACCAAAGTCCGGGAAAGAGTGGTCTC
ATACAGAACTTATAAGATTCCCAAATCCAAAGACATTTCACGTTTATGGTGATTTCCCAGAACACATAGCGACATGC
AAATATTGCAGGGCGCCACTCCCCTGTCCCTCACAGCCATCTTCCTGCCAGGGCGCACGCGCGCTGGGTGTTCCCG
CCTAGTGACACTGGGCCCGCGATTCCTTGGAGCGGGTTGATGACGTCAGCGTTCGCGGCCGCGTGGATAACCGTA
T
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pMB1 CCCTTGGAGAACCACCTTGTTGGAGTATGAGACTCATAGGGTGGTTTGAGAGCTAAGCAGAAAGCTGCATAGCAA
D- GTTCAAATAAGGCTAGTCCGTACACAACTTGAAAAAGTGGCAGCCGAGTCGGCTGCTTTTTTGAACCGACGGATGA
NTC1- TCTCGTGCACCGGTTCAAAAAAGCACCGACTCGGTGCCACTTTGCTGTTTCCAGCAAAGTTGATAACGGACTAGCCT
CD47-2 TATTTAAACTTGCTATGCTGTTTCCAGCATAGCTCTTAAACACACGATATTTTAGCTCGATCGGGAAAGAGTGGTCT
CATACAGAACTTATAAGATTCCCAAATCCAAAGACATTTCACGTTTATGGTGATTTCCCAGAACACATAGCGACATG
CAAATATTGCAGGGCGCCACTCCCCTGTCCCTCACAGCCATCTTCCTGCCAGGGCGCACGCGCGCTGGGTGTTCCC
GCCTAGTGACACTGGGCCCGCGATTCCTTGGAGCGGGTTGATGACGTCAGCGTTCGCGGCCGCGTGGATAACCGT

ATT
pMB1 CCCTTGGAGAACCACCTTGTTGGACTCGTAAGTCCCATTTGCAGTTTGAGAGCTAAGCAGAAAGCTGCATAGCAAG
D- TTCAAATAAGGCTAGTCCGTACACAACTTGAAAAAGTGGCAGCCGAGTCGGCTGCTTTTTTGAACCGACGGATGAT
CD46- CTCGTGCACCGGTTCAAAAAAGCACCGACTCGGTGCCACTTTGCTGTTTCCAGCAAAGTTGATAACGGACTAGCCTT
1- ATTTAAACTTGCTATGCTGTTTCCAGCATAGCTCTTAAACACACGATATTTTAGCTCGATCGGGAAAGAGTGGTCTC

CD47-2 ATACAGAACTTATAAGATTCCCAAATCCAAAGACATTTCACGTTTATGGTGATTTCCCAGAACACATAGCGACATGC
AAATATTGCAGGGCGCCACTCCCCTGTCCCTCACAGCCATCTTCCTGCCAGGGCGCACGCGCGCTGGGTGTTCCCG
CCTAGTGACACTGGGCCCGCGATTCCTTGGAGCGGGTTGATGACGTCAGCGTTCGCGGCCGCGTGGATAACCGTA

T
pMB1 CCCTTGGAGAACCACCTTGTTGGATCGAGCTAAAATATCGTGTGTTTGAGAGCTAAGCAGAAAGCTGCATAGCAAG
D- TTCAAATAAGGCTAGTCCGTACACAACTTGAAAAAGTGGCAGCCGAGTCGGCTGCTTTTTTGAACCGACGGATGAT
CD47- CTCGTGCACCGGTTCAAAAAAGCACCGACTCGGTGCCACTTTGCTGTTTCCAGCAAAGTTGATAACGGACTAGCCTT
2- ATTTAAACTTGCTATGCTGTTTCCAGCATAGCTCTTAAACTGCAAATGGGACTTACGAGTCGGGAAAGAGTGGTCTC

CD46-1 ATACAGAACTTATAAGATTCCCAAATCCAAAGACATTTCACGTTTATGGTGATTTCCCAGAACACATAGCGACATGC
AAATATTGCAGGGCGCCACTCCCCTGTCCCTCACAGCCATCTTCCTGCCAGGGCGCACGCGCGCTGGGTGTTCCCG
CCTAGTGACACTGGGCCCGCGATTCCTTGGAGCGGGTTGATGACGTCAGCGTTCGCGGCCGCGTGGATAACCGTA

T
pMB1 CCCTTGGAGAACCACCTTGTTGGAGTATGAGACTCATAGGGTGGTTTGAGAGCTAAGCAGAAAGCTGCATAGCAA
D- GTTCAAATAAGGCTAGTCCGTACACAACTTGAAAAAGTGGCAGCCGAGTCGGCTGCTTTTTTGAACCGACGGATGA

NTC1- TCTCGTGCACCGGTTCAAAAAAGCACCGACTCGGTGCCACTTTGCTGTTTCCAGCAAAGTTGATAACGGACTAGCCT

NTC2 TATTTAAACTTGCTATGCTGTTTCCAGCATAGCTCTTAAACATTGAAGCTCAACCAAAGTCCGGGAAAGAGTGGTCT
CATACAGAACTTATAAGATTCCCAAATCCAAAGACATTTCACGTTTATGGTGATTTCCCAGAACACATAGCGACATG
CAAATATTGCAGGGCGCCACTCCCCTGTCCCTCACAGCCATCTTCCTGCCAGGGCGCACGCGCGCTGGGTGTTCCC
GCCTAGTGACACTGGGCCCGCGATTCCTTGGAGCGGGTTGATGACGTCAGCGTTCGCGGCCGCGTGGATAACCGT
ATT

Supplementary Table 7 - List of Cas12a gRNA sequences for cell surface marker knockout.

Best performing gRNAs against each gene are highlighted in bold.

Gene gRNA gRNA sequence

CD47 enAsCas12a-CD47 ATACCAAACTGTCCCCAGAACAG
CD63 enAsCas12a-CD63 TCCCAATCTGTGTAGTTAGCAGC
Safe-cutter enAsCas12a-Safe-1 CCGACAAGAGACGGTCCTAATGT
Safe-cutter enAsCas12a-Safe-2 GCTTACGATCGTTGGAGGGCAGC
CD46 enAs12a-CD46-1 CTTACTATAACAGGCGTCATCTG
CD46 enAs12a-CD46-2 CAGTGGTCAAATGTCGATTTCCA
CD46 enAs12a-CD46-3 GGAGGTGGTGTACACAAAACCTC
CD46 enAs12a-CD46-4 AATGGCCAAGCAGTCCCTGCAAA
CD71 enAsCas12a-CD71-1 GGAATATGGAAGGAGACTGTCCC
CD71 enAsCas12a-CD71-2 GTGGCACCAACCGATCCAAAGTC
CD71 enAsCas12a-CD71-3 TAGAACCAGATCACTATGTTGTA
CD71 enAsCas12a-CD71-4 CGAGGACACAGATTATCCTTATT
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Supplementary Table 8 - List of Cas12a dual targeting oligo sequences for CD46 and CD47 cell
surface marker dual knockout.

Oligo name

Oligo sequence

enAs12a-CD47-Safe2_s
enAsl12a-CD47-
Safe2_as
enAs12a-Safel-CD47_s
enAs12a-Safel-
CD47_as
enAs12a-CD46-Safe2_s
enAsl12a-CD46-
Safe2_as
enAs12a-Safel-CD46_s
enAs12a-Safel-
CD46_as
enAs12a-CD47-CD46_s
enAs12a-CD47-CD46_as
enAs12a-CD46-CD47_s
enAs12a-CD46-CD47_as
enAs12a-Safel-Safe2_s

enAsl12a-Safel-
Safe2_as

AAAAGCTGCCCTCCAACGATCGTAAGCATCTACAAGAGTAGAAATTACTGTTCTGGGGACAGTT
TGGTATATCTACAAGAGTAGAAATTA
TTGGTAATTTCTACTCTTGTAGATATACCAAACTGTCCCCAGAACAGTAATTTCTACTCTTGTAGA
TGCTTACGATCGTTGGAGGGCAGC
AAAACTGTTCTGGGGACAGTTTGGTATATCTACAAGAGTAGAAATTAACATTAGGACCGTCTCT
TGTCGGATCTACAAGAGTAGAAATTA
TTGGTAATTTCTACTCTTGTAGATCCGACAAGAGACGGTCCTAATGTTAATTTCTACTCTTGTAG
ATATACCAAACTGTCCCCAGAACAG

22aaGCTGCCCTCCAACGATCGTAAGC CatctacaagagtagaaattaTGGAAATCGACATTTGACCACT
Gatctacaagagtagaaatta
ttggtaatttctactcttgtagatCAGTGGTCAAATGTCGATTTCCAtaatttctactcttgtagatGCTTACGATC
GTTGGAGGGCAGC
22aaTGGAAATCGACATTTGACCACTGatctacaagagtagaaattaACATTAGGACCGTCTCTTGTCG
Gatctacaagagtagaaatta
ttggtaatttctactcttgtagatCCGACAAGAGACGGTCCTAATGTtaatttctactcttgtagatCAGTGGTCA
AATGTCGATTTCCA
22aaTGGAAATCGACATTTGACCACTGatctacaagagtagaaattaCTGTTCTGGGGACAGTTTGGTA
Tatctacaagagtagaaatta
ttggtaatttctactcttgtagatATACCAAACTGTCCCCAGAACAGtaatttctactcttgtagatCAGTGGTCA
AATGTCGATTTCCA
22aaCTGTTCTGGGGACAGTTTGGTATatctacaagagtagaaattaTGGAAATCGACATTTGACCACT
Gatctacaagagtagaaatta
ttggtaatttctactcttgtagatCAGTGGTCAAATGTCGATTTCCAtaatttctactcttgtagatATACCAAACT
GTCCCCAGAACAG
AAAAGCTGCCCTCCAACGATCGTAAGCATCTACAAGAGTAGAAATTAACATTAGGACCGTCTCT
TGTCGGATCTACAAGAGTAGAAATTA
TTGGTAATTTCTACTCTTGTAGATCCGACAAGAGACGGTCCTAATGTTAATTTCTACTCTTGTAG
ATGCTTACGATCGTTGGAGGGCAGC

Supplementary Table 9 - List of ssDNA primers and oligo sequences.

Primer name

Primer sequence

enAsCasl2a-FOR

enAsCasl2a-REV
enAsCasl12a-GA-FOR
enAsCasl12a-GA-REV
S$1-GA-FOR
S1-GA-REV

GG_Dual_gRNA_For
GG_Dual_gRNA_Rev

pLV_CD71-Array-T4-
3x Diff-For
pLV_CD71-Array-T4-
3x Diff-Rev
783-Rx-hU6-CD46-
Array-1-For
783-Rx-hU6-CD46-
Array-1-Rev
783-Rx-hU6-CD47-
Array-1-For
783-Rx-hU6-CD47-
Array-1-Rev
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ACCGGTTCTAGAGCGATGCCTGCTGCTAAGAGAGTGAAACTGGATCCTGCTGCTAAGAGAGTGA
AACTGGATCCTGCTGCTAAGAGAGTGAAACTGGATACACAGTTCGAGGGCTTTACC
GGATCCGCTAGCGTTGCGCAGCTCCTGGA

AACACAGGACCGGTTCTAGACTAGAGCGATGCCTGCT
AAGTTTGTTGCGCCGGATCCGCTAGCGTTGCG
GATCCACTTTGGCGCCGGCCTCGAGCAG

CTTTCAAGACCTAGGGCCCCCCTCGAGCCCGGGCATGCTCTTCAACCTCAATAACTGGAGTTATAT
GGACCATTGTTCTAGCGCTGATCCGACG
GCCGTCTAATGTTCAGCTAGTATGCACAGTTGATCCGTCTC

GTGTGACGTATGATCAGATCTATGCTACAGTGAACCGTCTC
actggtcggggtttgaaacCACCTGCGATCaaacAGGAGAGCTGTGCCTACACC
cgcggcecaattcaaaaaaagtttcaaaccccgaccagttggtaggggtttacttgATAAGGAACTGATTGAGAGGAT

TCCTGAG
actggtcggggtttgaaacCAGACAATTGTGTCGCTGCCATC

cgcggcecaattcaaaaaaagtttcaaaccccgaccagttggtaggggtttacttgGTTTGGGTCATTGCTGTGATTGT
G
actggtcggggtttgaaacCCGCAATACAGAGACTCAGTCCAC

cgcggcecaattcaaaaaaagtttcaaaccccgaccagttggtaggggtttacttgTATTGCGGCGTGTATACCAATGC
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Supplementary Table

Fragment name

10 - List of synthetic DNA fragment sequences.

Fragment sequence

Illumina PBS-Filler-
mU6-EF1a Ready for
Gibson

WPRE-3LTR Ready for
Gibson

sglLenti orthogonal
vector Fragment

sglenti orthogonal
vector Fragment 2

sglLenti-Orthogonal-
CasRx-CasRx-
DR36_hU6-Frag

sgLenti-Orthogonal-
CasRx-CasRx-
DR36_Intermediate-
Frag

sglLenti-Orthogonal-
CasRx-CasRx-
DR36_mU6-Frag

CACTTTGGCGCCGGCCTCGAGCAGACATGATAAGATACATTGATGAGTTTGGACAAACCACAAC
TAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCAT
TATAAGCTGCAATAAACAAGTTGGATTTGGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC
AAAAAAAGAGACGTACAAAAAAGAGCAAGAAGCTAAAAAAGATTTAAAAATTATTTTTAGCGCA
GTTAATGGAACAGGAACTAAATTTACCCCAAAGAATCAGGATATGAAGATGAAACATTTAAAAA
TGTTGTAAATCCAAATCCAGAATTTGATCCTGCATGAAAAATACCGCTTGAATATGTTTATTTTGC
TCATTTTTATTAAAAGTTTGCAAAAAGGAACATAAAAATTCTAATTATTGATACTAAAGTTATTAA
AAAGAAGGGTCATAGAATATAATATTGCTCATTTACAACCGTCTCCCCAACAAGGTGGTTCTCCA
AGGGATACTTATAGTCTCAAAACACACAATTACTTTACAGTTAGGGTGAGTTTCCTTTTGTGCTGT
TTATAACTTCGTATAATGTATGCTATACGAAGTTATAGAAATCCAAGCCTATCATGTAAAATGTA
GCTAGTATTAAAAAGAACAGATTATCTGTCTTTTATCGCACATTAAGCCTCTATAGTTACTAGGAA
ATATTATATGCAAATTAACCGGGGCAGGGGAGTAGCCGAGCTTCTCCCACAAGTCCGTGCGAGG
GGGCCGGCGCGGGCCTAGAGATGGCGCGTCGGATCAGCGCTAGAACAATGGTCCTGTGTTCTG
GCGGCAAACCCGTTGCGAAAAAGAACGTTCACGGCGACTACTGCACTTATATACGGTTCTCCCCC
ACCCTCGGGAAAAAGGCGGAGCCAGTACACGACATCACTTTCCCAGTTTACCCCGCGCCACCTTC
TCTAGGCACCGGATCAATTGCCGACCCCTCCCCCCAACTTCTCGGGGACTGTGGGCGATGTGCGC
TCTGCCCACTGACGGGCACCGGAGCCAATTCCCACTCCTTTCAAGACCTACCCGGGCTCGAGGG
GGGCCCTAGGTCTTG
GACCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTCCGCGTCTTCGCCTTCGCCCTCAG
ACGAGTCGGATCTCCCTTTGGGCCGCCTCCCCGCGTCGACTTTAAGACCAATGACTTACAAGGCA
GCTGTAGATCTTAGCCACTTTTTAAAAGAAAAGGGGGGACTGGAAGGGCTAATTCACTCCCAAC
GAAGACAAGATCTGCTTTTTGCTTGTACTGGGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAG
CTCTCTGGCTAACTAGGGAACCCACTGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTCAAGT
AGTGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGT
GGAAAATCTCTAGCAGTACGTATAGTAGTTCATGTCATCTTATTATTC
cttggagaaccaccttgttggagacgcaggtgtcactggegcetgttggtgecggcacctgacacagcagaggatgcagagecc
aaggggcgegecaaagecgaaggagecacccageacgcaagecaggaaccacctgegatcGTTTAAGAGCTAAGCT
GGAAACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTgaaaAAGTGGCACCGAGTC
GGTGCGCTCACCTATTAGCGGCTAAGGtttttttgcatgcacagcatccccaaaggaggtgagceactttettgeegt
gggcgcggaccatggggttgccaaggatggeagtggggctggagaggttcccaaaggacgcaaagaacctctgggtccagg
ggtagacgatcagcagcctggcecagggcttcggecccacattcggecacattgaccttgecccagaggecggtgatgageect
aggtagcggtcgggcaggaagagggcctattteccatgattecttcatatttgeatatacgatacaaggtctgttagagagata
attagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcag
ttttaaaattatgttttaaaatggactatcatatgcttaccgtaacttgaaagtatttcgatttcttggetttatatatcttgtggaa
aggacgaaacaccgtgagacgcaggtacttccccagcaccagegtctteccttgagtgacagcetaggagttgtgaggegegec
gcagcagcagcagcaagcgectaagagagatggceteggeacatgtacctgegatcGCTTTAAGGCCGGTCCTAGCA
Atttttagatcggaagagcacacgtctgaactccagtcacgegtggataaccgtattaccgecatgeatgtgeecgtcagtgg
cttggagaaccaccttgttggagacgcaggtgtcactggegcetgttggtgecggeacctgacacagcagaggatgcagagecc
aaggggcegegecaaagecgaaggagecacccagcacgcaagecaggaaccacctgegatcGCTCACCTATTAGCGG
CTAAGGtttttttgcatgcacagcatccccaaaggagg
AGTATGCACAGTTGATCCGTCTCAtgcagttttaaaattatgttttaaaatggactatcatatgcttaccgtaacttga
aagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccgtgcaagtaaacccctaccaaagacgcaggtact
tccccageaccagcegtctteccttgagtgacagcetaggagttgtgaggegegecgeagegeageageaagegectaagagag
atggctcggcacatgtacctgegatcectggtcggggtttgaaacGCTTAGAGACGGTTCACTGTAGCA
AGTATGCACAGTTGATCCGTCTCAcagtggggctggagaggttcccaaaggacgcaaagaacctetgggtccagg
ggtagacgatcagcagcctggecagggcttcggecccacattcggecacattgaccttgecccagaggecggtgatgageect
aggtagcggtcgggcaggaagagggcctatttcccatgattecttcatatttgcatatacgatacaaggtctgttagagagata
attagaattaatttgactgtaaacacaaagatattagtacaaaatacgtgacgtagaaagtaataatttcttgggtagtttgea
AGAGACGGTTCACTGTAGCA
AGTATGCACAGTTGATCCGTCTCAttggcaagtaaacccctaccaaagacgcaggtgtcactggegcetgttggtgec
ggcacctgacacagcagaggatgcagagcccaaggggegegecaaagecgaaggagecacccageacgcaagecaggaa
ccacctgcgatectggtcggggtttgaaacGCTCACCTATTAGCGGCTAAGGtttttttgcatgcacageatcecccaaa
ggaggtgagcactttcttgccgtgggegeggaccatggggttgccaaggatggcagtAGAGACGGTTCACTGTAGCA

2.8.3 Supplementary Data

Supplementary Data 1: Calculated tau values and Gl scores of gRNA and array sequences

from Cas9 and Cas13d screens samples.
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Supplementary Data 2: Raw count numbers of gRNA and array sequences from Cas9 and

Cas13d screens samples.

Supplementary Data 3: Statistical analysis of Gl scores calculated from Cas13d screens.

2.9 Appendix Chapter 2

2.9.1 Supplementary Figures
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Supplementary Figure 8 - Example of the flow cytometry gating strategy used in the analysis of the
CD46 knockout kinetics in HEK293ARAF1:ER cells at different time points after lentiviral infection.

(A) Untransduced control cells. (B) Non-target control cells. (C) CD46 knockout cells. Percentage
of CD46 knockout cells was determined via flow cytometry analysis of >10,000 cells stained with
CD46 antibodies (Miltenyi, 130-130-362).
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Supplementary Figure 9 - CD46 knockout kinetics in HEK293ARAF1:ER cells at different time
points after lentiviral infection.

Percentage of CD46 knockout cells was determined via flow cytometry analysis of >10,000 cells
stained with CD46 antibodies (Miltenyi, 130-130-362). Values represent the mean of biological
replicates (n=2).
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Supplementary Figure 10 - Quality assessment of Perturb-seq screen performance.

(A) Median sgRNA UMI counts per cell detected in the respective Perturb-seq samples. (B)
Percentage of significantly differentially expressed genes in the RAF1-knockout cells from the total
number of genes induced by RAF activation (adjusted p-value<0.05). Red = RAF1 sgRNAs, Blue
= safe cutter sgRNAs. (C) Median number of genes detected per cell in the respective Perturb-seq
samples.
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2.9.2 Supplementary Tables

Supplementary Table 11 - List of sgRNA sequences in Cas9 Perturb-seq library.

Gene sgRNA sgRNA sequence
ARID3B ARID3B_1 AATTGATGGCAACCGCAGGG
ARID3B ARID3B_2 GCTGTGGCGGAAAGGAGAGT
ARID3B ARID3B_3 GTGGCCCAAGTGTTTGAACG
ARID3B ARID3B_4 TTCGTCTTTATGCAGAAGAG
BHLHE40 BHLHE40_1 CAAGTGTACAAGTCAAGACG
BHLHE40 BHLHE40_2 GACTTTCGCTCACTCGAGTG
BHLHE40 BHLHE40_3 GCAGCTCCGAGACCACCCGG
BHLHE40 BHLHE40_4 TCAAAAGTGACCACGGACGC
CSRNP1 CSRNP1_1 AGAAGCGACGGCAAGCACTG
CSRNP1 CSRNP1_2 AGCCCGCTTCAGGATAGACA
CSRNP1 CSRNP1_3 GGCACTGCGCCAATCCCGGG
CSRNP1 CSRNP1_4 TAAATTCCACACGGCCCATG
EGR1 EGR1_1 AAGGCCTTAATAGTAGACAG
EGR1 EGR1_2 ACGCCCTTACGCTTGCCCAG
EGR1 EGR1_3 CGGCCAGTATAGGTGATGGG
EGR1 EGR1_4 GAAAATGTCAGTGTTCGGCG
EGR2 EGR2_1 CTCCGTTCATCTGGTCAAAG
EGR2 EGR2_2 CTTTGACCAGATGAACGGAG
EGR2 EGR2_3 GGGAAAGATGGTCACCGACG
EGR2 EGR2_4 GTCTGACAACATCTACCCGG
EGR3 EGR3_1 AAAGACAAGCAGATCCACCC
EGR3 EGR3_2 GAAGGCGAACTTTCCCAAGT
EGR3 EGR3_3 TACCACCACCCCAACGACAT
EGR3 EGR3_4 TGGCCGATTGGTAATCCTGG
EGR4 EGR4_1 CGGGTTCGGAAAACTCGCTA
EGR4 EGR4_2 GGCCTAAGATGCCCGACATG
EGR4 EGR4_3 GGGAAAACGAGCCTCCGGGG
EGR4 EGR4_4 TCCGGGGAGTAAAGGTCCGG
ELF4 ELF4_1 ACATGAACTATGAGACAATG
ELF4 ELF4_2 ATTGGGACCGTCGCTAGACG
ELF4 ELF4_3 CTCGCACACCATGTCAACCG
ELF4 ELF4_4 GCAGACGATCCCACTGACCA
EN2 EN2_1 AAGACGCTCTCGCTGCACGG
EN2 EN2_2 CCGAGTCCGAGCTCACCGAC
EN2 EN2_3 CGCGTACAGTAGACCCACGC
EN2 EN2_4 CGGTAGCAGCCCGGGCGAAG
ETV5 ETV5_1 ACCAGTATCCATCAGAACAG
ETV5 ETV5_2 GAATCGACGCAGTAATCCCG
ETV5 ETV5_3 GTGTCGTCAAAGTATAATCG
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ETV5
FOS
FOS
FOS
FOS
FOSB
FOSB
FOSB
FOSB
FOSL1
FOSL1
FOSL1
FOSL1
FOSL2
FOSL2
FOSL2
FOSL2
ID4
ID4
ID4
ID4
JUNB
JUNB
JUNB
JUNB
KLF10
KLF10
KLF10
KLF10
MXD1
MXD1
MXD1
MXD1
NPAS2
NPAS2
NPAS2
NPAS2
NR4A1
NR4A1
NR4A1
NR4A1
RAF-transgene

RAF-transgene

ETV5_4
FOS_1
FOS_2
FOS_3
FOS_4
FOSB_1
FOSB_2
FOSB_3
FOSB_4
FOSL1_1
FOSL1_2
FOSL1_3
FOSL1_4
FOSL2_1
FOSL2_2
FOSL2_3
FOSL2_4
ID4_1
ID4_2
ID4_3
ID4_4
JUNB_1
JUNB_2
JUNB_3
JUNB_4
KLF10_1
KLF10_2
KLF10_3
KLF10_4
MXD1_1
MXD1_2
MXD1_3
MXD1_4
NPAS2_1
NPAS2_2
NPAS2_3
NPAS2_4
NR4A1_1
NR4A1_2
NR4A1_3
NR4A1_4
raf-transgene_1

raf-transgene_2

TAGGTTCTGACATTTGCCGA
GCTGACTGATACACTCCAAG
GGAAAAACTAGAGTTCATCC
GTAGTAAGAGAGGCTATCCC
GTCGAGATGGCAGTGACCGT
CGAAGACAGATATTGAGACT
GCTGACCGACCGACTCCAGG
GTCACCCCGTAGGAGTGCGC
TCGTAGGGGTCGACGACCGG
AGTACAGCCCCCCACAACCC
CCAAGCATCAACACCATGAG
TATTCCTTAGAAGTTCCACC
TGGTACAGCCTCATTTCCTG
AGGAGAAGCGTCGCATCCGG
AGTGTGCAAGATTAGCCCCG
CTGAGCCAGGCATATCTACC
GATCACGCCAGGTCTTGGGA
ACGACTGCTATAGCCGCCTG
CAGGCACAGCGCCGGCTCGT
CGCAGCCCGACGGCGCCTTG
GCACGTTATCGACTACATCC
CACAGCTACGGGATACGGCC
CCGGAGTCTCAAAGCGCCTG
CTGAGGTTGGTGTAAACGGG
GGGTAAAAGTACTGTCCCGG
AAGAACCCACCTAAATGTTG
ACCAGTATCTGATTTGTCAG
ATGGGCACACAAGTCCCCAA
GAACGACTGTTGTCACAACA
ACAGAGATGCCTTAAAACGG
AGGCGGCCGACTATCTGGAG
CGACTTGATTCGGGTCCAAG
GGGCATTGAGAGGATCCGGA
ATTATCGCAGTGACAACAGA
GTACCTTTAGTGCTGAGGAG
GTGGTAGTAGTCATAGCCTG
TGGTGTTGCCAGACGAACGG
GGCTAACAAGGACTGCCCTG
GTCCAGGTGTGCACGGACCA
TACACCCGTGACCTCAACCA
TCGCCCAGCCAGACTTACGA
CGTGCCAGCACAAAGAGAGC
GTGATGCTGTCCACTCGGAT
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Appendix

RAF-transgene raf-transgene_3 TGGCTGTTCTGCGCAAAACA
RAF-transgene raf-transgene_4 GATCAGATCATCTTCATGGT

TCF7 TCF7_1 AAGGCCAATCAGCCCCCCCA
TCF7 TCF7_2 AAGGCCCCGGAGTGCACCAG
TCF7 TCF7_3 CAGAACCTAGCATCAAGGAT
TCF7 TCF7_4 TCGCTCGTGAACGAGTCCGA
ZNF26 ZNF26_1 CAGAGACTCTATAACACACG
ZNF26 ZNF26_2 CTATCATAACCTGATATCAG

ZNF26 ZNF26_3 GTTCTCTGGTGTACAACGAA

ZNF26 ZNF26_4 TATGCATTCGGATGTGAACA
NTC NTC-1 AGTATGAGACTCATAGGGTG
NTC NTC-2 ATGTAACGAGTTGTAAGTCA
NTC NTC-3 AGAAGACCGAGGCGCTTCAA
NTC NTC-4 CATTAGCAGCCCAGCGCCCA
NTC NTC-5 CGGGATGGTCCCTGCCGAGA
NTC NTC-6 GCCATTCTAGTCCCGGCATA

NTC NTC-7 GGTGCGGTCTGCTTGTAGAT
NTC NTC-8 TATAGACCTCCCAAATACAT

NTC NTC-9 TTAGCCAGTAGTGCATATGA
NTC NTC-10 GCTGTTCCGAAGTTGAGAAT
SAFE_CUTTER SAFE_CUTTER-1 GCCATTAATCATGATCTGGA

SAFE_CUTTER SAFE_CUTTER-2 GACAATAGAAATTCGAAATG
SAFE_CUTTER SAFE_CUTTER-3 GAAATCTAAAGATGTACACT
SAFE_CUTTER SAFE_CUTTER-4 GTCCATGTATTTGACCATCA

SAFE_CUTTER SAFE_CUTTER-5 GCGTAGTACTGTGGGGTAAA
SAFE_CUTTER SAFE_CUTTER-6 GGTTTGAGAAGCTCACTTAC

SAFE_CUTTER SAFE_CUTTER-7 GTTCTGAGCATTCTTAGTCT

SAFE_CUTTER SAFE_CUTTER-8 GGCCTCTGTAAGAGGGGAGT
SAFE_CUTTER SAFE_CUTTER-9 GTGTGGTGGAGAGTGAGTCC
SAFE_CUTTER SAFE_CUTTER-10 GCTGATGGAAGCTTTGCCAA

2.9.3 Supplementary Data
Supplementary Data 4: Proliferation screen read count table and MAGeCK MLE values.

Supplementary Data 5: Modified TAP-seq targets inner primers for gene expression library

amplification.
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