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Summary

Complex biological phenotypes are orchestrated by the synergistic function of multiple genes.

The dissection of the human gene interaction network is a critical step towards understand-

ing how disease arise from gene dysfunction. Accordingly, the systematic identification of

context-dependent genetic interactions in various human cell lines, tissues, and under distinct

conditions could provide substantial insights into the genotype-to-phenotype relationship, and

elucidate how synergistic gene function affects the emergence of complex diseases.

Pooled combinatorial CRISPR (clustered regularly interspaced short palindromic repeats) screens

have emerged as a powerful tool to simultaneously study genetic interactions of large numbers

of genes. Here, multiplex CRISPR guide RNA (gRNA) libraries are applied to generate pair-

wise gene knockouts at large scale in mammalian cells. Multiplex CRISPR gRNA libraries can

consist of thousands to hundred thousands of plasmids, each encoding a distinct gRNA com-

bination for targeting a specific gene pair. However, large scale genetic interaction screening

with multiplex CRISPR gRNA libraries faces additional challenges compared to single gene-

targeting CRISPR screens:

First, the construction of highly diverse multiplex CRISPR gRNA libraries becomes more la-

borious with increasing numbers of target genes because the library diversity, which the total

number of different gRNAs or gRNA combinations, is determined by the number of desired

target genes. An ideal library would show a uniform library distribution, with the same abund-

ance of all gRNAs or gRNA combinations. However, due to practical constraints, pooled

libraries typically exhibit under- and over-represented gRNA sequences. Conventional methods

for multiplex gRNA library generation, for instance, rely on iterative, pooled cloning steps and

PCR-amplification of oligonucleotides that can result in unevenly distributed or missing gRNA

sequences in the final library. This offers potential for optimization.

Second, an increased library diversity of multiplex gRNA libraries, in turn, requires an increased

experimental scale with extensive cell culture work, because ensuring reproducible screening

results is achieved by applying sufficient screening coverage. The screening coverage describes

the average abundance of each gRNA or gRNA combination present in the cell population

during the screen. Current guidelines for performing pooled CRISPR screens suggest screen-

ing coverages between 200- and 1,000-fold of the library diversity, but lack precise indications

which coverage should be used with a given library. Therefore, the required screening coverage

constitutes a major challenge that limits the number of targetable gene combinations.
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Summary

In this study, we present a novel method, called covalently-closed circular-synthesized (3Cs)

multiplexing, to rapidly generate highly diverse pooled multiplex gRNA libraries. 3Cs multiplex-

ing circumvents iterative pooled restriction endonuclease-based cloning and PCR-amplification

of gRNA-encoding oligonucleotides. We demonstrate that 3Cs multiplexing robustly results in

uniformly distributed multiplex gRNA libraries. The library distribution skew, elsewhere termed

skew ratio or distribution width, was introduced to measure the library uniformity and is defined

as the ratio of the highest and lowest abundant gRNAs of the library. We show that 3Cs mul-

tiplex libraries typically show distribution skews below 2.5, values most often unmatched even

for single-gRNA libraries.

We hypothesized that the library distribution might affect the robustness of pooled CRISPR

screens and that it must be considered before choosing a screening coverage. We aimed at

investigating the impact of the library distribution on the screening performance under dif-

ferent coverages. To this end, we generated three artificially skewed multiplex libraries and

applied them in proliferation screens with a 20- and 200-fold coverage. Thereby we identified

the library distribution skew to be the major determinant for the required screening coverage.

Moreover, we demonstrate that, due to their uniform distribution, 3Cs libraries can be applied

with minimal screening conditions, resulting in a 10-fold reduction of associated efforts and

costs. While previous CRISPR screening guidelines did not account for the initial plasmid library

distribution, we recommend choosing a screening coverage based on the library distribution.

This will enable to reduce the experimental scale for future screens without compromising the

screening performance.

Bulk and selective autophagy are tightly regulated processes that target cellular material for

lysosomal degradation. Deregulation of autophagy is implicated in numerous human diseases

and can lead to abnormal cell growth or cell death. Since autophagy is integrated into a num-

ber of key signaling pathways, it provides therapeutic potential in a variety of human diseases.

Identifying and understanding synergistic functions of autophagy genes can lead to new insights

on the molecular mechanisms that regulate autophagy, and to novel approaches for the treat-

ment of neurodegenerative diseases and cancer. To investigate autophagy gene interactions,

we generated a 3Cs multiplex library targeting human autophagy gene combinations. The 3Cs

autophagy multiplex library was composed of 247,032 gRNA combinations targeting known

autophagy key players, such as upstream regulators, components of the Unc-51 like autophagy

activating kinase 1 (ULK1) and the class III phosphatidylinositol 3-kinase (PIK3C3) complexes,

the conjugation machinery, ATG8 homologs, phosphatidylinositol 3-phosphate (PI3P) effectors

and components of the autophagosome-lysosome fusion machinery.

To demonstrate the functionality of 3Cs multiplex libraries in coverage-minimized CRISPR

screens, we applied the 3Cs autophagy multiplex library in two different pooled screening set

ups. In a proliferation screen, we investigated genetic interactions between autophagy genes

that affect cell proliferation and identified WDR45B-PIK3R4 and ATG7-KEAP1 to result in re-

duced and enhanced cell proliferation, respectively. In a reporter-based autophagy flux screen,
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Summary

we identified genetic interactions that are required for autophagic flux, including the paralog

pair ATG2A-ATG2B, and the genetic interactions GABARAPL2-WIPI2 and ULK4-SQSTM1.

We envision that 3Cs multiplexing will be applicable to a broad range of biological settings

and will accelerate the systematic identification of genetic interactions in various contexts and

organisms. This will advance the translation into novel drug combinations and lead to new

insights into complex human disease phenotypes.
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Zusammenfassung

Komplexe biologische Phänotypen resultieren aus einem koordinierten Zusammenspiel von

einer Vielzahl von synergistischen Genen. Um zu verstehen, wie Krankheiten durch genetische

Dysfunktionen entstehen können, ist es unabdingbar die genetischen Interaktionsnetzwerke in

menschlichen Zellen zu entschlüsseln. Eine Identifizierung von Kontext-abhängigen genetischen

Interaktionen in verschiedenen Zelllinien, Geweben und unter unterschiedlichen Konditionen

kann folglich bedeutende Erkenntnisse über die Beziehung von Phänotyp und Genotyp liefern

und erklären, wie synergistische Gen-Funktionen die Entstehung von komplexen Krankheiten

bedingen.

Gepoolte, kombinatorische CRISPR (kurz für: clustered regularly interspaced short palindromic

repeats) Screens stellen eine wirkungsvolle Methode dar, um potentielle Interaktionen von

einer großen Anzahl verschiedener Gene simultan zu untersuchen. Dafür werden sogenan-

nte gepoolte multiplex CRISPR Guide RNA (gRNA)-Bibliotheken verwendet, um vielzählige

kombinatorische Gen-Knockouts in Säugetier-Zellen in großangelegten Screens zu generieren.

Diese multiplex CRISPR gRNA-Bibliotheken können aus bis zu hunderttausenden Plasmiden

bestehen, die jeweils für eine andere gRNA-Kombination kodieren und auf ein spezifisches Gen-

Paar abzielen. Im Gegensatz zu gepoolten CRISPR Screens für Einzel-Knockouts gehen solche

kombinatorischen multiplex CRISPR Screens zur Identifizierung von genetischen Interaktionen

mit zusätzlichen Herausforderungen einher.

Zum einen wächst der verbundene Arbeitsaufwand für die Konstruktion der multiplex CRISPR

gRNA-Bibliotheken proportional mit der Anzahl der gewünschten Ziel-Gene. Dies ist dadurch

bedingt, dass die finale Diversität der Bibliothek der gesamten Anzahl aller enthaltenen gRNAs

oder gRNA-Kombinationen entspricht und somit mit steigender Anzahl von gewünschten Ziel-

Genen zunimmt. Für multiplex CRISPR gRNA-Bibliotheken ergibt sich auf Grund der Kom-

binatorik die Diversität aus dem Quadrat der Anzahl der gewünschten Ziel-Gene.

In einer idealen gRNA-Bibliothek wären alle gRNA-Sequenzen gleich häufig vorhanden. Je-

doch weisen gRNA-Bibliotheken aufgrund von technischen Beschränkungen bei konventionellen

Herstellungsmethoden typischerweise gRNA-Sequenzen mit höherer, beziehungsweise niedriger

Abundanz auf. So basieren konventionelle Methoden zur Herstellung von gRNA-Bibliotheken

beispielsweise auf iterativen, gepoolten Klonierungsschritten mit PCR-amplifizierten Oligo-

nukleotiden. Mit jedem zusätzlichen gepoolten Klonierungs- und Amplifikationsschritt ergeben

sich zusätzliche Fehlerquellen, welche zu einer Ungleichverteilung oder zum Verlust von gRNA-
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Sequenzen führen können. Um die Vollständigkeit der gewünschten Bibliothek zu gewähr-

leisten, müssen mit herkömmlichen Methoden typischerweise mehrere Wiederholungen von ge-

poolten Reaktionen durchgeführt werden und die Repräsentation aller gRNA-Sequenzen muss

durch Sequenzierung bestätigt werden. Daher bieten die herkömmlichen Methoden zur gRNA-

Bibliotheken-Generierung Optimierungspotenzial.

Zum anderen erfordert die hohe Bibliotheks-Diversität, die sich wegen der Kombinationen

der verschiedenen gRNA-Sequenzen ergibt, gleichzeitig auch eine Vergrößerung des Versuchs-

maßstabs und ist mit umfangreichem Zellkultur-Arbeitsaufwand verbunden. Das ist dadurch

bedingt, dass die Reproduzierbarkeit der Screen-Ergebnisse durch die sogenannte Screen-

ing Coverage sichergestellt werden muss. Die Screening Coverage gibt die durchschnittliche

Abundanz der einzelnen gRNA-Sequenzen in der Zellpopulation während des Screens an und

kompensiert vor allem für stark unterrepräsentierte, beziehungsweise stark überrepräsentierte

gRNA-Sequenzen.

Aktuelle Richtlinien empfehlen eine Screening Coverage, die zwischen dem 200- bis 1000-fachen

Wert der Bibliotheks-Diversität liegt, allerdings fehlen bisher genaue Angaben, die auf die Ver-

teilung der verwendeten gRNA-Bibliothek abgestimmt sind. Um die Reproduzierbarkeit des

Screens sicherzustellen, wird daher eine sehr hohe Screening Coverage gewählt, was wiederum

dazu führt, dass die Durchführbarkeit nur für kleine Bibliotheken mit wenigen Ziel-Genen mög-

lich ist. Deshalb stellt die benötigte Screening Coverage bisher einen limitierenden Faktor dar,

der die Anzahl der möglichen Ziel-Genkombinationen in einem Screen beschränkt.

In der vorliegenden Arbeit stellen wir zunächst eine neue Methode vor, die der Generierung von

multiplex gRNA Bibliotheken mit hohen Diversitäten dient und die derzeitigen Limitierungen

adressiert. Die Methode, genannt 3Cs (covalently-closed circular-synthesized) Multiplexing,

umgeht iterative, gepoolte Klonierugsschritte mit Restriktionsenzymen und PCR-Amplifikation

von gRNA-kodierenden Oligonukleotiden.

Für das 3Cs Multiplexing wurde zunächst ein sogenanntes Multiplexing Plasmid kloniert,

das zwei gRNA-Expressionskassetten beinhaltet, welche jeweils durch unterschiedliche, se-

quenzspezifische Regionen flankiert sind. Beide Expressionskassetten kodieren zunächst für

"Platzhalter-Sequenzen", die später beim 3Cs Multiplexing durch gRNA-Sequenzen ersetzt

werden. Zusätzlich enthält das Plasmid einen f1 ori (origin of replication), der eine einzel-

strängige Replikation und Verpackung der DNA in Phagenpartikel ermöglicht und beim 3Cs

Multiplexing der Isolation von einzelsträngiger zirkulärer DNA des Multiplexing Plasmids di-

ent. An die einzelsträngige DNA werden bei der gepoolten 3Cs Multiplexing Synthese Oli-

gonukleotide annealed, die für alle gewünschten gRNAs kodieren und deren Position durch

homologe Bindung an die sequenzspezifischen Regionen der Expressionskassetten bestimmt

wird. Nach anschließender Extension und Ligation erfolgt durch Elektroporation in Bakterien

eine Amplifikation der finalen Bibliothek, die alle möglichen Kombinationen der verwendeten

gRNA-Sequenzen enthält.

Wir zeigen, dass 3Cs Multiplexing auf robuste Weise zur Herstellung von gleichmäßig verteilten
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multiplex gRNA Bibliotheken mit hohen Diversitäten verwendet werden kann. Der sogenannte

Verteilungs-Skew, auch Skew-Ratio oder Bibliotheksbreite genannt, ist ein Maß zur Ermittlung

der Gleichverteilung der gRNA-Sequenzen in der Bibliothek. Er wird über den Quotienten der

am häufigsten und am niedrigsten abundanten gRNA-Sequenzen berechnet. Wir zeigen, dass

3Cs multiplex Bibliotheken typischerweise einen Verteilungs-Skew von 2.5 aufweisen, was unter

den für gewöhnlich beobachteten Werten von Einzel-gRNA Bibliotheken liegt.

Wir nahmen an, dass die gRNA-Bibliotheksverteilung die Robustheit von gepoolten CRISPR

Screens beeinflussen könne und deshalb bei der Auswahl einer geeigneten Screening Cover-

age berücksichtigt werden müsse. Um den Einfluss der gRNA-Bibliotheksverteilung auf die

Screen-Qualität in Abhängigkeit von der verwendeten Screening Coverage zu untersuchen,

haben wir zwei künstlich fehlverteilte multiplex gRNA-Bibliotheken generiert und diese, zusätz-

lich zu einer nahezu gleichverteilten multiplex gRNA-Bibliothek, jeweils mit einer 20- und

200-fachen Screening Coverage in einem kombinatorischen Proliferations-Screen angewandt.

Dadurch konnten wir die gRNA-Bibliotheksverteilung als den bestimmenden Parameter für die

benötigte Screening Coverage identifizieren. Zusätzlich konnten wir zeigen, dass 3Cs multi-

plex gRNA-Bibliotheken auf Grund ihrer gleichmäßigen Verteilung mit minimierter Screening

Coverage eingesetzt werden können, was zu einer 10-fachen Reduktion des assoziierten Arbeit-

saufwands führt. Während bisherige Richtlinien für gepoolte CRISPR Screens die initiale

gRNA-Bibliotheksverteilung nicht berücksichtigen, empfehlen wir die Screening Coverage an

dieser auszurichten.

Autophagie ist ein streng regulierter zellulärer Prozess, der den Lysosomen Abbau von in-

trazellulärem Material steuert. Dysregulation von Autophagie steht im Zusammenhang mit

zahlreichen menschlichen Erkrankungen und kann auf zellulärer Ebene zu unkontrolliertem

Wachstum, aber auch zum Zelltod führen. Da Autophagie in eine Vielzahl von Signalwegen

integriert ist, bietet es potenziell außerdem therapeutische Ansatzpunkte zur Behandlung von

Krankheiten. Die Identifizierung von synergistischen Funktionen zwischen Autophagie-Genen

könnte unser Verständnis über die molekularen Mechanismen, die der Regulation der Auto-

phagie zu Grunde liegen, erweitern und dadurch neuartige Behandlungen für beispielsweise

Krebs oder Neurodegeneration ermöglichen.

Um genetische Interaktionen von Autophagie-Genen zu untersuchen haben wir eine 3Cs mul-

tiplex gRNA Bibliothek generiert, die auf menschliche Autophagie-Genkombinationen abzielt.

Die 3Cs Multiplex Autophagie-Bibliothek enthielt insgesamt 247,032 gRNA-Kombinationen

und richtete sich gegen Schlüsselproteine des Autophagie-Prozesses, wie unter anderem vorgeschal-

tete Transkriptionsfaktoren und Regulatoren, Komponenten der ULK1 (Unc-51like autophagy

activating kinase 1) und PIK3C3 (Phosphatidylinositol 3-kinase catalytic subunittype 3) Kom-

plexe, der Konjugations-Maschinerie, ATG8–Homologe und relevante Proteine für die Fusion

von Autophagosomen und Lysosomen. Um die Funktionalität der 3Cs Multiplex Autophagie-

Bibliothek unter Anwendung minimierter Screening Coverage zu demonstrieren, haben wir sie

in zwei verschiedenen Screen-Ausführungen angewandt.
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Zunächst verwendeten wir die 3Cs Multiplex Autophagie-Bibliothek in einem Proliferations-

Screen, um Autophagie-Geninteraktionen zu identifizieren, deren Verlust zu einer gesteigerten

oder verringerten Zellproliferation führt.

Eine genetische Interaktion wird per Definition in einem Screen dann identifiziert, wenn der im

Screen gemessene Phänotyp des Doppel-Knockouts einer Genkombination von dem Phänotyp

abweicht, der basierend auf den Einzel-Knockouts zu erwarten wäre. Zur Identifikation von

genetischen Interaktionen im Proliferations-Screen verwendeten wir eine Summen-Definition,

bei der sich der zu erwartenden Phänotyp für einen Doppel-Knockout aus der Summe beider

Einzel-Knockouts ergibt.

Unter den identifizierten genetischen Interaktionen resultierte der Knockout von WDR45B-

PIK3R4 zur stärksten Suppression der Proliferation, während die Depletion von ATG7-KEAP1

zu extrem verstärkter Proliferation beitrug.

Außerdem konnten wir, im Kontext der Proliferation, PIK3R4, ATG7, und ATG5 als sogenan-

nte Hub-Gene identifizieren, die Kombination mit über 80% aller getesteten Gene einen Einfluss

auf das Proliferationsverhalten hatten.

Während in den letzten Jahren gepoolte gRNA-Bibliotheken, sowohl für Einzel-Gene, als auch

für Genetische Interaktionen, bereits mehrfach für Proliferations-Screen eingesetzt wurden,

gibt es zum heutigen Stand kaum Anwendungen von kombinatorischen gRNA-Bibliotheken

für andere phänotypische Readouts als Proliferation. Um die Anwendbarkeit der 3Cs Multi-

plex Autophagie-Bibliothek und unserer minimierten Screening Coverage in einem Screen mit

einem weiteren, biologisch relevanten phänotypischen Readout zu demonstrieren, haben wir

einen etablierten Autophagie-Reporter verwendet. Unter Einsatz einer generierten Zell-Linie

mit stabiler Expression des Autophagie-Reporters konnten wir in einem FACS (Fluorescence-

activated cell sorting)-basierten Autophagie-Screen genetische Interaktionen aufdecken, die

essentiell für den Autophagie-Prozess sind.

Unter der Annahme, dass der Verlust eines zweiten Autophagie-Gens den negativen Effekt auf

den Autophagieflux durch den Verlust eines ersten Autophagie-Gens nicht abmildern würde,

und aufgrund einer vergleichenden Analyse verschiedener Modelle, verwendeten wir für den

FACS-basierten Autophagie-Screen ein Maximal Modell. Nach der Maximal Definition wird

eine genetischen Interaktion dann identifiziert, wenn der gemessene kombinatorische Knockout-

Phänotyp stärker ist, als der des stärksten Einzel-Phänotyps.

Zu den identifizierten Interaktionen zählen unter anderem die Interaktionen zwischen dem

Paralog-Paar ATG2A-ATG2B, und zwischen WIPI2-GABARAPL2, SCOC-SIRT2, AMBRA1-

ZKSCAN3, PI4K2A-RAB7B, PIK3CA-STK3 und SQSTM1-UKL4, die wir ebenso in geson-

derten Experimenten ("arrayed") mit separat klonierten gRNAs validieren konnten.

Wie auch im Proliferations-Screen konnten wir im FACS-basierten Multiplex Autophagie-Screen

Gene identifizieren, die in Kombination mit einer Vielzahl der getesteten Gene zu einem uner-

warteten Phänotyp führten. Zu den Hub-Genen im Kontext des Autophagie-Reporter basierten
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Readouts gehörten alle einzel-essentiellen Autophagie-Gene, sowie AMBRA1, dessen Knockout

alleine keinen Einfluss auf den Autophagieflux hatte. Die starke Konnektivität der Hub-Gene

lässt eine wichtige Buffering-Funktion im Autophagie-Signalweg vermuten.

Zusammengefasst haben wir im Rahmen dieser Arbeit die 3Cs Multiplexing Technologie en-

twickelt und demonstriert, dass 3Cs Multiplexing der robusten Herstellung von kombinator-

ischen gRNA-Bibliotheken mit hohen Diversitäten und gleichmäßiger Verteilung dient. Wir

konnten außerdem, mit Hilfe von unterschiedlich verteilten 3Cs multiplex Bibliotheken in

Kombination mit Proliferations-Screens, die Bibliotheksverteilung als bestimmenden Faktor

der benötigten Screening Coverage ermitteln. Zusätzlich konnten wir die Anwendbarkeit

der 3Cs Multiplexing Technologie zur Identifizierung von genetischen Interaktionen zwischen

Autophagie-Genen in zwei unterschiedlichen Screen-Ausführungen mit verschiedenen phäno-

typischen Readouts zeigen.

Wir glauben, dass 3Cs Multiplexing in Zukunft breite Anwendung in verschiedenen biologisch

relevanten Feldern finden wird und die Entschlüsselung von kontext-abhängigen genetischen

Interaktionen voranbringen kann. Dadurch kann das Verständnis für die Entstehung von kom-

plexen pathologischen Phänotypen erweitert werden.
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Introduction

1.1 Genetic interactions and their biological implications

1.1.1 Defining quantitative genetic interactions

The development of high-throughput technologies for functional genomic screening and whole

genome sequencing have not only massively advanced our knowledge on the function of single

genes but also uncovered the great impact of GIs on homeostasis and robustness of biological

systems. Most phenotypes, in the state of health and disease, are not determined by single

gene functions. Instead, multigenic phenotypes result from the orchestrated interplay between

multiple genes in a specific environmental context [1]. Accordingly, systematic exploration of

GIs and their network topology in human cells can provide substantial insights into the caus-

ative effects of synergistic gene function on complex phenotypes and disease [2].

The term genetic interaction (GI) describes a group of functional relationships between genes,

in which two genes interact if the observed phenotype of their combined perturbation signific-

antly deviates from what is expected based on their individual single mutants [3–5]. Therefore,

experimental identification of GIs requires two components: First, a measurement to quantify

the phenotypic strength of individual and combinatorial gene perturbation, and second, a

mathematical model to predict an expected phenotype for two non-interacting genes [6].

Figure 1.1 illustrates an experimental approach for the identification and classification of dif-

ferent GI types for a proliferative phenotypic read-out: In a hypothetical experiment, the

individual proliferation of two mutant cell lines, mutant A and B, is measured and normal-

ized to the proliferation of wild type (wt) cells. Based on the phenotypic strength of the

single mutants, an expected phenotype for the combinatorial mutant AB is predicted using a

pre-selected mathematical model. This predicted value is expected when both genes do not

interact with each other. Accordingly, a GI is identified when the actual measured phenotype

for the double mutant AB deviates from the predicted phenotype. Based on the strength and

directionality of the deviation, GIs can be classified into positive and negative GIs.

Negative GIs (also aggravating) occur when the combined loss of two genes causes a more

severe phenotype than expected (e.g. synthetic sick or synthetic lethal). Synthetic lethality

represents the most extreme case of a negative GI, in which two single mutants are viable, while

the double mutant is lethal [2, 6, 7]. Conversely, positive GIs (also buffering or alleviating)
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arise when the combinatorial perturbation has a less severe phenotypic effect than expected.

This includes masking interactions, in which the proliferation of the double mutant corresponds

to the sickest single mutant, and genetic suppressive interactions, in which the combinatorial

mutant is even healthier than the sickest individual mutant. Masking interactions can emerge

when for instance a single gene perturbation leads to complete loss of activity of a non-essential

protein complex. In this case the loss of a second gene associated with the same complex will

show no additional effect, but resemble the phenotype of the first single mutant [8–10].
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Figure 1.1: Identification and classification of genetic interactions
GIs can be identified by measuring the deviation of a given mutant gene combination (double mutant
AB) from a predicted value, which is expected for a non-interacting gene pair. The expected neutral
phenotype can be calculated based on the single mutant phenotypes (mutant A and B) by different
mathematical models. Here, a multiplicative model is used. A negative GI occurs when the phenotypic
quantification of a double mutant AB is more severe than the predicted neutral phenotype. This
includes synthetic sick and synthetic lethal interactions. For positive GIs, such as genetic suppression
and masking interactions, the measured combinatorial phenotype is less severe than the expected non-
interacting prediction. Adapted from [11].

The choice of a suitable model for predicting an expected phenotype for non-interacting genes

is a critical parameter for identifying GIs and determines the biological interpretation. There-

fore, different models have been tested and used in the past for systematic and large-scale

screening for GIs, the most common being the multiplicative, minimum, additive, and logar-

ithmic models [6]. In the minimum model, the expected neutral phenotype for combinatorial

mutants corresponds to the single mutant with the most severe phenotype. In case of cell

fitness, this corresponds to the least fit single mutant [12–14]. The additive model defines the

expected phenotype for non-interacting genes as the sum of the measured phenotypic strength

of both individual mutants [15], and in the multiplicative model, the expected phenotype is
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predicted as the product of both single mutants. The logarithmic model was developed to

determine GIs from measurements on a logarithmic fitness scale. While the multiplicative and

logarithmic model have been proven suitable to detect GIs in proliferation and cell viability as-

says, choosing an adequate model for more complex phenotypes requires further comparative

studies [6].

Cell viability, fitness and proliferation are by far the most studied phenotypes in the context

of GI mapping. However, any phenotypic read-out that allows quantification can be used as

a phenotypic measure. Other phenotypic read-outs include reporter genes for fluorescence-

activated cell sorting (FACS) or for high-content screening (HCS), which have been used to

assay transcriptional response, protein folding in the endoplasmic reticulum, and other cell

biological phenotypes in yeast [16–18]

1.1.2 Genetic interaction properties and network structure

Most of what we know about GIs today was elaborated by systematic profiling of GIs in model

organisms, particularly in the budding yeast Saccharomyces cerevisiae. The most comprehens-

ive large-scale study on GIs in yeast was conducted by high-throughput synthetic genetic array

(SGA) analysis and enabled the construction of the first pairwise GI map, which includes almost

all essential and non-essential genes of the yeast genome [19]. These studies have fundament-

ally advanced our understanding of GIs in various aspects, such as the characteristic properties

of GI networks and their topology, and how information on gene and protein function can be

inferred from GI mapping, as well as the evolution and impact of synergistic gene function on

the robustness of biological systems [20–23].

Similar to protein interactions (PIs), GIs are not evenly distributed but show characteristic

properties of so-called small-world networks with high local connectivity and small character-

istic path lengths [24]. While most genes exhibit few interactions, few genes show multiple

interactions and therefore referred to as ‘hub-genes’. Hub-genes, such as the chaperone heat

shock protein 90 (Hsp90), are associated with pleiotropic function and are highly conserved

during evolution [24, 25].

Due to the high diversity of GI networks, interpretation of data, understanding the biological

significance and inference of novel information can be challenging. A useful approach to derive

information is to organize the nodes of GI networks in modules that share coherent properties

[24, 26, 27]. Within GI networks, GIs can occur between and within dense modules of physical

interactions (protein-protein interactions (PPIs) and protein-DNA interactions (PDIs)), which

are in this context referred to as a ’pathway’. However, depending on the abstraction level

these modules can correspond to biological processes, pathways or protein complexes [24, 26–

28]. GIs between genes that encode proteins functioning in the same pathway or complex built

within-pathway module (WPM) in the global GI network (Figure 1.2 A). For example, if a

protein complex consists only of proteins that are essential for its function, disruption of any
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gene encoding those proteins will lead to dysfunction of the complex, while a second gene loss

will have no further impact. This case constitutes a positive (masking) GI [9, 24, 29]. Negative

GIs, on the other hand often bridge two distinct but parallel compensatory or complementary

pathways that contribute to the same function and occur in so-called between-pathway mod-

ules (BPMs) (Figure 1.2 A). While distinguishing between positive and negative GIs can be

an indication of BPM and WPM, a global analysis showed that positive and negative GIs can

connect genes between and within complexes or pathways [19]. Interestingly, it was observed

that BPMs and WPMs are connected almost exclusively by either positive or negative GIs,

a phenomenon referred to as monochromaticity in GI networks [24, 28, 30] (Figure 1.2 A).

An example for the monochromatic organization of WPMs and BPMs can be found in GIs

associated with the 19S proteasome. The genes that encode the essential 19S proteasome sub-

units are connected to each other by exclusively negative WPM interactions. In addition, the

same genes are linked to anaphase promoting complex (APC)-associated genes by exclusively

negative BPM interactions and to the translocon-associated protein complex (TRAP) only by

exclusively positive BPM interactions [19].

Moreover, characteristic GI profiles can be used to predict previously unknown gene function

[24]. The GI profile of any given gene comprises the complete collection of all its positive

and negative GIs. Genes associated with similar biological processes, or genes whose products

function in a mutual pathway or complex, share similar GIs (Figure 1.2 B). Thus, various clus-

tering methods that arrange a GI matrix according to the similarity of GI profiles have been

used to predict functions for characterized genes [28–32].
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Figure 1.2: Properties of genetic interactions and their networks
Genetic interactions (GIs) are highly organized in networks consisting of interconnected dense modules
with coherent characteristic properties that allow predicting gene function. A) By integrating protein
interaction data, GIs can be organized in between- and within-pathway modules. Within-pathway
modules (WPMs) consist of GIs between genes that correspond to the same pathway or protein complex
(A-C and X-Z). In between-pathway modules (BPMs), GIs connect two parallel pathways (P1 and P2).
Positive GIs are displayed in red, negative in blue. B) GI profiles can be displayed as a matrix, in which
clustering is used to group genes by similarity. Modified from [11].
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In summary, GI studies performed in model organisms demonstrate that GI networks are rich

in information and are powerful tools to dissect and predict gene function. Although these

studies have set the stage for understanding general principles and properties of GI and how

information can be derived by large-scale mapping, it remains to be determined to what extent

the extracted knowledge can be translated to human cells. The development of efficient GI

analysis platforms for human cells will advance our understanding of human GI networks.

1.1.3 Medical implications of genetic interactions

Studying GIs in model organisms, and ultimately humans, can broaden our understanding of

synergistic gene function and the robustness of biological systems on a molecular level. Bey-

ond that, GIs are intricately implicated in the human pathology and are therefore critical for

clinical research and medicine. More precisely, the investigation of human GI networks can

help predicting disease susceptibility to enable prevention, early prognosis and intervention,

ultimately leading to advances in drug discovery to improve disease outcomes (Figure 1.3).

The identification of disease-associated genetic biomarkers has improved early detection of

predispositions to monogenic disorders, such as Huntington disease [33] and many others [34].

However, complex polygenic diseases are caused by the combined action of more than one gene

and lack clear patterns of Mendelian inheritance. Therefore, assigning characteristic genetic

signatures for diagnosis is more challenging. Disease-causing mutations often show variable

penetrance and expressivity of the disease, which impedes a reliable disease onset prediction

[35]. While the underlying molecular mechanisms are often unclear, there is strong evidence

that GIs between disease-associated genes and genetic modifier genes within the individuals’

genetic background constitute a major cause for variable penetrance and expressivity [36, 37].

For example, one study uncovered the resilience of several individuals showing no pathological

symptoms despite having mutations for severe childhood disease. This observed resilience

to highly penetrant Mendelian disorders can be explained by additional genetic alterations

in the genome leading to genetic suppressive interactions, which abolish the harmful effects

caused by the primary disease-associated mutation [38]. An example is the identification of

the dominant suppressor locus deafness recessive, nonsyndromic modifier 1 (DFNM1), which

rescues deafness, autosomal recessive 26 (DFNB26) induced deafness in homozygous indi-

viduals [39]. Thus, further identification of genetic susceptibilities and genetic modifier genes

to predict risk factors will advance early diagnosis of disease and their therapeutic intervention.

Moreover, GIs play a major role in how patients respond to a given treatment. In most cases,

cancer patients carrying the same driver mutations exhibit variable responses to the same

drug. GIs between the drug target gene and the specific genetic background of a patient

are likely to affect this differential response. As such, the hypersensitivity of breast cancer

susceptibility protein (BRCA)1/2 deficient cells is abolished in patients carrying an additional
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tumor protein P53 binding protein 1 (TP53BP1) mutation, resulting in resistance to poly ADP-

ribose polymerase (PARP)1/2 inhibitor treatment [40]. Detection of genetic dependencies

between driver mutations and frequent genetic modifiers can help to determine biomarkers for

improved drug response prediction.

Furthermore, even a single tumor can be composed of cells that harbor a broad spectrum

of different genetic alterations. This cellular heterogeneity of tumors increases the risk for

relapse after a first successful treatment. Alterations in genes encoding the target protein

of a given drug or mutations in genes that trigger compensatory pathways, thus promoting

synthetic viability or genetic suppression, can induce resistance mechanisms. Therefore, precise

understanding of how GIs affect a patient’s response to a given drug is crucial for effective

treatment [37, 41].
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Figure 1.3: Medical implications of genetic interaction studies
Identification of GIs can advance early detection, intervention and prevention of complex diseases and
enable their effective and targeted treatment. Modifier genes and genetic susceptibility signatures that
are associated with disease onset can serve as biomarkers for early diagnosis and prediction of treatment
response. Further, uncovering GIs that cause drug resistance or constitute cancer vulnerabilities will
allow drug target discovery and development of targeted and combinatorial therapies for precision
medicine.

Apart from diagnosis and prediction of risk factors and treatment response, comprehensive

knowledge of underlying GIs that cause resistance to therapeutics can facilitate the rational

design for combinatorial therapies and enable targeting of driver gene mutations and their

corresponding resistance promoting genes. Early clinical trials showed that combinatorial ther-

apies can help to overcome drug resistance [42–44]. For example, synergistic targeting of the

PI3K-AKT and the RAS-MAPK pathway in epidermal growth factor receptor (EGFR)-mutated
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non-small-cell lung carcinoma (NSLC) showed promise in pre-clinical trials [45, 46]. Addition-

ally, accurate analysis of underlying GIs can reveal cancer vulnerabilities and advance targeted

cancer therapy and drug discovery. Cancer is typically driven by gain-of-function mutations in

oncogenes and loss-of-function mutations in tumor suppressor genes. Oncogene-driven cancers

depend on the acquired activation of the oncogene. This ’oncogene addiction’ allows phar-

macological targeting of the corresponding oncoprotein [47]. The development of a BCR-ABL

(breakpoint cluster region protein-Abelson tyrosine-protein kinase) fusion oncoprotein inhibitor

for chronic myelogenous leukemia chronic myelogenous leukemia (CML) and acute lympho-

cytic leukemia (ALL) treatment provides a successful example for oncogene-targeted therapy

[48].

Moreover, synthetic lethal interactions can be translated to novel drug targets. As mentioned

before, the interaction between the breast and ovarian cancer genes BRCA1/2 and the PARP1

has been exploited by using a small molecule inhibitor of PARP1/2 enzymes to target the

hypersensitive BRCA1/2 deficient cells. In 2018, a PARP1 inhibitor was approved by the Food

and Drug Administration (FDA) for treatment of germline BRCA-mutated, human epidermal

Growth factor receptor 2 (HER2)-negative metastatic breast cancer, exemplifying the potential

of GIs for identification of novel drug targets [49, 50].

Over the past decades, pioneering work in model organisms, especially in yeast, has laid the

ground work and provided general principles for GI screening and analysis. It was shown that

these findings from model organisms are, at least to some degree regarding the network struc-

ture and topology, conserved among higher organisms [51]. It was further demonstrated that

hub-genes of GI networks could function as general modifiers of hereditary diseases in humans,

highlighting the importance to identify highly connected hub-genes in human genome [52–54].

Nevertheless, the human genome is by far more complex than yeast and the systematic iden-

tification and mapping of GIs in human cells is more challenging because it relies on efficient

and precise technologies to introduce combinatorial genetic perturbations at a large-scale and

in a high-throughput manner. The recent development of advanced gene editing technolo-

gies, most notably RNA interference (RNAi) [55–58] and clustered regularly interspaced short

palindromic repeats and CRISPR-associated protein (CRISPR-Cas) [51], has enabled the first

global systematic screening of GIs in human cell lines. This has revealed not only the impact

of GIs on the phenotype, but also their strong context-dependent properties [59]. However,

further improvement of functional genomic screening technologies constitutes a key challenge

for advanced GI mapping in human cells.
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1.2 Advances in functional genomic screening by CRISPR-Cas

1.2.1 CRISPR-Cas allows precise genome editing in mammalian cells

Since its discovery, the CRISPR-Cas technology has become the method of choice for editing,

cutting and modifying the genome of cells and organisms [60]. Due to their high specificity,

great versatility and practicability, CRISPR-Cas tools have advanced the field of genome editing

and virtually replaced previous DNA editing technologies, such as transcription activator-like

effector nucleases (TALENs), zinc-finger nucleases (ZNFs), and RNAi [61–63]. Most notably,

it has revolutionized the field of large-scale functional genomic screening in mammalian cells.

Naturally, CRISPR systems exist in prokaryotes as part of their adaptive immune system, which

confers resistance against bacteriophages by destroying foreign genetic material [64]. As of

now, various CRISPR systems have been discovered [65]. The type II CRISPR-Cas system with

its CRISPR-associated protein 9 (Cas9), derived from Streptococcus pyogenes (S. pyogenes),

was the first to be engineered and adapted for biotechnological purpose [66, 67]. CRISPR-

Cas9 systems and alternatives, such as the CRISPR-Cas12 (also known as Cpf1) system, have

become invaluable tools in almost every aspect of biological research.

The engineered CRISPR-Cas editing system requires two main components: A Cas protein,

which naturally possesses a nuclease activity for DNA cleavage and a guide RNA (gRNA) for

target specificity (Figure 1.4 A). The target sequence specificity is mediated by the gRNA

via complementary base pairing with the target DNA region, which is also referred to as

the protospacer sequence. For CRISPR systems that employ a Cas9 nuclease, the gRNA is

composed of a 18-20 nucleotide CRISPR RNA (crRNA), which is specific for the target gene of

interest and of a trans-activating CRISPR RNA (tracrRNA), which forms a stem-loop structure

and provides a binding scaffold for the Cas9 nuclease to form a ribonucleoprotein (RNP) [68].

In the engineered CRISPR system, the crRNA and tracrRNA are fused together to one single,

fully functional, synthetic RNA molecule to improve efficiency and facilitate biotechnological

application [68].

Ceavage of the target DNA by the RuvC and HNH nuclease domains of Cas9 requires a

particular protospacer adjacent motif (PAM), which is directly following the 3'end of the

protospacer sequence to induce a double strand break (DSB) [69, 70]. Different Cas variants

require different PAM sequences.For instance, S. pyogenes Cas9 requires an 5'-NGG-3' PAM

[71], while Cpf1 only exhibits nuclease activity in the presence of a 5'-TTTV-3' [72] or 5'-

YTN-3' PAM [73].

In mammalian cells, the cleaved DNA is repaired by two main cellular DNA repair pathways: the

non-homologous end joining (NHEJ) or the homology directed repair (HDR) pathway (Figure

1.4 B). Re-ligation of two DNA ends by the NHEJ pathway is fast, efficient and, in contrast

to HDR, requires no template DNA strand. However, NHEJ is error-prone and frequently

introduces insertion or deletion (Indel) mutations. These can lead to frame shifts, which are

likely to disrupt gene expression [66]. Therefore, NHEJ is the preferred repair pathway when
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gene knockouts are desired. HDR is the second, naturally occurring DNA repair pathway. It

is activated upon DNA damage and promotes error-free DNA repair if a repair template DNA

strand is available [74]. HDR can be exploited to generate larger genetic insertions at a defined

genomic locus, such as for gene knock-ins or gene tagging. To this end, the sequence that is

to be introduced is provided with homology arms corresponding to the cleaved DNA locus and

introduced into the cell together with the CRISPR-Cas system. Then, the exogenous DNA is

integrated by the cell’s HDR machinery at the target site [67, 75].

               DSB

DNA cleavage

Cas9

tracrRNA

gRNAProtospacer

crRNA

PAM

NHEJ HDR

DSB

Donor DNA

Indels

Gene disruption

Knock-in

A B

Figure 1.4: Mechanisms of CRIPSR-Cas9 genome editing in mammalian cells
A) CRISPR-Cas genome editing requires two components: A Cas nuclease for DNA cleavage and a guide
RNA (gRNA) that mediates target specificity. Most commonly, Cas9 of S. pyogenes is used and directed
to a specific protospacer sequence of the genomic DNA by the gRNA. In the engineered CRISPR-Cas9
system, CRISPR RNA (crRNA) and trans-activating CRISPR RNA (tracrRNA) are fused to a single
synthetic gRNA. In the presence of the protospacer adjacent motif (PAM), sequence specific binding
of the crRNA to a complementary protospacer sequence induces DNA cleavage by the Cas9-gRNA
ribonucleoprotein. B) The induced double strand break (DSB) can be repaired by two cell endogenous
DNA repair pathways. The frequent but error-prone non-homologous end joining (NHEJ) occurs in the
absence of a repair template and frequently generates insertion or deletion (Indel) mutations, which can
lead to frame shifts and gene disruption. Thus, NHEJ is the desired repair pathway for CRISPR genome
editing. The homology directed repair (HDR) pathway is the basis for CRISPR-mediated knock-ins or
gene tagging. In the presence of an exogenous donor DNA that is flanked by homology arms, the HDR
pathway leads to introduction of the exogenous DNA sequence into the host genome at the DSB site.

For genome editing, the CRISPR-system can be introduced as a dual-component system that

includes the gRNA and Cas nuclease, both encoded on a single vector, into the target cell.

Alternatively, the gRNA can be introduced separately into cells that already express the Cas

nuclease. Transfer methods include transfection, lentiviral or adeno-associated viruses (AAV)

mediated transduction and electroporation [76].

DNA cleavage by Cas nucleases is only one way to use the CRISPR technology for genome
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editing. There are engineered Cas variants for versatile forms of genetic manipulation, such as

the dead CRISPR-associated protein (dCas), in which both catalytic centers are inactivated by

mutation [77]. While the DNA cleavage activity of dCas is abolished, the RNA-guided DNA

target recognition and binding capability is maintained and can be exploited for transcriptional

regulation. For example for CRISPR inhibition (CRISPRi) and CRISPR activation (CRISPRa)

employ effector domains that are fused to the dCas nuclease [78–82]. Similarly, tethering of

dCas to fluorescent proteins or specific enzymes enables investigation of chromatin structures

[83], base editing [84–87], and epigenetic remodeling [88–90].

The crRNA is variable and, most importantly, programmable to target any desired genetic

sequence, solely restricted by the requirement of the PAM. While this constituted a challenge

for first CRISPR applications, now more than 20 available Cas variants from different species

and their differing PAMs have expanded the range of possible target sites [91]. Additional Cas

variants have been engineered with more flexible PAM requirements [92, 93]. These different

PAM patterns occur frequently in the genome of all organisms. Thus, practically any site of a

host genome can be targeted by selecting a protospacer sequence immediately before a PAM

and designing a complementary gRNA [91]. For example, in the human genome, all pathogenic

single-nucleotide polymorphisms (SNPs) that are documented in the ClinVar database provide

an average of almost 30 target sites for CRISPR-based editing by at least one Cas nuclease

[91, 94].

The easy delivery, versatility and programmability of the CRISPR-systems have proven to be

particularly useful for editing and analyzing not only one specific target gene but for scaling-up

experiments to simultaneously test a broad range of target genes in a single batch by functional

genomic screens with pooled CRISPR-Cas gRNA libraries.

1.2.2 Functional genomic screening with pooled CRISPR libraries

In the past decades, the development of sequencing technologies has uncovered the extensive

volume and diversity of genetic information and fuelled the need for advanced high-throughput

technologies and large-scale screening approaches for parallel functional analysis of a myriad

of genes. Several pooled genomic screens have applied RNAi to study gene function on a

genome-wide scale in mammalian cells [95–98]. While RNAi generates gene knock-downs to

reduce gene expression, CRISPR-Cas enables complete depletion of target genes and shows su-

perior target specificity compared to RNAi [62, 99]. The easy programmability and modularity

of the CRISPR-Cas system and the pre-existing protocols for RNAi-based screening enabled

a rapid adoption and adjustment of the CRISPR-Cas system for pooled functional genomic

screening [100].

In contrast to arrayed screening conditions, in which one single genotype is tested per ex-
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periment, pooled CRISPR-Cas screening represents an experimental approach for testing the

effects of multiple different genetic alterations in parallel, in one single experiment. Pooled

screening is based on three components: A genetic perturbation platform, a model system and

an assay to screen for phenotypic changes (Figure 1.5A-C).

The genetic perturbation platform allows to simultaneously inducing diverse gene disruptions

of a multitude of different target genes. This is provided by so-called pooled CRISPR gRNA

libraries, or abbreviated ’CRISPR libraries’, which consist of thousands to hundreds of thou-

sands of transfer vectors each encoding one gRNA for a specific target gene. Custom-designed

CRISPR libraries are first designed in silico by selecting gRNAs that target the genomic regions

of interest. To this end, several computational tools have been developed to score and select

gRNA target sites in the genome of most sequenced model organisms. These tools follow previ-

ously identified design rules, and employ selection algorithms to identify gRNA sequences with

high on-target efficiency and minimized off-target effects [101–108]. After gRNA selection, the

CRISPR library is constructed by pooled cloning of synthesized oligonucleotides that encode

diverse gRNAs into a transfer vector, such as a lentiviral plasmid (Figure 1.5 A). Focused

CRISPR libraries can include sub-groups of target genes, for example genes corresponding to a

specific pathway, cellular process or protein family, while genome-wide pooled CRISPR libraries

are designed to target any possible coding [102, 109–111], or non-coding region of a reference

genome [112]. A variety of pre-made CRISPR libraries are available for research purpose, such

as the human genome-wide ’Brunello’ or ’TKOv3’ libraries [102, 113].

The second component of a pooled CRISPR screen is a suitable model system. Theoretically,

any cell type or even animal model can be used in a CRISPR screen. However, maintaining

sufficient library coverage, which is the abundance of any particular gRNA within the complete

population, during all steps of the screen is one of the most critical parameters for robust

results [91, 114]. This usually requires large amounts of cells or animals, respectively. Thus,

animals and cell types that are difficult to expand, such as primary cells, are less suited for

large-scale screening. Moreover, generating primary cells that stably express Cas9 is challen-

ging. Therefore, tumor-derived cell lines are often used for mammalian screens because of their

easy scalability and cultivation [76]. The CRISPR library is transduced into the selected cell

line that stably expresses Cas9 (Figure 1.5 B). Transduction at a low multiplicity of infection

(MOI) ensures the generation of a heterogeneous mutant cell population, in which the majority

of cells carries only one specific genetic alteration in a specific gene. Since lentiviral trans-

duction results in stable integration of the gRNA sequence into the target cell’s genome, the

gRNA sequence also functions as a unique identifier barcode that directly links each mutant

cell phenotype to a specific genetic alteration.

After antibiotic selection of transduced cells follows the third part of the CRISPR screen:

a screening assay that allows to measure resulting phenotypic changes, while keeping the

linked information to the corresponding genetic cause [114] (Figure 1.5 C). Pooled prolifera-

tion screens are the most prominent type of screening assays. In the simplest form of screening,

the ability to sustain growth over time constitutes the only selection pressure. Alternatively, a

11



1. Introduction

drug treatment can be applied to screen for resistance or susceptibility. Proliferation screens

can be generally divided into positive (enrichment) and negative (depletion) screens, which

can be performed with or without applying additional selection pressure.

A) Genetic perturbation platform B) Model system 

C) Screening assay & readout

1) Oligo synthesis 2) CRISPR library 

4) Proliferation screen 

3) Lentiviral transduction & selection

5) Sequencing & data analysis
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Figure 1.5: Pooled functional genomic screening with CRISPR-Cas
Schematic of a pooled proliferation CRISPR-Cas screening workflow. A pooled CRISPR-Cas screen is
based on three components: A) The CRISPR library is generated by cloning of synthesized oligonuc-
leotides (oligos) into lentiviral transfer vectors and provides a genetic perturbation platform for inducing
a multitude of different mutations. B) A suitable model cell line is selected and transduced with the
lentiviral CRISPR library. Afterwards, transduced cells are selected. C) A screening assay is applied
to measure phenotypic changes induced by the gene editing events. Optionally, a drug treatment can
be applied. The differential proliferation of heterogeneous mutant cells leads to specific enriched or
depleted gRNAs. Since lentiviral transduction results in stable integration of the gRNA sequence within
the target cell genome, the gRNA also serves as a unique barcode. At the end of the screen, genomic
DNA of the cell population is extracted and the gRNA abundance is determined by sequencing and
compared to the initial abundance. Lastly, statistical analysis of the data identifies hits for further
validation.

In negative proliferation screens, cells with mutations that decrease cell fitness are depleted or

completely lost and therefore identified as drop-outs. This type of screen is powerful for explor-

12



1. Introduction

ing gene essentiality or cancer vulnerabilities to drug treatment [109, 115–117]. Conversely,

mutant cells with increased cell proliferation are enriched in positive screens, which typically

include drug treatments to identify genes that promote drug resistance [118–120]. In practice,

a single proliferation screen can simultaneously identify both, drop-outs and enriched genes.

For example, a genome-wide proliferation screen in a cancer cell line can uncover depleted on-

cogenes and enriched tumor suppressor genes. Flow cytometry-based screening assays provide

an alternative to proliferation screens. Here, mutant cells containing reporter constructs can

be separated according to their reporter-phenotype, for example by FACS [121–124].

The depletion or enrichment of cells that carry a specific mutation can be determined by

measuring the abundance of each gRNA before and after phenotypic selection. This is done

by extracting genomic DNA of a representative sample of the cell population and subsequent

amplification of the stably integrated lentiviral cassette polymerase chain reaction (PCR). and

measuring the gRNA abundance by next-generation sequencing (NGS). Afterwards, gRNA

abundances of control and screening samples are compared with each other to identify en-

riched and depleted genes (Figure 1.5 C).

Several computational tools, statistical packages and pipelines have been developed specifically

for pooled screening data analysis [125, 126]. They account for gRNA performance variabil-

ity, read count normalization, mean-variance modeling, and gRNA and gene ranking, such as

MAGeCK [127], CRISPRcloud [128], or PinAPL-Py [129].

Thus far, focused and genome-wide CRISPR libraries have been screened in various mammalian

cell lines and have revealed previously unknown gene function of genes involved in cellular fitness

and survival [130–134], viral susceptibility [124, 135–137], drug resistance and sensitivity [138–

140], cancer vulnerabilities [141–143] and even more [114, 144]. The success of monogenic

CRISPR screens, in which every cell receives a single gRNA, has fuelled efforts to adapt pooled

CRISPR screening to investigate combinatorial genetic alterations to advance GI studies in

mammalian cells. This has led to the development of multiplex CRISPR platforms.
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1.3 Multiplex CRISPR libraries for genetic interaction screens

1.3.1 Multiplex CRISPR-Cas systems enable multi-target genome editing

CRISPR-Cas multiplexing describes the simultaneous expression of multiple gRNAs to induce

editing of multiple genetic loci in a single cell at the same time [145–147]. Different methods

have been established for introducing, expressing, and processing arrays of multiple gRNAs in

mammalian cells (Figure 1.6).

The simplest approach for multiplex genome editing is co-transfection of in vitro preformed

RNPs that consist of purified Cas9 proteins assembled with distinct chemically synthesized

gRNAs (Figure 1.6 A). Advantages of using preassembled Cas9-gRNA-RNPs include the fast

DNA-free gene editing, the quick degradation in the target cells after the editing event.

Moreover, the gRNA molecules do not need to compete for limited Cas9 proteins within

the cells [148, 149].

For applications that require stable expression of the CRISPR-Cas system, such as pooled

screens, a common method is to express gRNAs from individual promoters (Figure 1.6 B).

RNA polymerase III type 3 promoters, such as U6 or 7SK, have been employed for this type

of multiplex editing in mammalian cells [116, 150, 151]. While plasmids are available to sim-

ultaneously express two gRNAs [116, 150–152], expressing more than two gRNAs can be a

concern when using multiple individual promoters due to differential RNA expression levels of

the promoters and because of potential size limitations, cloning efficiency and possible recom-

bination during lentiviral packaging [153, 154].

A different approach for multiplex gene editing utilizes Cas12 instead of Cas9 (Figure 1.6 C).

In contrast to Cas9, the CRISPR-Cas12 system requires no tracrRNA for nuclease activity and

specificity. Moreover, Cas12 can process arrays of up to 25 pre-crRNAs that are transcribed

from a single transcript into mature single crRNAs [72, 155]. The smaller size and pre-crRNA

processing activity of the CRISPR-Cpf1 system have enabled successful application in human

cells [156]. Comparative studies showed that the engineered variants of Cas9 and Cpf1 are

highly complementary in terms of off-target effects and specificity. Moreover, Cas9 and Cpf1

can be used in an orthogonal manner for multiplex applications [157]. Thus, Cas9 and Cpf1

enzymes built a versatile toolbox for gene editing [158].

Similar to its natural form in bacteria, several multiplex CRISPR-Cas9 systems have been de-

veloped to express multiple gRNAs from a single polycistronic transcript (Figure 1.6 D-F).

One system makes use of the Pseudomonas aeruginosa endoribonuclease Csy4, another Cas

family endonuclease [159]. Multiple gRNAs are encoded upstream of a single promoter each

being flanked by Csy4 recognition sites (Figure 1.6 D). Upon co-expression of Csy4, the arrayed

transcript is cleaved and processed into distinct mature gRNAs [160–162]. While Csy4-based

gRNA processing is beneficial for expression of numerous gRNAs, the need to co-express Csy4

can be undesirable for some applications [162].

Processing of gRNAs from a single transcript can also be achieved by self-cleaving ribozymes,
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which are RNA molecules that exhibit nuclease activity to promote RNA splicing [163–165]. To

generate distinct mature gRNAs, an array of gRNAs is encoded upstream of a single promoter

and flanked by self-cleaving ribozyme sequences, such as hammerhead or hepatitis delta virus

(HDV) ribozyme sequences (Figure 1.6 E).

A third approach with polycistronic gRNA expression exploits the cell endogenous transferRNA

(tRNA) processing machinery [166]. Here, multiple gRNAs are separated by pre-tRNA genes

that are then recognized and cleaved by the endogenous ribonucleases (RNases) P and Z (Fig-

ure 1.6 F). Due to the high evolutionary conservation of the tRNA processing machinery, this

approach is functional in a wide range of organisms, including human cells [167–170]. The

possibility to express and process multiple gRNAs in an arrayed format can facilitate cloning

of the CRISPR expression vector, when the gRNA array can be integrated into the vector as

a single insert. However, repetitive sequences that often occur in long gRNA arrays challenge

their chemical synthesis [171].
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Figure 1.6: Strategies for multiplex gRNA expression in mammalian cells
Different methods have been developed for expressing and processing multiple gRNAs in mammalian
cells. A) A DNA-free method is based on transfection of multiple preformed ribonucleoprotein (RNP)
that consist of Cas9 proteins loaded with distinct gRNAs. B) Most commonly, two distinct gRNAs are
encoded under the control of individual promoters (P1, P2) and separately expressed. C) In contrast to
Cas9, Cas12 requires no tracrRNAs and can process an array of multiple short pre-crRNAs into mature
crRNAs. D-F) Similar to Cas12-crRNA arrays, there are engineered CRISPR-Cas9 systems that are based
on polycistronic expression of multiple gRNAs from a single transcript. D) Co-expression with a Csy4
endonuclease allows processing of gRNAs that are flanked by Csy4 recognition sites from a polycistronic
transcript into mature gRNAs. E) Arrayed gRNAs can be flanked by self-cleaving ribozyme sequences
to promote processing. F) Endogenous RNases P and Z can be exploited to mediate processing of
arrayed pre-gRNAs into mature gRNAs. Adapted from [146].
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The development of these CRISPR-Cas multiplex platforms has met the needs of a broad range

of different applications in biotechnological research, including genome, strain, and metabolic

engineering, multi-input bio-sensing, multi-event recording in living cells and CRISPR-based

genetic circuits [147]. Most importantly, just as for monogenic pooled CRISPR screens, the

CRISPR-Cas multiplex technology can be scaled-up to enable massive parallel screening for

GIs within a myriad of target genes to advance GI mapping in human cells.

1.3.2 Challenges in multiplex CRISPR screening

1.3.2.1 Multiplex CRISPR screening is limited by the required experimental scale

Analogous to monogenic pooled CRISPR-Cas screens, the multiplex CRISPR-Cas system can

be applied in mammalian cells in a pooled format to investigate the synergistic effects of pair-

wise gene depletion at a large scale (Figure 1.7 top panel). To this end, pooled multiplex

CRISPR libraries are generated that consist of hundreds of thousands of plasmids each en-

coding one specific gRNA pair to simultaneously edit two genes in a single cell. The pooled

multiplex CRISPR library is then applied to a cell population via retro- or lentiviral transduc-

tion. Subsequently, the transduced cells are screened with a desired assay and read-out. After

the assay, genomic DNA is extracted and processed for sequencing to identify positive and

negative GIs by computational data analysis.

First pooled multiplex CRISPR-Cas screens have been applied in mammalian cells to explore

GIs within defined subsets of genes, such as known epigenetic regulators [172], drug targets

[151], genes involved in metabolic [173] or cellular signaling pathways [174, 175], and genes

implicated in cancer [176, 177]. With at least 20,000 protein-coding genes in the human

genome, a genome-wide pairwise screen required testing of at least 400 million dual gene

combinations [51, 178, 179]. Thus, a complete genome-wide combinatorial CRISPR screen

remains a technically unattainable goal. However, a recent combinatorial screen comprising

more than 220,000 gene pairs representing diverse cellular processes and major intracellular

compartments [51] demonstrated that, similar to the findings from yeast studies, GIs in the

human genome are highly organized into networks with sub-modules of genes belonging to the

same processes, pathways and complexes [51]. This study proved the feasibility of large-scale

multiplex CRISPR screens on a global level in mammalian cells and highlighted the volume of

novel information that can be obtained from combinatorial studies.

Despite this recent progress in multiplex CRISPR screening, for the vast majority of researchers

multiplex CRISPR screens in human systems have been hampered by two main technical

limitations: First, the sheer diversity and required scale of the screens and the subsequent

sample processing and second, the inefficient and time-consuming methods to generate custom-

designed multiplex CRISPR libraries.
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Figure 1.7 illustrates the practical steps of a pooled CRISPR screen and the experimental scale

that is required for each step of a typical monogenic screen that targets one gene per cell (A),

and a multiplex CRISPR screen targeting a gene pair (B).
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Figure 1.7: Experimental scale of monogenic and multiplex pooled CRISPR screens
In order to obtain results from pooled monogenic (A) or multiplex (B) CRISPR screens with statistical
confidence, the CRISPR library diversity must be sufficiently covered in all steps of the screen to avoid
random loss of any gRNAs due to bottleneck effects. 1) The number of target genes and gRNAs per
target gene determine the library diversity. A monogenic CRISPR library with 100 target genes and 4
gRNAs per genes has a library diversity of 400 plasmids. Compared to a monogenic CRISPR screens,
the library diversity of a combinatorial library with the same number of target genes is squared. 2)
To maintain the library diversity during the screen, a screening coverage between 500- to 1000-fold
is recommended. For a monogenic CRISPR library with 100 target genes and 4 gRNAs per genes, a
screening coverage of 500-fold corresponds to 400x103 cells that need to be transduced at an MOI of
0.5, and 200x103 cells that need to be maintained during the screen. For a multiplex library, 160x106

cells are required for lentiviral transduction and 80x106 cells for maintenance during the screen to provide
a 500-fold library coverage. 3) To prepare sequencing samples after the screen, a sufficient amount
of genomic DNA must be isolated and processed by PCR to generate a coverage-based sequencing
library. The required amount of genomic DNA corresponds to the number of transduced cells with an
average DNA content of 6.6 pg per cell. 4) The sequencing depth indicates the library coverage during
sequencing. Typically, 1000 reads are obtained for each gRNA or gRNA combination of the library.

Library diversity

Both, monogenic and multiplex CRISPR screens require the generation of pooled CRISPR

libraries. The number of desired target genes determines the library diversity (also library com-
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plexity or size), which is the total number of distinct plasmids that harbor one specific gRNA

or one specific gRNA pair for multiplex libraries, respectively (Figure 1.7 (1)). Most commonly,

three to ten gRNAs are used to target a given gene, because the number of gRNAs per target

gene has a substantial impact on the statistical robustness of results [102, 127, 180, 181]. For

a hypothetical single gene-targeting CRISPR library designed to target 100 genes with four

gRNAs per target gene, the library diversity is 400 (Figure 1.7 A). A multiplex CRISPR library

with the same number of target genes, that is designed to target all possible combinations

of these genes, has a library diversity of 160x103 plasmids (Figure 1.7 B). Since the library

diversity determines the scale of all subsequent experimental steps, it must be carefully con-

sidered before designing a library and planning an experiment.

Library coverage

Hit-calling of pooled CRISPR screens is based on detecting changes in gRNA abundance in

the course of the screen that are due to phenotypic changes caused by CRISPR gene editing

induced mutations. Therefore, it is crucial that the CRISPR library diversity is sufficiently

represented during all steps of the screen. In other words, each gRNA, or gRNA combination,

of the library must be covered by a sufficient number of cells. The average abundance of

each gRNA, or gRNA combination, during the screen, is indicated as the library coverage. An

insufficient library coverage during any practical step of the screen can result in random loss

of gRNAs independent of the applied phenotypic selection thereby leading to skewed results.

Particularly underrepresented gRNAs with low abundance can lead to false positive hits, due to

depletion by a sudden bottleneck effect [76, 114]. While ensuring sufficient coverage is critical

for reproducible and data quality, it also significantly affects the required experimental size

(Figure 1.7 (2)): For maintaining the library diversity during lentiviral transduction of the CR-

ISPR library into target cells and during cell passaging, a library coverage of 500 to 1000-fold

of the total library diversity is recommended [76, 114]. Consequently, a monogenic CRISPR

screen with 100 target genes starts with an initial population of 400x103 cells to provide a

500-fold coverage. The number of required cells drastically increases for multiplex CRISPR

screens. Here, for a 500-fold coverage and the same number of target genes in combination,

160x106 cells need to be transduced at an MOI of 0.5 and still 80x106 cells must be maintained

during the course of the screen (Figure 1.7 (2)). For adherent cell lines, such as hTERT RPE-1

cells, 160x106 cells corresponds to about 650 cell culture flasks with 250x103 cells per flask.

Considering this large amount of cell culture work for only one screen, excluding replicates and

controls, it becomes evident that library diversity and coverage can set practical limitations in

terms of cell culture handling capacity and resources, such as lab equipment, incubator space

and growth media. Moreover, some model systems, such as primary cell lines or organoids,

cannot be expanded to such high numbers.

Further, the library diversity must be maintained during all sample processing steps subsequent

to the screen. This includes extraction of genomic DNA of a representative cell population

and amplification of the integrated gRNA sequences by PCR to provide the adaptor sequences

18



1. Introduction

that are required for sequencing. This might require to perform hundreds of PCR reactions.

For example, processing of 528 µg genomic DNA requires 132 PCR reactions each with 4 µg

DNA and subsequent purification of correct PCR products (Figure1.7 (3)).

The so-called sequencing depth indicates the number of average sequencing reads per gRNA,

or gRNA combination, respectively. Typically, a 1000-fold sequencing depth is sought, which

corresponds to 1000 reads for each gRNA or gRNA combination of the library. Sequencing of

multiplex libraries must secure that the information of two combined gRNAs remains linked.

Therefore, it requires either one long sequencing read over both gRNAs or a paired-end se-

quencing strategy. Both approaches are more expensive compared to sequencing single-gRNA

libraries. When screening multiplex libraries of high diversity, sequencing of the plasmid library,

replicate samples and controls can become expensive [76, 114] (Figure 1.7 (4)).

Conclusively, pooled screens, in particular multiplex CRISPR screens, require balancing a reas-

onable high library coverage in all experimental steps to obtain reproducible results with stat-

istical confidence but also to keep the experimental scale executable and resource efficient.

Published guidelines for planning CRISPR screens provide recommendations for library cov-

erages that range from a 200- to 1000-fold. These recommendations are provided based on

common practice and lack precise specification based on supporting experimental data [76,

114]. However, the question, whether a screen needs to be performed with a 200- or 1000-fold

coverage will decide about the feasibility.

Only recently two studies addressed this problem and provide computational analyses and

tools for predicting the minimally required coverage when planning a screen [182, 183]. Most

importantly, the work by Imkeller et al., (2020) identifies the library distribution as "the limiting

parameter that dictates the minimal size of a screening experiment" [182]. However, this has

not yet been experimentally tested, and it remains to be analyzed to what degree the library

distribution influences the experimental scale and hit-calling confidence.

Library distribution

In an ideal pooled CRISPR library, each plasmid encoding one specific gRNA, or one gRNA

combination, is equally abundant. In reality however, CRISPR libraries exhibit a variance of

plasmid abundance with low abundant gRNAs that are underrepresented compared to the

mean gRNA sequence abundance, and highly abundant gRNAs, compared to the mean gRNA

sequence abundance. A measure to specify the uniformity of the library distribution is the

distribution skew, the ratio between 90th and 10th percentiles of highest and lowest abundant

gRNAs [182], which is elsewhere referred to as ’skew ratio’ or ’distribution width’ [182, 184].

In the above mentioned study, Imkeller et al. simulate the impact of the library distribution on

the robustness of screen results, such as the reproducibility between replicates (Figure 1.8 ).
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Figure 1.8: Wider library distribution width affects reproducibility.
A) Log2 count distribution of three different simulated gRNA libraries with decreasing distribution width
of gRNA abundance distribution (skew ratios: lib.A 66.5; lib.B 17.8; lib.C 4.8). B) Reproducibility of
log2-fold change (LFC) between two replicates (R1, R2). Simulations performed with all three libraries
showed that higher library width leads to decreased reproducibility between replicates while the frequency
of gRNAs with LFC <-1 increased. gRNAs without fitness effects are highlighted in gray, gRNAs with
fitness effects in blue. From Imkeller et al., (2020) [182].

Based on their findings they provide indications for choosing an optimal screening coverage

according to the library distribution width of the CRISPR plasmid library and emphasize that

their computational analysis suggests that using CRISPR plasmid libraries with uniform library

distributions allows to strongly increasing the reproducibility of a screen [182]. Additionally, by

analyzing five data sets from published CRISPR libraries, they identify specific sequence prop-

erties of highly under- and over-represented gRNAs, such as poly-G-stretches or T-enriched

sequences [182]. They hypothesize that the distribution bias they observed for published CR-

ISPR libraries is a result of sequence specific effects during CRISPR library generation [182].

1.3.2.2 Current methods for multiplex CRISPR library generation

These recent findings highlight the strong impact of library distribution on the required experi-

mental scale of a CRISPR screen and draw attention to the need for innovative library genera-

tion methods that result in uniformly distributed CRISPR libraries. However, current methods

for library generation, especially for multiplex CRISPR libraries, are time- and effort-consuming,

because they rely on sequential cloning steps that are likely to introduce a distribution bias at

several steps of the protocol [147, 185]. There are two main strategies for generating multiplex

CRISPR libraries for expression in mammalian (Figure 1.9).

The first approach is based on assembly of single gRNA units to an combined array in a final

expression vector (Figure 1.9 A) The distinct single gRNA units can be constructed by an-

nealing of single-stranded DNA (ssDNA) oligonucleotides that encode one specific gRNA and

are provided with complementary overhangs to a specific cloning site in the expression vector.

The annealed single gRNA units can then be ligated into the predigested vector.
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Figure 1.9: Methods for multiplex CRISPR library generation
A) Multiplex CRISPR libraries can be generated by assembly of distinct single gRNA units to a combined
array in the final expression vector. Single gRNA units can be generated by annealing complementary
ssDNA oligonucleotides that encode gRNAs and are provided with overhangs for restriction enzyme-
based cloning into the destination vector. Alternatively, single gRNA units can be PCR-amplified
from pre-constructed single gRNA libraries or by extension reactions with additional PCR amplification
and subsequent assembly into the target vector by Golden Gate, Gibson or Gateway assembly. B)
Alternatively, complete arrays encoding multiple gRNAs can be chemically synthesized and subsequently
cloned into an expression vector.

Several plasmid-based multiplex CRISPR tool kits are available that provide expression vectors

with multiple gRNA expression cassettes that harbor pre-designed Type IIS restriction enzyme

recognition sites to allow cloning and expression of multiple gRNAs from individual promoters

[116, 151, 172]. However, these systems require at least two iterative steps of pooled digestions

and ligations with each step providing an additional source of error and bottleneck effects that

can lead to random loss of gRNAs [151, 172, 186, 187]. Other methods employ Golden Gate

assembly [175, 188], Gibson Assembly [176], or Gateway cloning [189] to enable integration

of multiple single gRNA units into an expression vector in a single reaction. However, these

methods require amplification of single gRNA units from pre-constructed single gRNA libraries

by PCR [151, 188], or extension and additional PCR amplification of oligonucleotide pools
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to provide them with flanking sequences, specifying the order of each single gRNA unit and

allowing their assembly [175, 176]. PCR amplification is another possible source of bias that

could explain the observed variance in sequence abundance of published libraries [182].

An alternative approach is based on direct chemical synthesis of a complete array of multiple

gRNAs that can then be ligated into a pre-digested expression vector in a single cloning step.

This has been used to generate gRNA arrays for Cas9 and Cas12 systems [155, 190] (Figure 1.9

B). While synthesis of long DNA sequences was difficult and expensive in the past, synthesis

technologies are rapidly developing. However, these arrays exhibit highly repetitive sequences

and, with increasing length, pose an increased source of error that can introduce a sequence

distribution bias already in the oligonucleotide pool [191].

We recently published a method for generating highly diverse single gene targeting CRISPR

libraries termed covalently-closed-circular-synthesized (3Cs) technology [112]. The 3Cs method

is based on Kunkel mutagenesis and relies on annealing of ssDNA oligonucleotides, encoding

diverse gRNAs, to a ssDNA expression vector. It circumvents PCR amplification of gRNA

encoding oligonucleotides and their subsequent ligation. Therefore, we hypothesized that the

adaption of our library generation method for multiplex CRISPR libraries will allow increasing

quality of multiplex libraries to addressing current limitations in multiplex CRISPR screening.
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1.4 Genetic interactions in autophagy

1.4.1 Molecular mechanisms of mammalian autophagy

Autophagy is a catabolic process that is highly conserved among species and plays a key role

in intracellular homeostasis. Triggered by stimuli of various stress conditions, such as energy,

nutrient or oxygen deprivation and cytotoxic stress, autophagy induction can promote cell sur-

vival and protection from cellular damage. This cytoprotective mechanism is tightly regulated

to ensure the most beneficial response and adaption of cellular function to unstable external

conditions. Deregulation of autophagy is associated with various human disorders, including

neurodegeneration, immune disease and cancer [192]. Moreover, modulation of autophagy has

recently emerged as potent strategy for therapeutic targeting [193].

The research on autophagy started with the discovery of lysosomes in 1963 by Christian de

Duve, who first coined the term ’autophagy’. It derives from the ancient Greek expression for

"self-eating" and describes the lysosomal digestion of heterogenic cellular components [194].

In 2016, Yoshinori Ohsumi was awarded the Nobel Prize in Physiology or Medicine for his con-

tribution to elucidating the mechanisms of autophagy and the discovery of autophagy-related

genes [195]. Since then, the extensive research on autophagy has uncovered its important role

in human physiology and pathology [192, 196].

In mammalian cells, three different types of autophagy are differentiated based on morpho-

logical and mechanistic characteristics: macroautophagy, microautophagy, and chaperone-

mediated autophagy (CMA) [197]. In microautophagy, intracellular material is directly en-

gulfed and degraded by lysosomes [198]. CMA is based on identification of cargo proteins by

chaperones [199]. Macroautophagy is the main and best studied type of autophagy, especially

in the context of disease [192, 196, 200].

The hallmark of macroautophagy, hereafter autophagy, is the formation of a double membrane

structure called the phagophore, which engulfs intracellular cargo into a vesicle termed an

autophagosome and ultimately mediates the degradation of the captured components, thereby

enabling their recycling. This process comprises multiple steps [192] (Figure 1.10):

Autophagy initiation (also induction) is triggered by various stress conditions, including invad-

ing bacteria, hypoxia, oxidative stress or nutrient deprivation, which lead to the recruitment

of autophagy-related (ATG) proteins to specific subdomains on the endoplasmic reticulum

(ER) to initiate autophagosome biogenesis. The initiation step includes the activation and

recruitment of two major protein complexes, the ULK1 complex and the PIK3C3 complex I.

Their recruitment is accompanied by the formation of specific membrane domains called omeg-

asomes, and followed by the nucleation of an isolation membrane named phagophore. The

phagophore gradually expands to a cup shape and engulfs cytosolic material (cargo sequestra-

tion). Eventually, the phagophore seals and forms the double-membrane autophagosome that

contains the cytosolic cargo. The autophagosome is subsequently targeted to the lysosome.
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Fusion of the matured autophagosome and the lysosome results in the formation of an auto-

lysosome that is characterized by a hydrolytic milieu that finally promotes cargo degradation

[192, 200, 201].

The molecular mechanisms underlying autophagosome biogenesis and its regulation are com-

plex and characterized by a high degree of context-dependency and cross-talk with other cellular

pathways. Extensive research over the past decades has led to identification of many auto-

phagic key players and regulatory factors. However, for many of them, the molecular function

remains unclear.

1.4.1.1 Initiation of autophagosome biogenesis

In mammalian cells, basal autophagy is constitutively active at low levels, reflecting its im-

portant housekeeping role to ensure cellular homeostasis. Moreover, autophagy upregulation is

induced upon various stress conditions, such as hypoxia, oxidative stress, invading bacteria and

growth factor or nutrient deprivation [202]. Particularly, low levels of amino acids or glucose,

are well-studied stimuli of autophagy induction [203, 204].

Amino acid deprivation results in autophagy induction via inactivation of the mechanistic tar-

get of rapamycin complex 1 (mTORC1). mTORC1 is a multimeric protein complex and a

master regulator of catabolic and anabolic pathways. Its activation promotes synthesis of lip-

ids, proteins and nucleotides, thus enabling cell growth under nutrient-rich conditions. In its

active form, mTORC1 also inhibits autophagy by binding and phosphorylating specific sites of

ULK1 and ATG13, two components of the ULK1 complex required for the initiation of auto-

phagosome biogenesis [205]. Amino acid starvation results in the inactivation of mTORC1

leading to subsequent dephosphorylation and release of ULK1 from mTORC1. Upon auto-

phosphorylation, ULK1 is able to phosphorylate ATG13 and FIP200 (200-kDa focal adhesion

kinase family-interacting protein), enabling the activation of the ULK1 complex and mediating

mTORC1-sensed nutrient stress to the autophagic machinery [206, 207].

A decline in cellular energy levels, such as glucose starvation-induced autophagy, is perceived by

the kinases 5’AMP-activated protein kinase (AMPK) and serine/threonine kinase 11 (STK11),

also known as liver kinase B1 (LKB1). AMPK promotes autophagy upon depletion of ATP by

inhibition of mTORC1 through phosphorylation of the regulatory-associated protein of mTOR

(RPTOR) and by activation of the tuberous sclerosis 2 (TSC2) complex. The TSC2 complex

is further regulated by interaction with WIPI3 (WD repeat domain phosphoinositide inter-

acting 3) and FIP200, two proteins involved in autophagosome formation, thus linking the

LKB1-AMPK-TSC2 axis to mTORC1 regulation and autophagosome biogenesis and allowing

coordination between autophagy induction and autophagosome formation [202].

The activation of the ULK1 complex marks the initiation of autophagosome biogenesis. The

activated ULK1 complex then phosphorylates and activates a second major complex of auto-

phagy initiation, the PIK3C3 complex 1 that consists of vacuolar protein sorting 34, also known

as PIK3C3 (VSP34), Beclin 1, ATG14 and the general vesicular transport factor p115 (p115).
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Both complexes translocate to specialized subdomains of the ER, the phagophore assembly

sites (PASs) where VSP34 mediates the conversion of phosphatidylethanolamine (PE) to PI3P

[202, 208] that leads to recruitment of PI3P effector proteins.
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Figure 1.10: Overview of the mammalian autophagy pathway
Cellular stress signals initiate autophagy by activating the ULK1 complex, consisting of ULK1, ATG13,
200-kDa focal adhesion kinase family-interacting protein (FIP200) and ATG101. The ULK1 complex
mediates activation of the PIK3C3 complex I, which consists of VSP34, Beclin 1 (BECN1), auto-
phagy and beclin 1 regulator 1 (AMBRA1), p115 and ATG14. VSP34 promotes PI3P production at
a specific ER domain termed omegasome, where an isolation membrane is nucleated that expands
to a cup-shaped phagophore. PI3P recruits WD repeat domain phosphoinositide interacting (WIPI)
proteins. ATG2 possess membrane tethering and lipid transfer activities and binds to WIPI4. WIPI2
directly binds ATG16L1, thus recruiting the ATG12~ATG5 conjugate required for lipidation of ATG8
family proteins, that comprise the light chain 3 (LC3) proteins and gamma-aminobutyric acid receptor-
associated proteins (GABARAPs). ATG8 lipidation is ATG3-mediated. LC3s and GABARAPs are
conjugated to membrane-bound PE at the inner and outer phagophore membrane. ATG8s are involved
in subsequent phagophore expansion, sealing, maturation and in selective sequestration of cargo, such
as damaged mitochondria via LC3-interacting region (LIR) containing receptors or protein aggregates
with ubiquitin (Ub) dependent receptors. Possible membrane sources for autophagosome biogenesis
include mitochondria, coat protein complex II (COPII), Golgi, plasma membrane and recycling endo-
somes. Maturation of the sealed autophagosome includes clearance of ATG proteins and recruitment of
the fusion machinery, including soluble N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) complexes and several tether proteins. Fusion with the lysosome leads to degradation of the
cargo by acidic hydrolases and release of reusable components into the cytoplasm. Modified from [192].

In mammalian cells, autophagosomes can be formed de novo upon increased demand at mul-

tiple different PASs. The PAS occurrence was reported to coincide with ER–mitochondria
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contact sites [209], with autophagy specific ER exit sites [210] and closely associated with

PI3P-enriched subdomains of the ER, referred to as omegasomes (due to their omega-like

shape), which harbor additional pre-autophagic markers, such as the PI3P-binding protein

double FYVE-containing protein 1 (DFCP1) [211]. The omegasome serves as a platform for

the recruitment of downstream ATG proteins [212]. This includes the only integral trans-

membrane protein ATG9, which is embedded in 30-60 nm membrane vesicles. A recent study

identified the BAR-domain containing protein ADP ribosylation factor interacting protein 2

(ARFIP2) and two phosphatidylinositol 4-Kinases (PI4Ks), also PI4KIIIβ (PI4KB) and also

PI4KIIα (PI4K2A), as parts of ATG9 vesicles [213]. Moreover, recent experiments in yeast

revealed that the PAS is a liquid-like condensate of Atg proteins and that the Atg1 complex

activation induces a liquid droplet formation of the early PAS [214].

1.4.1.2 Phagophore nucleation, expansion and sealing

The coordinated actions of the ULK1 complex, ATG9 vesicles, the PI3P production by the

PIK3C3 complex I, and several ER localized proteins (VAPA/B, VMP1, TMEM41B, E-STY

and PIS, reviewed in [215]) result in the nucleation of an isolation membrane, referred to as

phagophore.

Starvation can induce the formation of a multitude of autophagosomes that require an efficient

supply of lipids and membranes. Possible sources have been debated and extensively investig-

ated for over five decades [216, 217]. Although the autophagosomal membrane nucleates from

the ER, many additional endomembrane sources, including the ER Golgi intermediate compart-

ment (ERGIC) [218], Golgi [219], mitochondria [220], endosomes [221], the plasma membrane

[222] and recently COPII vesicles [223] were suggested as possible membrane donors, but mo-

lecular mechanisms remain elusive [201]. Opposed to an early hypothesis, ATG9 vesicles do

not appear to be incorporated into autophagosomal membranes in mammalian cells but may

supply lipids [201, 224]. Recently, de novo phosphatidylcholine synthesis was shown to be

required for autophagosomal membrane formation and maintenance during autophagy [225].

Phagophore nucleation further involves recruitment of four PI3P-binding WIPI proteins.

Phagophore expansion includes the characteristic post-translational modification of Ub-like

ATG8 proteins, comprising the LC3 and GABARAP subfamilies [226]. Pro-ATG8s occur in

the cytosol in an unlipidated form before they are processed by the protease ATG4 and are

lipidated into the membrane-bound, PE-conjugated form at the phagophore outer and inner

membranes [226]. Conjugation requires activation of processed ATG8s by the E1-like enzyme

ATG7, followed by their conjugation to membrane bound PE mediated by the E2-like ATG3

[209]. ATG3 itself requires activation by the E3-like ATG12~ATG5 conjugate. Ub-like ATG12

is also activated by ATG7 and subsequently conjugated to ATG5 by the E2-like ATG10 [209].

The ATG12~ATG5 conjugate functions in a complex with ATG16L [227, 228], which directly

binds the WD repeat domain phosphoinositide interacting protein 2 (WIPI2) at the PAS [229].
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The essentiality of ATG8 proteins for autophagosome formation has recently been debated

due to evidence that cells can (eventually) form autolysosomes even in the absence of ATG8s

[230] or the conjugation systems [231]. However, it has been shown that the loss of the ATG8

conjugation system significantly reduces efficiency of the overall autophagic flux [232].

Besides their role in so-called ’bulk autophagy’, which degrades cargo in a non-selective man-

ner, ATG8s are also implicated in selective autophagy [233]. Selective autophagy occurs in

cells even during nutrient-rich and contributes to intracellular homeostasis by degrading spe-

cific cargo, such as aggregated proteins (aggrephagy), damaged mitochondria (mitophagy),

invading pathogens (xenophagy) and many more [234] and relies on mechanisms for recog-

nizing specific cargo while excluding non-cargo material. This selectivity is conferred by cargo

receptor proteins [234] that tether a cargo to a nascent autophagosomal membrane by sim-

ultaneously binding the cargo and ATG8-family proteins on the membrane. Many receptor

proteins recognize poly-Ub chains that are attached to the surface of the cargo and function

as degradation labels for selective autophagy, bridging the polyubiquitinated cargo with the

autophagy machinery [235–237].

Moreover, in mammalian cells, the ATG8 family proteins might also be involved in phagophore

closure, as their depletion leads to accumulation of open autophagosomes [231]. Notably, a

conserved ATG2-GABARAP family interaction was recently shown to be critical for phagophore

closure [238]. The process of phagophore sealing to form a closed autophagosome appears to

be achieved by scission of the inner and outer membrane at the phagophore edges [239], and

involves the endosomal sorting complex required for transport (ESCRT) [240–242].

1.4.1.3 Autophagosome maturation and fusion with lysosome

Autophagosome maturation involves gradual clearance of ATG proteins, including conjug-

ated ATG8s from the autophagosome outer membrane [243]. ATG4, a protein involved in

ATG8 conjugation, is also required for deconjugation of ATG8s [244]. Formation of the de-

gradative autolysosome requires the recruitment of components mediating the fusion to the

lysosome, including RAS-associated binding GTPases (RABs), tethering factors and SNAREs

[243]. SNAREs can be divided into autophagosome-localized vesicle SNAREs (v-SNAREs), in-

cluding syntaxin 17 (STX17) and synaptosome associated protein 29 (SNAP29), and lysosome-

localized target membrane SNAREs (t-SNAREs), including the vesicle associated membrane

proteins 7 and 8 (VAMP7/8) [245]. Moreover, RAB7 [246], RAB33B [247], and RAB2A [248]

have been shown to regulate autophagosome-lysosome fusion, and tethering factors support

and stabilize the assembly of the trans-SNARE complex that is formed by SNAREs on oppos-

ing vesicle membranes. The tethering factors are recruited by binding to RAB proteins, and

they include the pleckstrin homology domain-containing family M member 1 (PLEKHM1),

the homotypic fusion and protein sorting (HOPS) complex, the ectopic P granules protein 5

homolog (EPG5), ATG14, and the Golgi reassembly-stacking protein of 55 kDa (GRASP55)

[243].
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Additionally, RAB7 and the ADP ribosylation factor related protein 1 (ARFRP1) mediate bind-

ing of cytoskeleton-associated motor protein adaptors, such as FYCO1 (FYVE and coiled-coil

domain containing 1), ORP1L (oxysterol-binding protein-related protein 1L), PLEKHM1/2,

and the BLOC-1 related (BORC) protein, which are required for the movement of autophago-

somes and lysosomes towards each other along the microtubules [243].

Several yeast ATG genes have multiple paralogous genes (or short paralogs) in mammalian

cells (Table 1.1) [200]. Paralogs result from gene duplication, which is a major source for

the emergence of new genes [249]. Paralogs can share a functional overlap, exhibit unique

functions or both, and paralog dependencies are thought to contribute to genetic robustness

of human cells [250] as well as to context-dependent differential essentiality of genes [251].

Specific functions and compensatory roles have been reported for several human ATG para-

logs. For example, recent evidence indicates differential functions of GABARAPs and LC3s in

bulk and selective autophagy, such as different binding specificities to selective substrates [232].

Function S. cerevisiae Mammalian paralogs

ULK1 complex Atg1 ULK1 ULK2 ULK3 ULK4
PI3P-binding Atg18 WIPI1 WIPI2 WIPI3 (WDR45B) WIPI4 (WDR45)
ATG9 vesicles Atg9 ATG9A ATG9B
LC3 conjugation Atg8 MAP1LC3A MAP1LC3B MAP1LC3B2 MAP1LC3C

GABARAP GABARAPL1 GABARAPL2
Atg4 ATG4A ATG4B ATG4C ATG4D
Atg16 ATG16L1 ATG16L2

Others Atg2 ATG2A ATG2B

Table 1.1 Yeast autophagy-related genes and their homologous mammalian paralogs.
Adapted and modified from Kawabata & Yoshimori, (2020) [200].

The yeast Atg18 gene has 4 mammalian paralogs that encode the WIPI family members for

which several specific functions have been reported. While the function of WIPI1 is unknown,

it is a frequent marker of phagophore formation and recruited before WIPI2 [252]. WIPI2 acts

as a scaffold for ATG16L1 at the isolation membrane [229], whereas WIPI3 directly interacts

with FIP200 and TSC2 [253], and WIPI4 binds the lipid transfer proteins ATG2A [254] and

its paralog ATG2B [255], thus promoting autophagosome elongation [256].

However, many human ATG paralogs lack precise characterization of their specific or com-

pensatory functions in different cellular contexts, and the biological significance of this genetic

plurality in higher eukaryotes is largely unknown.

Moreover, it was recently shown that in whole-genome CRISPR screens in human cancer cell

lines, paralog genes are less frequently identified as essential genes [251]. A recent study

used a multiplex CRISPR approach to identify functional buffering of paralog gene pairs that

were undetected in previous monogenic CRISPR knockout screens [257]. Therefore, a multi-

plex CRISPR screening approach targeting autophagy-associated paralogs might uncover new
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specifications, compensatory mechanisms or synergistic essentiality of paralogs involved in

autophagy.

1.4.2 Autophagy in human disease

Extensive research over the past decades has led to significant progress in understanding the

molecular mechanisms of autophagy and its cytoprotective and homeostatic cellular role. Be-

sides that, dysregulation of autophagy has been linked to various human diseases, including

immune and neurodegenerative disease and cancer (Suppl. Table S1) [196].

The role of autophagy in cancer

Autophagy has an ambiguous role in cancer development and progression and is highly context-

dependent. It can exhibit opposite functions depending on several factors, such as the tumor

progression state, the tumor microenvironment and the genetic context [258–260].

On one hand, the cytoprotective effect of autophagy can promote a tumor-suppression before

the onset of malignant transformation and tumorigenesis [261–264]. Conversely, it was also

shown that autophagy can promote the survival of cancer cells under stress conditions, includ-

ing therapy-induced stress, and various cancer types show high autophagic activity [265]. For

example, cancers associated with mutant rat sarcoma (RAS) genes [266, 267] or pancreatic

cancer [265, 268] have been linked to a high autophagy dependency. Additionally, upregu-

lation of autophagy was shown to be a frequent side effect of cancer therapy, and therefore

autophagy inhibitors were suggested to increase therapy efficiency by reducing the tumor cells

autophagy-dependent adaptive response mechanisms [269–271]. In contrast, autophagy ac-

tivation has also been shown to increase therapy efficiency [272]. Moreover, there is also

evidence of autophagy being involved in shaping tumor environment by unconventional secre-

tion of cargo, and in endosomal and exosomal pathways, thereby affecting cancer metastasis

and immune responses [273]. Additional cross-talk is observed between autophagy and the

epithelial-mesenchymal transition (EMT) [274]. While autophagy induction was shown to im-

pair EMT [275, 276], which is a critical contributor to metastasis, other studies also show

that treatment-induced cyto-protective autophagy could promote melanoma cell EMT [277]

and that BECN1 knockdown impairs EMT of colon cancer cells [278]. Notably, autophagy

activation was also associated with promoting anoikis resistance and metastasis in some tumor

models [279, 280].

Taken together, these findings highlight the complex role of autophagy in cancer. While

the pharmacological inhibition and activation of autophagy are currently in clinical testing, it

still requires more precise knowledge of the molecular mechanisms regulating the outcome of

autophagy-dependent therapies and a clear definition of distinction criteria for cancer types

that are vulnerable to autophagy inhibition or activation, respectively [259, 265]. It was also

shown that the role of autophagy in cancer is highly dependent on the patients’ genetic back-

ground. For example, the genetic status of TP53 (tumor protein p53) [281] and SMAD4
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(mothers against decapentaplegic homolog 4) [282] were shown to determine the role of auto-

phagy in pancreatic tumor development, thus highlighting the impact of genetic interactions

on cancer therapies.

Autophagy in neurodegenerative disease

Abnormal aggregation and accumulation of misfolded proteins in neuronal cells induces their

dysfunction or death and poses a hallmark of several neurodegenerative diseases, including

Alzheimer disease, amyotrophic lateral sclerosis (ALS), beta propeller associated neurodegen-

eration (BPAN), Parkinson’s disease, Vici syndrome and many others [196, 283]. As autophagy

provides protection against neurodegeneration by removing detrimental or aggregated proteins

and damaged mitochondria, numerous neurodegenerative disease are directly linked to muta-

tions of autophagic and lysosomal genes [196, 284] (Suppl. Table S1) [196].

Recessive mutations in EPG5, a tethering factor involved in autophagosome and lysosome

fusion, cause a multi-system disorder, termed Vici syndrome [285, 286], and mutations in the

PI3P effector WD repeat domain 45 (WDR45) (WIPI4) were shown to cause BPAN [287, 288].

Furthermore, emerging evidence highlights the role of selective autophagy in neurodegenerative

disease. Indeed, mutations in genes encoding autophagy receptors required for selective auto-

phagy, such as sequestosome-1, also known as p62 (SQSTM1) and optineurin (OPTN), are

linked to familial and early onset of Parkinson’s disease, fronto-temporal dementia, and ALS

[289, 290]. SQSTM1 binds Ub and is a key player in sequestration and degradation of protein

aggregates by autophagosomes [291]. Dysfunctional mitophagy is also suggested as a cause

of neurodegenerative disease, because mutations in the PTEN induced kinase 1 (PINK1) and

the Parkinson disease protein 2 (PRKN) gene, two important mitophagy regulators, are asso-

ciated with recessive and sporadic early-onset Parkinson’s disease [292]. Moreover, mutations

in the gene encoding TANK binding kinase 1 (TBK1), which is required for phosphorylation of

the autophagy receptors OPTN and SQSTM1 to promote sequestration of polyubiquitinated

mitochondria in mitophagy [293, 294], were also shown to cause fronto-temporal dementia

and ALS [295].

Pharmacological studies in mice indicate that autophagy activation has beneficial therapeutic

effects in the context of neurodegenerative disease and holds significant potential for pharma-

cological intervention [284].

Autophagy in infection, immunity and inflammation

Autophagy can also degrade intracellular pathogens by xenophagy ("foreign-eating"), which is

a selective type of autophagy [296]. Invading pathogens are first labelled by various types of Ub

chains and galectin. These are recognized by selective autophagy receptors, such as SQSTM1,

neighbor of BRCA1 gene 1 protein (NBR1), nuclear domain 10 protein 52, also known as

CALCOCO2 (NDP52), OPTN and others, and subsequently sequestered by the phagophore

and delivered for autolysosomal degradation. In line with this, xenophagy was shown to be

involved in elimination of Mycobacteria, Listeria, Salmonella, Legionella, Shigella and others
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[192, 296, 297].

Other intersections of autophagy with immune functions comprise inflammasome regulation

[298], antigen presentation [299, 300], and immune cell development, differentiation and ac-

tivation [301, 302].

Lastly, genome-wide association studies uncovered mutations in autophagy-associated genes

that are linked to chronic inflammatory disease and autoimmune disorders [303, 304]. One

example is the increased susceptibility to the inflammatory bowel disease Crohn’s disease (CD),

which is associated with multiple SNPs in ATG16L1 and immunity-related GTPase family M

protein (IRGM) [304, 305]. Moreover, SNPs in ATG5 and ATG7 are linked to systemic lupus

erythematosus (SLE), an autoimmune disease-causing abnormal inflammation and tissue dam-

age [306].

Taken together, these numerous genetic links connect autophagy to a broad range of differ-

ent human diseases. Many mammalian ATG genes are functionally diversified and intricately

implicated in multiple fundamental cellular processes and signalling pathways. Since thera-

peutic modulation of autophagy is complex and might indirectly affect intersecting pathways,

it requires profound understanding of dependencies between ATG genes and their context spe-

cific genetic backgrounds. Improving technologies for GI screening could help to uncover yet

unknown genetic dependencies within the autophagy pathway and between autophagy and

other cellular processes. This can provide new insights for delineating the role of autophagy in

diseases and provide valuable information for the development of therapeutic approaches.
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Aim of the work

The systematic mapping of GIs can advance our understanding of higher-level principles of

cellular organization and help to reveal how synergistic gene functions result in complex bio-

logical phenotypes and disease. However, identification of GIs in higher organisms, especially

humans, is difficult because of the high number of genes in the human genome. Moreover,

GIs are context-dependent and can differ among cell lines, tissues and conditions. Therefore,

establishing a comprehensive functional genetic landscape of a human cell, in the same way

as it has been done for yeast, requires efficient and scalable genetic perturbation platforms

that will facilitate screening for genetic interactions for large numbers of target genes. In line

with this, multiplex CRISPR gRNA libraries have emerged as a powerful tool for combinatorial

genetic screening by simultaneously introducing diverse dual-knockouts in a myriad of cells.

However, the required experimental scale for GI screens can limit the number of target gene

combinations that can be investigated in a single screen. To address this limitation and fa-

cilitate GI screening with highly diverse multiplex CRISPR gRNA libraries, in this work, we

focused on three main goals:

1. Establish the 3Cs multiplexing technology to enable the generation of combinatorial

gRNA libraries with uniform library distributions and demonstrate their functionality for

combinatorial gene knockouts in human cells.

2. Investigate the impact of the multiplex gRNA library distribution on the screening per-

formance in relation to distinct screening coverages and determine minimized screening

conditions for 3Cs multiplex gRNA libraries based on their library distribution.

3. Demonstrate the applicability of 3Cs multiplex gRNA libraries for two different pooled

screening approaches by identifying autophagy gene interactions in cell proliferation and

autophagy flux in two coverage-minimized screens.
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3.1 Materials

3.1.1 Chemicals, enzymes and consumables

The methods used in this work were performed according to standard protocols or the corres-

ponding manufacturers’ specifications. All experiments were performed with deionized water

and all standard chemical reagents that are not listed in Table 3.1 were provided by the com-

panies Merck KGaA (Darmstadt) or Carl Roth (Karlsruhe). Mammalian cell culture media and

supplements were obtained from Thermo Fischer Scientific/Life Technologies (Darmstadt). All

consumables were obtained from Greiner (Solingen), BD Biosciences (Heidelberg) or Corning

(Kaiserslautern). Synthesized oligonucleotides were obtained from Integrated DNA Technolo-

gies (Interleuvenlaan), or Merck KGaA (Darmstadt). Oligonucleotide sequences used for 3Cs

reactions, cloning, and sequencing library preparation are provided in (Supp. Table S2)

Table 3.1 List of chemicals, enzymes, and commercial kits

Chemicals, enzymes, and commercial kits Source

2xYT microbial growth medium (powder) Carl Roth, Karlsruhe

Adenosine triphosphate (ATP) New England Biolabs, Frankfurt

Agarose Carl Roth, Karlsruhe

AleI endonuclease New England Biolabs, Frankfurt

Ampicillin Carl Roth, Karlsruhe

BafilomycinA1 (BafA1) Cayman Chemical, Ann Arbor

BbsI endonuclease New England Biolabs, Frankfurt

Blasticidin Carl Roth, Karlsruhe

BsiWI-HF® endonuclease New England Biolabs, Frankfurt

BsmBI endonuclease New England Biolabs, Frankfurt

Chloramphenicol Carl Roth, Karlsruhe

Deoxynucleoside triphosphate (dNTP) mix Carl Roth, Karlsruhe

Dimethyl sulphoxide (DMSO) Carl Roth, Karlsruhe

Dithiothreitol (DTT) Life Technologies, Darmstadt

Dulbecco’s Modified Eagle Medium (DMEM) Life Technologies, Darmstadt

Dulbecco’s Modified Eagle Medium (DMEM) F12 Life Technologies, Darmstadt
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Table 3.1 List of chemicals, enzymes, and commercial kits

Chemicals, enzymes, and commercial kits Source

E.Z.N.A. M13 DNA extraction kit Omega Bio-Tek, Norcross

Ethylendiaminetetraacetic acid (EDTA) Merck KGaA, Darmstadt

Fetal bovine serum (FBS) Life Technologies, Darmstadt

Gel Loading Dye, Purple (6X) New England Biolabs, Frankfurt

GeneJET™ Gel extraction kit Thermo Fisher Scientific, Frankfurt

GeneJET™ Plasmid miniprep kit Thermo Fisher Scientific, Frankfurt

GeneRuler 1 kb Plus DNA Ladder Thermo Fisher Scientific, Frankfurt

Geneticin disulphate solution (G418) Carl Roth, Karlsruhe

Glycerol Thermo Fisher Scientific, Frankfurt

HEPES (N-2-hydroxyethylpiperazine Life Technologies, Darmstadt

-N-2-ethane sulfonic acid)

Hygromycin Invivogen, San Diego

I-CeuI endonuclease New England Biolabs, Frankfurt

I-SceI endonuclease New England Biolabs, Frankfurt

Isopropanol Merck KGaA, Darmstadt

Kanamycin Carl Roth, Karlsruhe

LB broth powder Carl Roth, Karlsruhe

Lipofectamin 2000 Life Technologies, Darmstadt

M13KO7 helper phage New England Biolabs, Frankfurt

Methanol Merck KGaA, Darmstadt

MiSeq 150 cycles sequencing kit Illumina, San Diego

NEBNext® High-Fidelity 2x PCR master mix New England Biolabs, Frankfurt

NextSeq 150 cycles sequencing kit Illumina, San Diego

OneTaq DNA polymerase New England Biolabs, Frankfurt

Penicillin-streptomycin (Pen/Strep) Roche, Mannheim

Phosphate buffered saline (PBS) Life Technologies, Darmstadt

Polybrene Merck KGaA, Darmstadt

Polyethylene glycol Carl Roth, Karlsruhe

Proteinase K Tocris Bioscience, Bristol

PureLink Genomic DNA extraction kit Life Technologies, Darmstadt

QIAGEN Plasmid Plus Maxi kit Qiagen, Hilden

QIAGEN RNeasy Mini kit Qiagen, Hilden

Ribonuclease A Carl Roth, Karlsruhe

Roti®-Safe Gel Stain Carl Roth, Karlsruhe

SapI endonuclease New England Biolabs, Frankfurt

S.O.C. medium Life Technologies, Darmstadt
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Table 3.1 List of chemicals, enzymes, and commercial kits

Chemicals, enzymes, and commercial kits Source

Sodium chloride Merck KGaA, Darmstadt

Streptomycin sulfate Life Technologies, Darmstadt

T4 DNA ligase New England Biolabs, Frankfurt

T4 polynucleotide kinase New England Biolabs, Frankfurt

T7 DNA polymerase New England Biolabs, Frankfurt

Tetracycline Hydrochloride Carl Roth, Karlsruhe

Torin 1 Selleckchem, Houston

Trypsin-EDTA 0.5% Life Technologies, Darmstadt

Tween 20 Merck KGaA, Darmstadt

Venor®GeM classic kit Minerva Biolabs GmbH, Berlin

3.1.2 Mammalian cell lines

Cells that were obtained from other sources than the American Type Culture Collection

(ATCC ®) were tested for mycoplasma contamination immediately after the arrival of the

cells and multiple times during the course of the experiments by using Venor®GeM Classic kit

from Minerva Biolabs GmbH, according to the manufacturer’s instructions.

Table 3.2 List of mammalian cell lines

Mammalian cell line Source

Human embryonic kidney (HEK) 293T cells ATCC ®

Human telomerase reverse transcriptase-immortalized ATCC ®

retinal pigment epithelial (hTERT-RPE1) cells

Monoclonal Cas9-expressing hTERT-RPE1 cells generated by lentiviral transduction

Monoclonal GFP-LC3-RFP-expressing hTERT-RPE1 cells generated by lentiviral transduction

Monoclonal GFP-mCherry-expressing hTERT-RPE1 cells generated by lentiviral transduction

Puromycin-sensitive hTERT-RPE1 cells gift from Andrew Holland

The monoclonal human telomerase reverse transcriptase-immortalized retinal pigment epithelia

(hTERT-RPE1) cell line with stable expression of S. pyogenes Cas9 (SpCas9) was generated by

Konstantin Müller by lentiviral transduction of puromycin-resistant hTERT-RPE1 cells with

the lentiCRISPRv2-Neo-NHT plasmid (Table 3.3), and subsequent selection with neomycin

(geneticin disulphate solution, G418) .

The monoclonal hTERT-RPE1 cell line with stable expression of the GFP-LC3-RFP autophagic

flux reporter was generated by Paolo Grumati by lentiviral transduction of monoclonal Cas9-

expressing hTERT-RPE1 cells with the pMRX-IP-GFP-LC3-RFP plasmid (Addgene: 84573,
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gift from Noboru Mizushima) [307] (Table 3.3).

The monoclonal EGFP-mCherry-expressing hTERT-RPE1 cell line was generated by lentiviral

transduction of monoclonal Cas9-expressing hTERT-RPE1 cells with the entiCMV-EGFP-

mCherry-Blas plasmid (Vector Builder, (Table 3.3).

3.1.3 Recombinant plasmid DNA

Table 3.3 List of recombinant plasmids

Recombinant plasmids Source

3Cs multiplex vector cloned

lentiCRISPRv2 Addgene: 52961,

gift from Feng Zhang [308]

lentiCRISPRv2-Neo Addgene: 98292,

gift from Brett Stringer [309]

lentiCRISPRv2-Neo-NHT cloned

lenti-sgRNA blast Addgene: 104993,

gift from Brett Stringer [309]

pKLV2.2-h7SKgRNA5(SapI)- Addgene: 72666,

hU6gRNA5(BbsI)-PGKpuroBFP-Wt gift from Kosuke Yusa [116]

pMRX-IP-GFP-LC3-RFP Addgene: 84573,

gift from Noboru Mizushima [307]

lentiCMV-EGFP-mCherry-Blast designed and synthesized

by VectorBuilder, Frankfurt

The cloning strategy for generating the 3Cs multiplex vector is described in section 3.2.3.2.

The lentiCRISPRv2-Neo-NHT plasmid was cloned by BsmBI endonuclease digestion of lenti-

CRISPRv2-Neo (Addgene: 98292, gift from Brett Stringer) and subsequent ligation of pre-

annealed oligonucleotides encoding a non-human targeting (NHT) gRNA flanked with BsmBI-

compatible overhangs (Supp. Table S2). To enable blasticidin selection of dual gRNA con-

structs, the dual gRNA expressing plasmid pKLV2.2-h7SKgRNA5(SapI)-hU6gRNA5(BbsI)-

Blast was cloned by Yves Matthes. To this end, the dual gRNA expression cassette of pKLV2.2-

h7SKgRNA5(SapI)-hU6gRNA5(BbsI)-PGKpuroBFP-W (Addgene: 7266, gift Kosuke Yosa)

was cloned into the lenti-sgRNA blast plasmid (Addgene: 104993, gift from Brett Stringer) to

enable blasticidin selection of dual gRNA constructs. A silent point mutation was introduced

to remove the BbsI recognition site within the blasticidin sequence and to allow the subsequent

insertion of one gRNA by SapI endonuclease cloning into the human 7SK promoter (h7SK)

expression cassette and the second gRNA by BbsI cloning into the human U6 promoter (hU6)

expression cassette. Sequences for oligonucleotides used for plasmid cloning are provided in

Supp. Table S2.
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3.1.4 Bacteria

Table 3.4 List of Escherichia coli (E. coli) strains

Strain Source

XL1-Blue supercompetent cells Agilent Technologies, Ratingen

10-beta electrocompetent E. coli New England Biolabs, Frankfurt

E. coli K12 CJ236 New England Biolabs, Frankfurt

3.1.5 Hardware

Table 3.5 List of hardware

Hardware Company

FACSCanto II flow cytometer BD Bioscience, Heidelberg

ThermoMixer™ F0.5 Eppendorf, Hamburg

Blue light LED illuminator Analytik Jena, Jena

Light Microscope Olympus, Hamburg

Thermocycler Mastercycler® Nexus Eppendorf, Hamburg

Digital block Heater Thermo Fisher, Frankfurt

Bio-Rad Gene Pulser I System Bio-Rad, Munich

MiSeq system Illumina, San Diego

NextSeq 500 System Illumina, San Diego

Centrifuge 5810 R Eppendorf, Hamburg

NanoDrop™ One Mikrovolumen-UV/VIS Thermo Fisher, Frankfurt

spectral photometer

Bench-top centrifuge 5424 Eppendorf, Hamburg

3.1.6 Software

Table 3.6 List of software

Software Source or Reference

Adobe Illustrator 8.0. Adobe Inc.

Bcl2fastq v2.19.1.403 Illumina, San Diego

Bowtie2 2.3.0 [310]

Cutadapt 2.8 [311]

FACS DIVA Software BD Bioscience, Heidelberg

FlowJo BD Bioscience, Heidelberg
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Table 3.6 List of software

Software Source or Reference

GraphPad Prism 9 Graphpad Software, Inc.

Python 3 Python Software Foundation

SnapGene Insightful Science
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3.2 Methods

3.2.1 Microbiological methods

3.2.1.1 Cultivation and storage of E. coli

Aliquoted E. coli were stored at -80°C. For liquid cultivation, bacteria were grown in LB-

medium at 37°C by shaking at 225-250 rpm. LB-agar plates (LB medium, 0.5% w/v agar)

were incubated at 37°C over night to select single colonies. For the selection of transformed

bacteria the appropriate antibiotics were added in the following concentrations:

Table 3.7 Concentrations of antibiotics for bacterial selection

Antibiotic Concentration

Ampicillin 100 µg/ml
Chloramphenicol 34 µg/ml
Kanamycin 25 µg/ml
Streptomycin 100 µg/ml
Tetracycline 50 µg/ml

3.2.1.2 Transformation of E. coli with plasmid DNA

For transformation of plasmid DNA, 10 µl of XL1-Blue supercompetent cells were thawed on

ice, then mixed with up to 200 ng plasmid DNA (or 5 µl ligation sample) and incubated on

ice for 15 min. Afterwards the cell mixture was placed at 42°C for 45 seconds for heat-pulse

and subsequently placed on ice for 2 min. After resuspension in 200 µl S.O.C. medium, cells

were placed at 37°C and 300 rpm for 1 h and subsequently plated on a LB-agar plate or

resuspended in LB-media with the appropriate antibiotic and incubated overnight at 37°C and

225–250 rpm.

3.2.1.3 Production of KCM competent cells

For generating KCM competent cells, E. coli K12 CJ236 were streaked on LB agar plates

containing chloramphenicol (34 µg/ml). The next day, 5 ml of LB media supplemented with

chloramphenicol (34 µg/ml) and tetracyline (50 µg/ml) was inoculated with one colony and

incubated over night at 37°C and 225–250 rpm. The next morning the optical density at a

wavelength of 600 nm (OD600) was measured and diluted to 0.05 in 100 mL LB media without

antibiotics. After 2 - 4 hrs of further cultivation, at an OD600 of 0.3 - 0.6, cells were centrifuged

for 5 min at 3000 x g and 4°C. Then each cell pellet was resuspendet in 2.5 ml ice cold TSB

(10% PEG, 5% DMSO, 10mM MgCl2, 10mM MgSO4) and incubated on ice for 10 min. After

addition of 250 µL cold, sterile Glycerol, aliquots of 55 µl were prepared and flash frozen in

liquid nitrogen and stored at -80°C.
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3.2.1.4 Transformation of KCM competent cells

To transform KCM competent E. coli K12 CJ236 cells, plasmid DNA (100 ng - 1 µg) was mixed

with 2 µL of 5x KCM buffer (0.5M KCl, 0.15M CaCl2, 0.25M MgCl2) in a 10 µL reaction

volume. Aliquots of 10 µl KCM competent E. coli K12 CJ236 cells were thawed on ice. The

DNA mixture was added to the cells. After incubation on ice for 10 min, 100 µL S.O.C.

medium was added and the cells were placed at 37°C and 225–250 rpm for 1 h. Afterwards,

cells were streaked on LB agar plates containing chloramphenicol (34 µg/ml) and ampicillin

(100 µg/ml).

3.2.1.5 Production of electrocompetent

To generate electrocompetent cells, E. coli C3020K were streaked on LB agar plates supplemen-

ted with streptomycin (100 µg/ml). The next day, 200 ml of LB media with 100 µg/ml strep-

tomycin was inoculated with one colony and incubated over night at 37°C and at 225–250 rpm.

On the third day, 1.5 L of LB media supplemented with streptomycin (100 µg/ml) was in-

oculated with 30 ml of the overnight culture and cultivated at 37°C and 225–250 rpm until

an OD600 of 0.8 was reached. Then, cells were centrifuged for 10 min at 4000 rpm at 4°C.

Subsequently, the supernatant was discarded and the pellets were washed three times with

400 ml of 1mM HEPES solution. Each cell pellet was resuspendet in 2.5 ml ice cold TSB

(10% PEG, 5% DMSO, 10mM MgCl2, 10mM MgSO4) and incubated on ice for 10 min. After

addition of 250 µL ice cold, sterile glycerol, aliquots of 55 µl were prepared, flash frozen in

liquid nitrogen and stored at -80°C.

3.2.2 Molecular biological methods

3.2.2.1 Isolation of plasmid DNA of E. coli

Plasmid DNA of E. coli cells was isolated according to the manufacturer’s protocol using the

GeneJet Plasmid miniprep kit for up to 25 µg DNA, or the QUIAGEN Plasmid Plus Maxi

kit for up to 1 mg DNA. After purification, the DNA concentration was measured using the

NanoDrop™ One Mikrovolumen-UV/VIS spectral photometer. Sample purity was ensured by

a A260/A280 ratio of 1,7 - 1,9.

3.2.2.2 Polymerase chain reaction (PCR)

DNA amplification by PCR was carried out using NEBNext®High-Fidelity 2X PCR Master

Mix in a total reaction volume of 50 µl. Annealing temperature was chosen depending on

the melting temperature (Tm) of the used primer pair and the elongation time was adjusted

according to the template length with 500 base pairs per minute. The standard reaction

mixture was composed of:
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Table 3.8 Standard PCR reaction mixture for DNA fragment amplification

Reagent Volume [µl]

NEBNext® High-Fidelity 2X PCR Master Mix 25.0
Template DNA, 100 ng/µl 1.0
5’-Primer, 10µM 1.5
3’-Primer, 10µM 1.5

H2O to 50.0

The PCR thermocycler Mastercycler® Nexus was used with the following program:

Table 3.9 Standard PCR programm for DNA fragment amplification

Step Temperature [°C] Time [min]

1. Initial denaturation 98 5

2. Denaturation 98 0.5
20-40
cycles

3. Annealing 45- 60 0.5
4. Extension 72 2/kb

5. Final extension 72 10

After completion of the program, the reaction was stored at 4°C, visualized by agarose gel elec-

trophoresis using a blue light LED illuminator, extracted using the GeneJET™ Gel extraction

kit, and sequenced by Sanger sequencing by Microsynth Seqlab GmbH (Goettingen).

3.2.2.3 Restriction digestion of DNA

DNA digestion was conducted by using restriction endonucleases obtained from New England

Biolabs. To digest 1 µg DNA, 10 units (Us) of enzyme and 1 µL of the corresponding 10x

buffer were mixed and set up to a 10 µl total reaction volume. The reaction was incubated at

the optimum temperature for the respective enzyme for 2 hrs.

3.2.2.4 Ligation

For ligation of PCR-amplified DNA fragments into a vector, the insert and plasmid vector were

pre-digested with appropriate restriction endonucleases to create compatible ssDNA overhangs.

After purification from an agarose gel using the GeneJET™ Gel extraction kit, the linearized

vector and DNA insert were mixed in a 1:7 ratio in a 20 µl reaction with 1x T4 DNA ligation

buffer and with 1 µl of T4 DNA ligase. The reaction was incubated for 1 h at room temperatur

(RT) or at 16°C over night.
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3.2.2.5 Agarose gel electrophoresis

Agarose gel electrophoresis was used to separate DNA depending on the expected DNA frag-

ment size for analytical and preparative analysis. An agarose gel with 0,5-2% (w/v) agarose

in 1x TAE buffer (40mM Tris-HCl, 0,1% acetic acid, 1mM EDTA [pH 8.3]) was casted. The

agarose was melted in water in a microwave and 1 µg/ml Roti®-Safe Gel Stain was added to

the fluid mixture. Afterwards, the melted agarose was poured into a gel tray with a well comb.

The comb was removed after solidification of the gel. The samples were mixed with 6x DNA

gel loading dye and loaded on the gel together with the GeneRuler 1kb plus DNA marker. To

electrophoretically seperate the fragments, the gel was covered with TAE buffer and set to 125

volt for 20 - 30 min. Visualization of DNA was achieved with a blue light LED transilluminator

and the size was determined with the loaded DNA ladder.

3.2.2.6 Purification of DNA from agarose gels

For purification of DNA fragments from agarose gels, the DNA was visualized on a blue ight

LED transilluminator and the desired bands were cut out. Gel pieces were processed using the

GeneJET™ Gel extraction kit according to the manufacturer’s protocol. The final elution was

done with 30 µl deionized water.

3.2.3 3Cs methods for CRISPR gRNA library generation

3.2.3.1 Cloning of the 3Cs multiplex vector

To clone the 3Cs multiplex vector, pLentiCRISPRv2 was digested with the restriction endo-

nucleases AleI and BsiWI-HF® and gel purified to remove the hU6 gRNA and the Cas9 expres-

sion cassettes. The combinatorial gRNA expression cassette of pKLV2.2-h7SKgRNA5(SapI)-

hU6gRNA5(BbsI)-PGKpuroBFP-W was digested with AleI and BsiWI-HF® as well. Sub-

sequently, the 2,030 base pair (bp) fragment that encoded the combinatorial gRNA expression

cassettes and a PGK promoter was gel purified and cloned into the Cas9-excised, purified

backbone of pLentiCRISPRv2. In order to generate unique annealing homology sites for an-

nealing of 3Cs oligonucleotides during 3Cs synthesis and enable template plasmid removal

from the final library, the h7SK-associated tracrRNA was replaced by an optimized engineered

tracrRNA sequence (tracrRNAv2) [312]. The cloning sites for gRNA integration after the

h7SK and hU6 promoters were changed to placeholder sequences encoding I-CeuI and I-SceI

homing endonuclease restriction sites, respectively [313].

3.2.3.2 3Cs oligonucleotide design

To discriminate between h7SK and hU6 and enable exclusive annealing to only one gRNA

expression cassette, the 3Cs oligonucleotides were designed with two distinct homology sites

for either the h7SK or hU6 expression cassette. The homology sites flanked the desired 20

nucleotide gRNA sequence. The 3Cs h7SK oligonucleotides were 57 nucleotides in length (Tm
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above 50°C) and matched the 3’ end of the h7SK promoter region and the 5’ start of the

tracrRNAv2. The 3Cs hU6 oligonucleotides were 59 nucleotides in length (Tm above 50°C)

and matched the 3’ end of the hU6 promoter region and the 5’ start of the wildtype SpCas9-

tracrRNA in the 3Cs multiplex vector. The oligonucleotide sequences that were used for 3Cs

reactions are listed in Supp. Table S2.

3.2.3.3 Purification of single-stranded template DNA

For deoxyuridine single-stranded DNA (dU-ssDNA) template amplification, KCM competent

E. coli K12 CJ236 cells were transformed by KCM transformation with 100 ng of the 3Cs

multiplex vector and streaked out on agar plates containing ampicillin and chloramphenicol

and incubated overnight at 37°C. The next morning, a single colony of transformed CJ236

cells was picked into 1 ml of 2xYT media supplemented with M13KO7 helper phage to a final

concentration of 1x108 pfu/ml and ampicillin to maintain the host F’ episome. After 2 hrs of

shaking at 200 rpm and 37°C, kanamycin was added to a final concentration of 25 mg/ml to

select for the phagemid. Bacteria were kept at 200 rpm and 37 °C for additional 6 hrs before the

culture was transferred to 30 ml of 2xYT media supplemented with ampicillin and kanamycin.

After 20 hrs of shaking at 200 rpm and 37°C, the bacterial culture was centrifuged for 10 min

at 10,000 rpm and 4°C. To precipitate phage particles, the supernatant was transferred to

6 ml (1/5 of culture volume) PEG/NaCl (20% polyethylene glycol, 2.5 M NaCl), incubated for

1 hr at RT and subsequently centrifuged for 10 min at 10,000 rpm and 4°C. The phage pellet

was resuspended in 1 ml phosphate-buffered saline (PBS) and centrifuged at 13,000 rpm for

10 min, before the phage-containing supernatant was stored at 4°C. Circular dU-ssDNA was

purified from the resuspended phages with the E.Z.N.A. M13 DNA Mini kit according to the

manufacturer’s protocol and the purified dU-ssDNA was stored at 4°C.

3.2.3.4 3Cs DNA synthesis

For synthesis of heteroduplex deoxyuridine double-stranded DNA (dU-dsDNA), 600 ng of

pooled oligonucleotides were phosphorylated in a 20 µl reaction with 2 µl 10x TM buffer (0.1 M

MgCl2, 0.5 M Tris-HCl, pH 7.5), 2 µl 10 mM ATP, 1 µl 100 mM DTT, and 20 units of T4

polynucleotide kinase. The mixture was incubated for 1 h at 37°C. For generation of 3Cs

multiplex libraries, 600 ng of each, h7SK and hU6 oligonucleotide pools, were phosphorylated

separately. Phosphorylated oligonucleotides were annealed to the circular dU-ssDNA 3Cs mul-

tiplex vector by mixing 20 µl of phosphorylation product with 25 µl 10x TM buffer, 20 µg of

dU-ssDNA, and water to a total volume of 250 µl. The mixture was denatured for 3 min

at 90°C, annealed for 5 min at 50°C and cooled down for 10 min at RT. Afterwards 10 µl

of 10 mM ATP, 10 µl of 100 mM dNTP mix, 15 µl of 100 mM DTT, 5 µl of T4 DNA ligase

(400,000 units/ml), and 3 µl of T7 DNA polymerase (10,000 units/ml) were added to the an-

nealed oligonucleotide–ssDNA mixture. The 3Cs synthesis mix was incubated for 12 hrs (over

night) at RT. The 3Cs synthesis product was then affinity purified and desalted using a the
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GeneJET™ Gel extraction kit by adding 500 µl of binding buffer directly to the 3Cs synthesis

reaction, before proceeding according to the manufacturer’s protocol. For each 3Cs synthesis

reaction two columns were used and the DNA was eluted in 50 µl pre-warmed water. The 3Cs

reaction product was analyzed by gel electrophoresis along with the dU-ssDNA template on a

0.8% TAE/agarose gel (100 V, 30 min).

3.2.3.5 Electroporation of 3Cs libraries

To amplify 3Cs multiplex and single-gRNA libraries, up to 8 µg of purified 3Cs dsDNA synthesis

product was electroporated into 400 µl electrocompetent 10-beta E. coli by using a Bio-Rad

Gene Pulser (resistance 200 Ω, capacity 25 F, voltage 2.5 kV). After electroporation, cells

were rescued in 25 ml of pre-warmed S.O.C. media and incubated for 30 min at 37°C and

200 rpm. After 30 min, the culture was transferred into 400 ml of LB media supplemented

with 100 µg/ml ampicillin and shaken overnight at 37°C. To ensure library representation of at

least 1,000-fold during and after amplification, the number of transformants was determined

by preparing serial dilutions of electroporated bacteria in sterile PBS. The serial dilutions

were plated in triplicates on LB agar plates containing 100 µg/ml ampicillin and incubated

overnight at 37°C. The next morning, the colonies on the plates were counted and the number

of transformed cells in the culture at 30 min after electroporation was calculated. The number

of transformants had to be at least 100-fold higher than the library diversity to maintain the

representation.

3.2.3.6 Quality control and clean-up of 3Cs libraries

the day after electroporation of 3Cs synthesis product, the plasmid DNA of overnight liquid

cultures was purified using a Qiagen Plasmid Plus Maxi DNA kit according to the manufac-

turer’s protocol to obtain the pre-library. To remove residual wild type 3Cs multiplex vector

from the pre-library, 2 µg of purified pre-library DNA were digested with 4 µl of I-SceI and

I-CeuI (for multiplex libraries), or either I-SceI or I-CeuI (for single-gRNA libraries) with 5 µl

of 10X CutSmart® buffer in a 50 µl reaction for a total of 2 hrs at 37°C. To ensure complete

removal of wild type sequences, additional 4 µl of I-SceI and I-CeuI, and 5 µl of 10X CutSmart®

Buffer were added and the reaction was filled up with water to 100 µl and incubated over night

at 37°C. The next day, the digestion reaction was subjected to gel electrophoresis on a 0.8%

TAE/agarose gel (125 V, 40 min) to separate undigested 3Cs synthesis product from linearized

template plasmid. The band corresponding to the undigested 3Cs synthesis product was pur-

ified using a GeneJET™ Gel extraction kit, according to the manufacturer’s protocol. Then,

2 µg of purified 3Cs synthesis product was electroporated according to the electroporation

protocol described above. The next day, the resulting final 3Cs multiplex library preparation

was purified from liquid culture using a Qiagen Plasmid Plus Maxi DNA kit, according to the

manufacturer’s protocol and the quality was controlled by analytical restriction enzyme digests

and sequencing.
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3.2.3.7 Generation of artificially skewed 3Cs libraries

For the generating artificially skewed 3Cs multiplex gRNA libraries, two 3Cs oligonucleotide

pools, one for each expression cassette of the 3Cs multiplex vector, were designed following

the 3Cs oligonucleotide design. The first pool was composed of tumor suppressor and essential

gene-targeting gRNAs, whereas the second pool only consisted of non-human targeting (NHT)

gRNAs (Supp. Table S2). To generate different libraries with varying sequence distributions,

the two oligonucleotide pools were mixed in different ratios with increasing NHT pool ratios

(1:1, 1:10, 1:100). The mixed oligonucleotide pools were phosphorylated, annealed to purified

dU-ssDNA of the 3Cs multiplex vector. Then the 3Cs synthesis reactions were performed.

3.2.4 Cell biological methods

3.2.4.1 Cultivation of mammalian cell lines

Human embryonic kidney (HEK) 293T cells were maintained in Dulbecco’s modified Eagle’s

medium (DMEM), and hTERT-RPE1 and puromycin-sensitive hTERT-RPE1 cells were main-

tained in DMEM Nutrient Mixture F-12 (DMEM F12), each supplemented with 10% fetal

bovine serum (FBS) and 1% penicillin-streptomycin at 37°C with 5% CO2. In addition,

hTERT-RPE1 cells were supplemented with 0.01 mg/ml hygromycin B. No method to en-

sure the state of authentication has been applied. Mycoplasma contamination testing was

performed immediately after the arrival of the cells and multiple times during the course of

the experiments. Cells were passaged every three days and maintained at 20-60% confluency.

For passaging, the medium was aspirated, cells were washed twice with sterile phosphate-

buffered saline (PBS) and Trypsin-EDTA 0.5% was added to detach cells from the plate. The

detached cells were resuspended in fresh medium, counted, diluted as required and seeded into

a fresh dish. Cell counting was done using a TC20™ Automated Cell Counter.

For long-term storage, cells were diluted in their appropriate medium without antibiotics con-

taining 10% dimethyl sulfoxide (DMSO) and 20% FBS and transferred into cryogenic tubes.

The tubes were frozen at -150°C. To thaw cells, they were put 37°C in a water bath, then

resuspended in medium and centrifuged at 1000 rpm for 2 min at RT to remove the DMSO.

Lastly, cells were resuspended in their respective medium and cultured as described above.

3.2.4.2 Transfection of mammalian cells

For transfection, for example HEK 293T cells were seeded to 5 × 105 cells/ml. The next day,

a transfection mixture was prepared, consisting of DNA and Lipofectamin 2000 transfection

reagent at a ratio of 1:3, and 200 µl Opti-MEM. The transfection mixture was incubated for

30 min and then added in a dropwise manner onto the cells. After 24 hrs the medium was

changed to regular growth medium.
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3.2.4.3 Production of lentiviral supernatant

Lentiviral supernatant was produced by transfecting HEK 293T cells plated in 6, 10 or 15 cm

dishes, depending on the required scale, with the following transfection mixtures:

Table 3.10 Transfection mixture for lentiviral supernatant production

cell culture volume 2 ml 10 ml 20 ml

plasmid DNA 3.3 µg 16.5 µg 33.0 µg

pMD2.G 1.0 µg 5.0 µg 10.0 µg

psPAX2 2.7 µg 13.5 µg 27.0 µg

Lipofectamine 2000 21.0 µl 105.0 µl 210.0 µl

Opti-MEM 0.2 ml 1.0 ml 2.0 ml

After 30 min of incubation at RT, the mixture was added onto the cells. The next morning, the

transfection medium was replaced with fresh DMEM (10% FBS, 1% PS) medium to remove the

transfection reagent. Lentiviral supernatant was harvested 48 hrs after transfection, pooled,

aliquoted and stored at -80°C.

3.2.4.4 Determination of lentiviral titer

To determine the lentiviral titer, hTERT-RPE1 cells were plated in a 6-well plate with 50,000

cells per well. The following day, cells were transduced with 8 µg/ml polybrene and a series

of 0.5, 1, 5, and 10 µl of viral supernatant. After 2 days of incubation at 37°C, cells were

subjected to 2.5 µg/ml puromycin selection for 2 weeks. After 2 weeks, established colonies

were counted for each viral dilution. The number of colonies in the highest dilution was then

normalized to the volume for obtaining the final lentiviral titer.

3.2.4.5 Lentiviral transduction

To transduce hTERT-RPE1 cells, they were seeded at an appropriate density for each exper-

iment with a maximal confluency of 60 - 70%. On the day of transduction, polybrene was

added to the media to a final concentration of 8 µg/ml. The volume of lentiviral supernatant

was calculated on the basis of pre-determined lentiviral titer and the number of plated cells to

achieve MOI of 0.5. The next morning, the medium was replaced with fresh media and the

cells were subjected to antibiotic selection or experimental analysis.

3.2.4.6 Generation of monoclonal cell lines

To generate monoclonal cell lines, transduced cells were selected with the appropriate antibiotic.

After selection, cells were plated in 96-well plates with 0.5 cells per well. Single clones were

expanded and positive clones were confirmed by FACS.
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3.2.4.7 Arrayed validation of autophagy flux blockage

The validation of single and combinatorial autophagy hits was performed in arrayed conditions

(one hit gene or hit gene combination per well). To this end, single and dual gene-targeting

CRISPR constructs were designed and generated. For each gene, the top scoring guide se-

quence was selected with Azimuth 2.0 of the GPP sgRNA Designer [102] and purchased

as forward and reverse oligonucleotides with compatible overhangs for restriction endonuc-

lease cloning (Supp. Table S2). The two oligonucleotides encoding the gRNAs were annealed

and cloned into the restriction enzyme-digested and gel purified vector lenti-sgRNA blast or

pKLV2.2-h7SKgRNA5(SapI)-hU6gRNA5(BbsI)-Blast by BbsI and SapI cloning (Table 3.3).

After cloning, correct gRNA integration was verified by SANGER sequencing with Microsynth

Seqlab GmbH (Goettingen). Next, lentiviral supernatant was generated for each construct

as described before. Monoclonal hTERT-RPE1 cells with stable SpCas9 and GFP-LC3-RFP

autophagy flux reporter expressions were plated in 6-well plates with 50,000 cells per well. The

following day, cells were transduced with lentiviral supernatant with 8 µg/ml polybrene. After

48 hours, the cells were selected with 10 µg/ml blasticidin for 7 days, passaged and cultivated

at 40-60% confluency under constant blasticidin selection for additional 7 days. At day 13,

cells were treated with Torin1 to induce autophagy for 24 hours. At day 14 they were collected

and subjected to FACS to measure single or dual gene knockout-induced autophagy blockage.

3.2.4.8 Tide assay

Guide RNA performance was evaluated by tracking of Indels by decomposition (TIDE) assay, as

described previously [314]. For each gRNA sequence, PCR primers flanking the gRNA annealing

site around 400 bp upstream and downstream were designed, resulting in a PCR product of

800 to 1,000 bp in length. The area around the gRNA locus was PCR amplified with OneTaq

DNA polymerase, using 1 µg of genomic DNA, 40 µM dNTPs (final concentration), 0.2 µM of

each forward and reverse primer, 1x OneTaq standard buffer, and 2.5 units of OneTaq DNA

polymerase. PCR conditions were used as described above. The PCR products were analyzed

on a 0.8% TAE/agarose gel (100 V, 30 min) and purified using a GeneJET™ Gel extraction

kit according to the manufacturer’s protocol. The purified PCR product was pre-mixed with

forward amplification primer and processed by Sanger sequencing by Microsynth Seqlab GmbH

(Goettingen). Afterwards, wild type and gRNA-treated Sanger chromatograms were analyzed

by TIDE and the percentage of unedited DNA was extracted (https://tide.nki.nl/) [314].

3.2.4.9 RNA-seq

Monoclonal RPE1(Cas9) cells were harvested at 90% confluency and total RNA was purified

using the QIAGEN RNeasy Plus Mini Kit, according to the manufacturer’s protocol. RNA was

stored at -80°C and analyzed by RNA-Seq in quadruplicates. For library preparation, total RNA

was quantified using the Qubit 2.0 fluorometric assay (Thermo Fisher Scientific). Sequencing

libraries were prepared from 125 ng of total RNA using a 3’DGE mRNA-seq research grade
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sequencing service (Next Generation Diagnostics srl) which included library preparation, quality

assessment and sequencing on a NovaSeq 6000 sequencing system using a single-end, 100 cycle

strategy (Illumina Inc.) [315]. he bioinformatics workflow included analysis of raw data by

Next Generation Diagnostics srl proprietary 3’DGE mRNA-seq pipeline (v2.0) which involves a

cleaning step by quality filtering and trimming, alignment to the reference genome and counting

by gene [316–318]. We filtered out all genes having < 1 cpm in less than n-min samples and

Perc MM reads > 20% simultaneously. Differential expression analysis was performed using

edgeR (Supp. Table S8) [319].

3.2.5 Pooled CRISPR screening

3.2.5.1 Calculating the cell number for pooled screening

To determine the required number of cells for pooled CRISPR screening the diversity of the

respective library was multiplied by the desired coverage and divided by 0.5 for an MOI of 0.5.

3.2.5.2 Proliferation screens with artificially skewed libraries

To explore the interdependence of the multiplex CRISPR library distribution and the screening

coverage in pooled screens, three artificially skewed 3Cs multiplex libraries were generated

that represented libraries of different gRNA distributions (described in section 3.2.3.7). All

three libraries were screened with a 20-fold and 200-fold coverage, each in triplicates. For the

20-fold screening, for each replicate, 1.1 million SpCas9-expressing hTERT-RPE1 cells were

plated (0.37 million cells per flask) and transduced with the respective library with an MOI

of 0.5. After 48 hours, cells were selected with 2.5 µg/ml puromycin and kept in growing

conditions for 14 days. At day 14, cells were harvested, pooled and stored at -20°C until their

genomic DNA was extracted and processed for sequencing. For the 200-fold screening, a total

of 11 million (0.5 million cells per flask) SpCas9-expressing hTERT-RPE1 cells were plated and

transduced with the respective library with an MOI of 0.5. Further screening was performed

identically to the 20-fold screen.

3.2.5.3 Autophagy proliferation screen

Pooled single-gRNA and combinatorial autophagy proliferation screens were performed in biolo-

gical duplicates in the monoclonal RPE1 cell line stably expressing SpCas9 and the autophagic

flux probe [307]. For each replicate, 20 million cells (10 million for each, end time point

and day 2 control) were transduced with lentiviral supernatant of the autophagy multiplex

library with an MOI of 0.5 and a 1,000- or 20-fold library coverage for single or combinatorial

autophagy library screening, respectively. The control time points were harvested 2 days after

transduction. The remaining cells were kept in growing conditions until day 7, when the cells

were passaged, pooled and reseeded at maintaining the initial library coverage. On day 14 all
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cells were harvested, pooled, aliquoted and stored at -80°C until genomic DNA was extracted

for sequencing sample preparation.

3.2.5.4 Autophagy flux screen

Pooled single-gRNA and combinatorial autophagy flux screens were performed in biological

triplicates in the monoclonal RPE1 cell line stably expressing SpCas9 and the autophagic

flux probe [307]. Transduction and passaging of cells until day 13 was performed identical

to the autophagy proliferation screen. On day 13, 14 and 15, the cells were treated with

Torin 1 for 24 hrs to induce autophagy. After 24 hrs of treatment, cells were collected in

three separate batches per day, and FACS-sorted on a FACSCanto II flow cytometer to enrich

cells with blocked autophagy. Gating was carried out on the basis of viable and single cells

that were identified on the basis of their scatter morphology. In total, for the single-gRNA

screen 150,000 - 300,000 cells with blocked autophagy were collected across all replicates.

For the combinatorial screening 4.5 - 6.75 million cells with blocked autophagy were collected

across all replicates. After sorting, cells were reseeded and expanded for seven days before

harvesting, pooled and stored at -20°C until their genomic DNA was extracted and processed

for sequencing.

3.2.6 Sequencing sample preparation and sequencing

3.2.6.1 Sequencing sample preparation of 3Cs plasmid libraries

Sample preparation for sequencing of plasmid libraries 3Cs multiplex plasmid libraries were

prepared for sequencing as follows: 250 ng of plasmid DNA were used per PCR reaction in a

final volume of 50 µl, containing 25 µl Next High-Fidelity 2x PCR Master Mix (New England

Biolabs) and 2.5 µl of each 10 µM primer. Depending on the library complexity, up to four 50 µl

reactions were performed. Primer sequences are listed separately (Supp. Table S2). Thermal

cycler parameters were set as follows: initial denaturation at 98°C for 5 min, 15 cycles of

denaturation at 98°C for 30 s, annealing at 65°C for 30 s, extension at 72°C for 40 s, and final

extension at 72°C for 5 min. PCR products were purified from a 1.5% TAE/agarose gel using

a GeneJET™ Gel extraction kit, according to the manufacturer’s protocol.

3.2.6.2 Sequencing sample preparation of of screen samples

Sample preparation for sequencing of screen samples To prepare samples derived from screens

for subsequent sequencing, the required amount of genomic DNA for sufficient coverage was

calculated first. For the autophagy single and multiplex FACS samples, the amount of required

genomic DNA was calculated as the number of FACS sorted cells x screening coverage x 6.6

pg. For the autophagy multiplex proliferation control samples, the amount of required genomic

DNA was determined by calculating the library complexity x screening coverage x 6.6 pg. For

samples derived from screening with the biased libraries, the amount of required genomic DNA
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was calculated as the library complexity x 200 (maximum screening coverage) x 6.6 pg DNA.

The calculated amount of genomic DNA was used in the first PCR reaction (PCR1) with 2 - 4

µg of genomic DNA per 50 µl final reaction, using the Next High-Fidelity 2x PCR Master Mix

(New England Biolabs) and 2.5 µl of each 10 µM PCR1 primer. Thermal cycler parameters

were set as follows: initial denaturation at 98°C for 5 min, 15 cycles of denaturation at 98°C

for 55 s, annealing at 65°C for 55 s, extension at 72°C for 110 s, and final extension at 72°C for

7 min. After PCR1, 25 µl of PCR1 product was transferred to a second PCR reaction (PCR2)

in a 100 µl reaction with 50 µl High-Fidelity 2x PCR Master Mix and 5 µl of 10 µM PCR2

primers containing Illumina adaptors and barcodes. Primer sequences for PCR1 and PCR2 are

listed in Supp. Table S2. Thermal cycler parameters were set as follows: initial denaturation

at 98°C for 5 min, 10 cycles of denaturation at 98°C for 30 s, annealing at 65°C for 30 s,

extension at 72°C for 40 s, and final extension at 72°C for 5 min. PCR products were purified

from a 1.5% TAE/agarose gel and processed for sequencing as described for plasmid libraries.

3.2.6.3 Sequencing

Unless otherwise specified, all DNA sequencing experiments were performed with Illumina

technology. Gel-purified PCR products of plasmid libraries or screening samples were denatured

and diluted according to Illumina guidelines and set to a final concentration of 2.6 pM in a total

volume of 2.2 ml and 15% PhiX control and loaded onto a MiSeq, NextSeq500 or NovaSeq

sequencer (Illumina) depending on required read counts (500- to 1,000-fold sequencing depth),

according to the manufacturer’s protocol. Sequencing was performed with single- or paired-end

reads, 75 or 150 cycles, respectively, plus 8 cycles of index reading.

3.2.7 Bioinformatical methods

3.2.7.1 Read count table generation

Raw sequencing data were processed and demultiplexed with bcl2fastq v2.19.1.403 (Illumina).

Read counts of individual gRNAs and gRNA combinations were determined using cutadapt 2.8,

Bowtie2 2.3.0, and custom Python 3 scripts [310, 311]. Reads were trimmed with cutadapt

using 5’ adapter sequences, truncated to 20 nucleotides, and aligned to the respective gRNA

library using Bowtie2 with no mismatches allowed.

3.2.7.2 Assessment of uniformity of library distributions

The uniformity of each library distribution was assessed by plotting the cumulative distribution

of all sequencing reads as a Lorenz curve and determining the area under the curve (AUC).

The library distribution skew of each library was determined by plotting the density of read

counts and dividing the 90th percentile by the 10th percentile.
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3.2.7.3 Cohen’s D statistics quality score (QS)

We applied Cohen’s d statistics to assess the quality score (QS) of biased library screening

performance by measuring the separation of mean LFC values of non-targeting sequences and

sequences targeting core essential genes: QS = ((mean LFC of NHT combinations) - (mean

LFC of essential combinations)) / (standard deviation (LFC of essential combinations)) [320].

3.2.7.4 Pairwise sample correlations

Pairwise sample correlations were determined with Pearson’s correlation of the normalized read

counts and visualized with hierarchically clustered heat maps using the Seaborn library 0.10.1

[321].

3.2.7.5 Enrichment analyses

Enrichment analyses using MAGeCK were performed with median or total normalization of read

counts with gRNAs having zero counts in the control samples being removed [127]. Down-

sampling of the 1:1 dataset was performed by randomly choosing 1–16 gRNA combinations

per gene combination without replacement followed by individual MAGeCK analyses to obtain

false discovery rate (FDR) and delta log2-fold change (dLFC). gRNA combinations with an

FDR ≤ 10% and LFC ≤ -0.5 were counted as statistically significant hits.

3.2.7.6 Genetic interaction models

GIs were computed according to five established models: SUM, MIN, LOG, MULT [6], and

additionally the MAX model was included. Each model assigned a GI to a gene pair xy, if the

double mutant phenotype W(xy), deviated from a predicted double mutant phenotype that is

expected for no interaction between x and y, E(xy). The phenotype was measured as the LFC

of gRNA abundance between respective samples. The expected double mutant phenotype for

joint mutations of the genes x and y was defined by the neutrality function of each definition

with MIN = min(W(x), W(y)), MULT = (W(x) × W(y)), LOG = log2[(2W(x) + 1) × (2W(y) –

1) +1], SUM = (W(x) + W(y)), and MAX = max(W(x), W(y)). The single mutant phenotype

for a gene x was defined as the median LFC of all gRNA combinations of NHTs and gRNAs

targeting x. For each model, the deviation of observed double mutant phenotypes from their

expectation was calculated as their difference and termed dLFC: dLFC = observed – expected.

To select the best model for our data, we assumed that GIs were rare for randomly selected

gene pairs. Density plots of the dLFC for each model were used to identify the model with the

highest number of neutral interactions, indicated by a single large peak around 0 on the x-axis.

We kept only combinations with P ≤ 0.05 and a dLFC larger than the standard deviation

(SD) of all dLFCs. To generate the GI heatmap of core autophagy paralogs, we used MAX

model-derived GIs with dLFC > 0 and LFC > 0. Since possible combinations of two genes x
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and y are x–y or y–x and both were assumed to show the same phenotype, we averaged xy, yx

pairs.

3.2.7.7 Genetic interaction network

To generate a network visualization based on the MAX model-derived autophagy gene inter-

actions, we exported dLFC for all gene interactions and imported them into the open source

software platform Cytoscape (3.8.0) [322]. The style of the derived network was manually

arranged.

3.2.7.8 Lung squamous cell carcinoma patient survival analysis

Kaplan–Meier curves for lung squamous cell carcinoma (LUSC) patient five-year overall survival

rates were estimated with the online tool KM plotter (https://kmplot.com) based on GEO,

EGA and TCGA datasets [323–326]. KEAP1 and ATG7 gene expression data were obtained

from GEO, caBIG and TCGA databases. Using the KM plotter online tool, patients were

split using the option ‘Auto select best cutoff’ in high or low KEAP1, ATG7 or KEAP1 and

ATG7 gene expression groups. The following cutoff values were used: ATG7: 401, KEAP1:

846, KEAP1 and ATG7: 562. P values for log rank tests of the Kaplan–Meier curves were

calculated with the KM plotter.

Survival of LUSC patients was analyzed by obtaining ATG7-KEAP1 gene expression data from

TCGA in the UCSC Xena online tool [327, 328]. LUSC patients were classified into four

categories depending on ATG7 and KEAP1 gene expression in tumors: (i) high expression

of ATG7 and KEAP1; (ii) high expression of ATG7 and low expression of KEAP1; (iii) high

expression of KEAP1 and low expression of ATG7; 4) low expression of ATG7 and KEAP1.

Expression of ATG7 or KEAP1 was defined as high (low) when the respective expression

levels were higher (lower) than the median expression levels in all LUSC tumors. Overall

survival of a single patient was normalized to the median overall survival of all patients and

the median survival were calculated for the previously described 4 groups. R2 linear regression

was calculated using Microsoft Excel.
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4.1 Generating combinatorial gRNA libraries by 3Cs multiplexing

4.1.1 Vector design and principles of 3Cs multiplexing

To facilitate GI screening, we expanded our previously reported 3Cs technology for generation

of single-gRNA libraries to generating combinatorial gRNA libraries [112]. In contrast to single

gRNA-expressing 3Cs libraries, for which commercially available CRISPR vectors can be used,

combinatorial pooled gRNA libraries generated by 3Cs multiplexing required cloning of a 3Cs-

compatible multiplex CRISPR vector that provided two gRNA expression cassettes with unique

homology sites.

The lentiviral 3Cs multiplex vector was cloned by introducing two gRNA expression cassettes

into the Cas9-excised lenti-CRISPRv2 vector [308] (Figure 4.1 A). The first expression cassette

employed an h7SK and an engineered Cas9-tracrRNA variant (tracrV2) [312]. The second

gRNA expression cassette used an hU6 promoter followed by the wild type Cas9-tracrRNA

sequence (tracrWT) [329] (Figure 4.1 A). Additionally, we introduced gRNA placeholder se-

quences, which encoded I-CeuI and I-SceI restriction enzyme sites, respectively, into both

gRNA expression cassettes (Figure 4.1 A). Furthermore, the 3Cs multiplex vector encoded a

puromycin resistance gene that enabled selection of transduced mammalian cells during the

screen (Figure 4.1 A).

3Cs multiplex gRNA library generation was based on Kunkel mutagenesis and comprised three

essential protocol steps (Figure 4.1 B): first, the generation of dU-ssDNA of the 3Cs multiplex

vector; second, the synthesis of heteroduplex 3Cs dU-dsDNA; and third, the amplification of

the heteroduplex 3Cs dU-dsDNA and a clean-up step that ensured minimal wild type vector

contamination in the final gRNA library (Figure 4.1 B).

For dU-ssDNA generation, the 3Cs multiplex vector was transformed into CJ236 electrocom-

petent bacteria harboring mutations in the genes encoding uracil-DNA glycosylase (dut–) and

uracil-DNA glycosylase (ung–), thus leading to increased deoxyuridine triphosphate (dUTP)

incorporation into the plasmid DNA [330]. Importantly, the vector encoded an f1 origin of rep-

lication (f-ori) for dU-ssDNA replication and packaging into phage particles. Super-infection of

a single-colony CJ236 culture with M13KO7 bacteriophage allowed purification of dU-ssDNA

of the wild type 3Cs multiplex vector (Figure 4.1 B).
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In an in vitro 3Cs dU-dsDNA synthesis, two distinct oligonucleotide pool were annealed to

the wild type dU-ssDNA. The oligonucleotide pools encoded up to hundreds of thousands of

distinct gRNAs depending on the desired library diversity. Each gRNA was flanked with 5- and

3-prime homology arms complementary to either the h7SK promoter and tracrV2, or to the

hU6 promoter and the tracrWT, respectively, and thereby specified their integration site into

the 3Cs multiplex vector. Since the design of the dual gRNA expression cassettes provided

unique homology sites, the two oligonucleotide pools selectively annealed to one expression

cassette to ensure high 3Cs reaction efficiencies at both sites. The annealed oligonucleotides

were subsequently extended with T7 DNA polymerase and ligated with T4 DNA ligase. The

resulting heteroduplex dU-dsDNA contained one wild type DNA strand with deoxyuridine (dU)

and the complementary dU-free DNA strand harboring the newly integrated gRNA combina-

tions (Figure 4.1 B).

To obtain the final combinatorial CRISPR library, the 3Cs dU-dsDNA synthesis product was

electroporated into dut/ung-positive bacteria. Lastly, remnants of the 3Cs multiplex wild type

vector were removed in a clean-up step by digestion with I-CeuI and I-SceI restiction enzymes.

Thereby, wild type plasmids were linearized while plasmids in which the enzyme restriction

site was replaced by gRNA sequences remained undigested. Upon subsequent electroporation,

linearized wild type plasmids were removed and gRNA containing plasmids were amplified by

bacteria. The resulting multiplex gRNA library contained all possible gRNA combinations en-

coded in the two oligonucleotide pools (Figure 4.1 B).

3Cs multiplexing circumvented conventional gRNA library generation steps, namely sequential

cloning steps of PCR-amplified single gRNAs that pose possible sources for introducing a

distribution bias. Therefore, we hypothesized that 3Cs multiplexing would enable generating

highly diverse and uniformly distributed combinatorial gRNA libraries.
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Figure 4.1: Vector design and workflow of 3Cs multiplexing
A) 3Cs multiplex vector design. The lentiviral 3Cs multiplex vector contains two expression cassettes.
The first cassette consists of a human 7SK (h7SK) promoter and an engineered Cas9-tracrRNA variant
(tracrV2). The second cassette employs a human U6 (hU6) promoter and the wild type Cas9-tracrRNA
(tracrWT). Both cassettes provide unique homology sites for selective annealing of two distinct gRNA-
encoding oligonucleotide (oligo) pools and contain gRNA placeholder sequences encoding an I-CeuI
or I-SceI restriction site, respectively. Additionally, a puromycin (Puro) gene is expressed by a PGK
promoter. B) 3Cs multiplexing workflow. First, the wild type (WT) 3Cs multiplex vector is amplified in
CJ236 bacteria that incorporate deoxyuridine (dU) into their plasmid DNA. The vector-encoded f1 origin
of replication (f-ori) allows deoxyuridine single-stranded DNA (dU-ssDNA) replication and packaging
into phage particles by super-infection of a single colony of transformed CJ236 cells with helper phage
M13K07. Subsequently, phages and their dU-ssDNA are purified. Next, in the 3Cs reaction, the purified
dU-ssDNA is annealed to two oligonucleotides pools encoding all library gRNAs. The pools are designed
with unique homology arms to selectively anneal to either the h7SK or the hU6 cassette (green/red
triangles). The annealed oligonucleotides are extended with T7 DNA polymerase (pol.) and ligated with
T4 DNA ligase. The resulting heteroduplex deoxyuridine double-stranded DNA (dU-dsDNA) consists
of a dU-containing WT strand (grey) and a mutated strand encoding all possible combinations of the
gRNAs (blue). Lastly, the purified 3Cs dU-dsDNA synthesis product is electroporated into bacteria
for amplification and remnants of the WT vector are destroyed by digestion with I-CeuI and I-SceI
restriction enzymes.
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4.1.2 3Cs multiplexing enables combinatorial gene knockouts in human cells

To investigate the functionality of the 3Cs multiplex vector and to ensure efficient gRNA

expression from both cassettes, we designed two gRNA-encoding oligonucleotide pools each

containing 50 gRNA sequences targeting a green fluorescent protein (GFP) or mCherry, re-

spectively (Supp. Table S2). While the GFP pool was designed for annealing to the h7sk

promoter and tracrV2 scaffold, the mCherry pool annealed to the hU6 promoter and tracrWT.

We used both pools in combination to generate a multiplex gRNA library comprising 2,601

gRNA combinations (50 GFP/mCherry gRNAs + wild type I-CeuI/I-SceI sequences: 51x51)

that simultaneously target GFP and mCherry genes. Additionally, we generated the respective

single-gRNA CRISPR libraries.

Gel electrophoresis of the 3Cs synthesis products of multiplex and single-gRNA libraries showed

the typical three-banded pattern of the heteroduplex 3Cs dU-dsDNA (Figure 4.2 A). The upper

band of the 3Cs products indicated strand-displaced DNA, the middle band corresponded to

nicked DNA resulting from incomplete ligation, and the lower band showed the extended and

ligated dU-dsDNA [330]. Due to its higher mobility, the single-stranded 3Cs multiplex vector

runs faster than the double-stranded form [331](Figure 4.2 A).

After amplification of final 3Cs synthesis products by bacteria, remnants of non-mutated wild

type 3Cs multiplex plasmids were digested with I-SceI and I-CeuI restriction enzymes and re-

moved upon subsequent second electroporation. An analytical digestion of the final libraries

with I-CeuI and I-SceI restriction enzymes confirmed minimal remnants of wild type 3Cs -

multiplex plasmids (Figure 4.2 B).

Sequencing confirmed the presence of all gRNAs or gRNA combinations for all three libraries

(100% completeness), and uniform library distributions indicated by low distribution skews of

1.56 (GFP single), 1.17 (mCherry single), and 1.53 (GFP+mCherry multiplex) (Figure 4.2

C), Supp. Table S3). The area under the curve (AUC) value is a second measure for library

uniformity [102, 175]. In line with this, the AUC values of the GFP and mCherry single-gRNA

and the multiplex libraries ranged from 0.62 to 0.75 based on the obtained sequencing depths

(Supp. Figure S1 A-B).

To test if the 3Cs libraries efficiently induced knockouts in human cells, they were packaged into

lentiviral particles and transduced into hTERT-RPE1 cells expressing Cas9, GFP and mCherry.

The combinatorial GFP+mCherry gRNA library induced the simultaneous reduction of GFP

and mCherry fluorescence while both single libraries selectively reduced either GFP or mCherry

fluorescence (Figure 4.2 D).
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Figure 4.2: Combinatorial GFP-mCherry knockout by 3Cs multiplexing in human cells
A) Gel electrophoresis of wild type (WT) double-stranded DNA (dsDNA) and single-stranded DNA
(ssDNA) of the 3Cs multiplex (mpx) vector, and the heteroduplex 3Cs deoxyuridine double-stranded
DNA (dU-dsDNA) of the single-gRNA GFP and mCherry, and the multiplex GFP+mCherry libraries.
Kb: Kilobase. B) Analytical restriction digestion ensured the 3Cs gRNA library quality. Digested
bands indicate WT plasmid sequences. The single-gRNA GFP- and mCherry libraries contain the WT
placeholder sequences encoding I-CeuI or I-SceI restriction sites in the hU6 or h7SK cassette, respectively
and are therefore linearized with one enzyme. C) Sequencing of all three 3Cs CRISPR libraries confirmed
complete library diversity (100%) and distribution skews of 1.56 (GFP), 1.17 (mCherry) and 1.53 (GFP-
mCherry). D) Transduction of hTERT-RPE1 cells that express Cas9, GFP and mCherry with lentiviral
packed 3Cs CRISPR libraries results in the reduction of only GFP or mCherry fluorescence for both
single-gRNA libraries, and in simultaneous reduction of GFP and mCherry signal for the 3Cs multiplex
gRNA library.
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4.1.3 3Cs multiplexing generates diverse libraries with uniform distributions

To determine how the library diversity affects the library distribution of 3Cs multiplex libraries,

we generated four randomized libraries with increasing diversity by using degenerated oligonuc-

leotide pools in 3Cs reactions. The degenerated oligonucleotide pools encode a NHT-gRNA

sequence with either one, two, three or four randomized bases (pool 1N, 2N, 3N and 4N)

that can contain any of the four bases and were designed for annealing to both expression

cassettes of the 3Cs multiplex vector (Supp. Table S2). Their application in separate 3Cs

reactions generated four libraries with increasing diversities with 4x4=16 (1N), 42x42=256

(2N), 43x43=4,096 (3N) and 42x42=65,536 (4N) combinations. Additionally, we generated

two non-randomized multiplex libraries, which contained approximately 247,000 and 913,000

different gRNA combinations (Supp. Table S2). We compared the distributions of all libraries

by sequencing and confirmed their uniform distributions indicated by AUC values between 0.59

and 0.7 (Figure 4.3), values most often unmatched even for single-gRNA libraries. Sequencing

of the libraries confirmed sufficient sequencing depth (Supp. Figure S1 C), and library distri-

bution skews ranging from 1.1 to 1.49 for the randomized gRNA libraries, and 6.02 for the

multiplex gRNA library with 913,000 gRNA combinations (Supp. Figure S1 D, Supp. Table

S4).
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Figure 4.3: Distribution analysis of multiplex libraries with increasing library diversity
The library distribution of six multiplex libraries with increasing library diversity was analyzed by se-
quencing and is indicated as area under the curve (AUC) values. Four libraries were generated with
degenerated oligonucleotide pools with one (1N), two (2N), three (3N) or four (4N) randomized bases,
thus generating increasing library diversity ranging from 16 to 65,536 gRNA combinations. Two non-
randomized multiplex libraries (mpx A, B) contained approximately 247,000 and 913,000 gRNA com-
binations. As a reference, a perfectly distributed library (ideal) is shown in grey. Percentages indicate
library representations at 90% of cumulative reads. AUC values are indicated next to each library
identifier. All libraries showed AUC values ≥ 0.7.
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4.2 Minimizing the screening conditions for 3Cs multiplex screens

4.2.1 The gRNA library distribution determines the required coverage

Pooled CRISPR screens have been performed at screening coverages of 500- to 1000-fold [76,

114]. However, published guidelines provided no precise indications for selecting an appropri-

ate coverage and do not account for the library distribution of the initial plasmid library. We

aimed at experimentally investigating to what extent the library distribution contributes to hit

detection accuracy in CRISPR proliferation screens at different coverages. Therefore, we gen-

erated three different libraries with intentionally increasing distribution skews and compared

their performance at screening coverages of 20-fold and 200-fold.

To generate libraries with artificially skewed distributions, we designed two oligonucleotide pools

(Figure 4.4 A). For the first pool (target pool) we selected a panel of 20 genes comprising 10

core essential and 10 tumor-suppressor genes [113], each targeted by 4 gRNAs, resulting in 80

distinct gRNA sequences (Supp. Table S2). The second pool (NHT pool) consisted of 80 pre-

validated NHT gRNA sequences that served as internal negative controls in the proliferation

screen [102, 109] (Supp. Table S2). The gRNA sequences in both pools were provided with

homology arms for annealing to the h7SK and hU6 expression cassette of the 3Cs multiplex

vector, therefore, each pool contained a total of 160 oligonucleotides (Figure 4.4 A). Both

oligonucleotide pools were combined in equimolar ratios to generate a gRNA library with a

uniform library distribution and low distribution skew (library 1:1), and in ratios of increasing

NHT sequence molarity for the libraries 1:10 and 1:100 with less uniform library distributions

and underrepresented target pool sequences compared to NHT sequences (Figure 4.4 B).
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Figure 4.4: Generation of multiplex 3Cs libraries with artificially skewed distributions
A) Design of two oligonucleotide (oligo) pools. The target pool encodes gRNAs targeting 10 human
essential genes and 10 tumor suppressor genes with 4 gRNAs per gene (80 gRNAs). Each gRNA
sequence was extended by homology arms to the h7SK and hU6 expression cassette resulting in 160 oligo
sequences in the target pool. The non-human targeting (NHT) pool encodes 80 pre-validated control
gRNA sequences for annealing to both expression cassettes (160 oligos in total). B) Oligonucleotide
pool ratios for 3Cs synthesis. For three separate 3Cs reactions, the target and NHT oligonucleotide
pools were mixed at different ratios (1:1, 1:10, and 1:100) of increasing NHT sequence molarity resulting
in 3Cs multiplex libraries with variable representations of target gRNA sequences.
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Sequencing analysis of the three libraries with artificially skewed distributions revealed an AUC

value of 0.65 for library 1:1 , while the 1:10 and 1:100 libraries showed increased AUC values

of 0.85 and 0.9, respectively (Figure 4.5 A, Supp. Table S5). Moreover, sequencing confirmed

that the distribution skews increased from 1.2 (library 1:1) to 2.4 (library 1:10) and 13.46

(library 1:100) (Figure 4.5 B). For library 1:100, with the highest distribution skew, sequencing

analysis could not confirm the presence of all supposed 25,600 gRNA combinations of the

library, although the same sequencing depth was used as for the other two libraries. This

confirmed the under-representation of target gRNA sequences in the 1:100 library.

Sequencing analysis further confirmed an increased fraction of NHT reads in the 1:10 and 1:100

libraries based on obtained sequencing depths (Supp. Figure S2 A-B, Supp. Table S5). Since the

library distribution of all three libraries resembled the oligonucleotide pool ratios used for 3Cs

reactions, sequencing results of the three libraries demonstrated that the library distribution of

3Cs reactions is primarily determined by the sequence distribution of the oligonucleotide pools.
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Figure 4.5: Sequencing of 3Cs multiplex libraries with increasing distribution skews
A) The area under the curve (AUC) determination of three libraries generated with different oligonuc-
leotide pool ratios. AUC values are indicated next to each library identifier. As a reference, a perfectly
distributed library (ideal) is shown in grey. Percentages indicate the library representations at 90% of
cumulative sequencing reads. As expected, library 1:1 showed the lowest AUC value (0.65). B) Analysis
of library distribution skew (skew) and completeness (%) per library based on read counts derived from
sequencing. In accordance to A), increased skew ratios were observed for lib. 1:10 and 1:100. Lib.
1:100 showed only 90.94% of the complete library diversity.

To determine the influence of different library distributions on the screening robustness, we

applied each library in two separate screens with screening coverages of 20- and 200-fold, and

evaluated their performance regarding the knockout efficiency of essential genes in a prolifer-

ation screen in human Cas9-expressing hTERT-RPE1 cells in biological replicates.

First, we analyzed pairwise guide and gene-level count correlations for all replicate screens

(Supp. Figure S3 A-B). The gene level correlations at a 20-fold coverage showed Pearson coef-

ficients of r = 0.96 for library 1:1, r = 1 for library 1:10, and r = 0.79 for library 1:100. At

200-fold coverage, we observed Pearson coefficients of r = 0.91-0.98 for library 1:1, r = 0.96-
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0.97 for library 1:10, and r = 0.98-0.99 for library 1:100 (Supp. Figure S3 A-B).

Next, we analyzed the performance of each library at the 20- and 200-fold coverages by applying

a Cohen’s d-based quality score (QS). This QS was recently introduced to compare screen per-

formance by measuring the separation of mean LFC values of gRNAs targeting essential genes

from the mean LFC values of gRNAs targeting non-essential genes [320]. Since QSs above 2

indicate a good screen quality [332], the QSs for the 1:1 library in both tested coverages were

high, with 2.95 and 3.25 for 20x and 200x, respectively, which indicated a clear separation of

LFCs of depleted essential genes from NHT controls (Figure 4.6). A decline in screen quality

appeared when library distribution skews increased above 2 (library 1:10 and 1:100). At a

20-fold coverage, the QS for library 1:10 was 1.5. Increasing the screening coverage to 200

raised the QS of library 1:10 to 2.68. Thus, screening a less uniformly distributed library with a

higher coverage (library 1:10, 200x, QS = 2.68) leads to a similar separation of hit genes from

NHT controls as screening a uniformly distributed library at a lower coverage (library 1:1, 20x,

QS = 2.95). However, screening a library with a distribution skew > 13 resulted in very low

QSs (library 1:100, 200x, QS = -1.17, 20x, QS = -0.44). Since Cohen’s d QSs below 0.5 are

considered as small, even a 200-fold coverage was not sufficient to obtain a robust seperation

of essential genes from NHT controls.
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Figure 4.6: Screening performance of artificially skewed gRNA libraries
Density plots showing the log2-fold change (LFC) separation of combinatorial gRNAs targeting essen-
tial genes (blue) and non-human targeting (NHT) controls (green) for three libraries with different
distribution skews and for screening coverages of 20-fold (20x, dotted) and 200-fold (200x, straight).
The highest quality scores (QSs) were observed for library (lib.) 1:1 at a 200-fold coverage with 2.95
and at a 20-fold coverage with 3.25. Decreased QSs were observed for both libraries with distribution
skews > 2 for both screened coverages.
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To confirm the results observed for Cohen’s d QSs we applied MAGeCK analyses [127]. We

assessed if a higher screening coverage was able to compensate for screening quality loss when

screening with an unevenly distributed library and identified essential gene pairs by MAGeCK

analyses and cut-off filters set to FDR < 10% and LFC < -0.5. Strikingly, the number of

gene pairs detected for library 1:1 and library 1:10 was very similar between 20- and 200-

fold coverages (Figure 4.7). For library 1:1, more depleted gene pairs were detected at a

20-fold coverage than at a 200-fold coverage. The number of depleted gene pairs detected

for library 1:100 that showed the highest distribution skew, was higher at a 200-fold coverage

compared to 20-fold. Thus, increasing the experimental coverage only improved hit detection

of depleted essential genes for library 1:100 (distribution skew < 13) to some extent, while it

did not improve hit detection for libraries with distribution skews < 2.5.
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Figure 4.7: Hit detection rates at two different coverages
Analysis of the number (no.) of depleted essential gene pairs detected with MAGeCK analyses at an false
discovery rate (FDR) < 10% and log2-fold change (LFC) < -0.5 of screens performed with libraries with
increasing distribution skews at 20-fold (20x) and 200-fold (200x) coverages. Increasing the screening
coverage from 20 to 200-fold only increased the number of gene pairs passing filters for library 1:100.

4.2.2 The minimal number of gRNAs for robust detection of hit gene pairs

The number of gRNAs per gene has a profound impact on robust identification of hit genes from

CRISPR knockout screens [127], but it also determines the library diversity and consequently

the experimental scale [76]. Choosing the minimal number of gRNAs per target gene that

is required for robust hit detection offers potential to reducing the library diversity and the

required experimental scale. Therefore, we sought to investigate how the number of gRNAs

per gene combination affects hit detection in a multiplex CRISPR screens.

To this end, we focused on the data sets of our multiplex proliferation screen performed with the

1:1 library at a 20- and 200-fold coverage. With 10 essential genes on both expression cassettes

and four gRNAs per gene, the 1:1 library contained total of 100 essential gene combinations,
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each gene combination being covered by 16 different gRNA combinations. Analogous to an

analysis that has been done for determining the optimal gRNA number for monogenic screens

[181], we down-sampled the data sets that we obtained from screening with library 1:1 with both

coverages to distinct read count sub-tables that contained 1 to 16 different gRNA combinations

with randomly chosen gRNAs. We analyzed how many of the 100 possible essential gene

combinations passed the cut-off filters for a FDR ≤ 10% and LFC ≤ -0.5 with MAGeCK analyses

for each down-sampled read count subset across the two screening coverages (Figure 4.8).

For all 16 read count subsets, the percentages of identified gene pairs were very similar for

the 20- and 200-fold coverage, with slightly higher results for the 20-fold coverage (Figure

4.8). As expected, for both coverages, 1 to 4 gRNAs per gene combination yielded less than

20% of all possible essential gene combinations (Figure 4.8). A strong increase, from 20%

to 60% was observed for gene combinations covered by 5 to 12 different gRNA combinations.

For more than 13 different gRNAs per gene combination, the percentage of identified gene

pairs plateaued, and for 16 different gRNA combinations per gene pair, we retrieved the largest

number of statistically significant essential gene interactions for the 20- and 200-fold coverages

(Figure 4.8). To cover each gene with an equal number of gRNAs on both expression cassettes,

we defined (4x4) 16 gRNA combinations per gene pair as the optimal number for our following

3Cs multiplex screens. These results are consistent with previous observations for monogenic

CRISPR-Cas9 screens, in which 4 to 6 gRNAs per gene have been identified to be required for

robust hit gene detection [181].
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Figure 4.8: The required number of gRNA combinations for detecting hit gene pairs
Determination of the percentage of depleted essential gene pairs that passed the filters for a false
discovery rate (FDR) ≤ 10% and log2-fold change (LFC) ≤ -0.5 from sub-sampled read count tables
containing 1 to 16 randomly selected gRNA combinations. The analysis was performed on the data sets
resulting from proliferation screens with library 1:1 with 20-fold (20x) and 200-fold (200x) coverages.
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4.3 Exploring genetic interactions in autophagy

4.3.1 Generation of a 3Cs autophagy multiplex library

We aimed at applying 3Cs multiplexing and the pre-evaluated minimized screening conditions

to investigate GIs between autophagy genes. Therefore, we generated a 3Cs autophagy mul-

tiplex library to screen for autophagy GIs in two different screening assays.

To design the autophagy multiplex library, we assembled a literature-curated list of 64 core

autophagy genes comprising known autophagy key players, such as upstream regulators, com-

ponents of the ULK1 and PIK3C3 complexes, the conjugation machinery, ATG8 homologs,

PI3P effectors and components of the autophagosome-lysosome fusion machinery. We selec-

ted four gRNAs per gene and designed olignucleotides with homology arms for annealing to the

hU6 promoter cassette of our 3Cs multiplex vector (Supp. Table S2). This core autophagy oli-

gonucleotide pool contained additional 26 NHT controls (10% of the complete library diversity

[102]), resulting in a total of 282 oligonucleotide sequences (Figure 4.9 A). The second oli-

gonucleotide pool, termed extended autophagy pool, was designed for annealing to the h7SK

cassette and included all core autophagy genes plus additional gRNAs targeting autophagy

related transcription factors, autophagy receptors and ubiquitin-specific proteasess (USPs),

among others (Supp. Table S2). With four gRNAs per gene, 80 NHT and 28 essential gene

targeting controls, the extended autophagy pool contains 876 gRNAs in total (Figure 4.9 A).

By applying the extended autophagy pool in combination with the core autophagy pool in a

3Cs reaction, we created an asymmetric autophagy multiplex library, meaning that the two

expression cassettes expressed unequal amounts of gRNAs. The resulting 3Cs multiplex library

yielded 247,032 gRNA combinations in total (Figure 4.9 B). Moreover, both oligonucleotide

pools were applied alone in separate 3Cs reactions for generating the core and extended single-

gRNA libraries (Figure 4.9 B).

For removing remaining wild type 3Cs multiplex plasmids from the final libraries, the electro-

porated 3Cs reaction products were digested with I-CeuI, I-SceI, or both, respectively. A final

analytical restriction enzyme digestion with either I-CeuI or I-SceI, or both confirmed minimal

ratios of wild type vector in the final single-gRNA and multiplex libraries (Figure 4.9 C). The

extended and core single-gRNA libraries showed no linearized bands with either I-CeuI or I-

SceI, respectively and complete linearization with the second enzyme. Gel electrophoresis of

the digested autophagy multiplex library showed no linearized bands. This confirmed selective

and efficient 3Cs reactions on both cassettes for all libraries.

Sequencing of the extended single-gRNA and autophagy multiplex libraries revealed uniform

library distributions with distribution skews of 1.22 and 1.69, respectively (Figure 4.9 D-E),

Supp. Table S6). It further confirmed 100% completeness of the extended library, as well as

the presence of 99.28% of all 247,032 gRNA combinations for the autophagy multiplex library

(Figure 4.9 D-E). The determination of AUC values for both libraries resulted in 0.65 and 0.68,

respectively (Figure 4.9 F), supporting our previous observation that 3Cs multiplexing was a
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highly robust method for the generating uniformly distributed single-gRNA and combinatorial

CRISPR libraries.
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Figure 4.9: Generation of 3Cs single-gRNA and multiplex autophagy libraries
A) Design of two oligonucleotide pools for generating single-gRNA and multiplex autophagy libraries.
The core autophagy pool (red) contains 64 autophagy genes with 4 gRNAs per gene and 26 non-human
targeting (NHT) gRNAs. The extended autophagy pool (green) includes all core autophagy genes plus
additional autophagy-linked target genes, 80 NHT gRNAs, as well as 28 essential gene targeting controls
(ctrls). B) Gel electrophoresis of the wild type (WT) 3Cs multiplex (mpx) vector in its double-stranded
DNA (dsDNA) and single-stranded DNA (ssDNA) form, and the three 3Cs synthesis products for the
extended (ext.) and core single-gRNA libraries, and the autophagy multiplex (atg mpx) library. All 3Cs
synthesis products show the characteristic 3-banded pattern. C) Gel electrophoresis of an analytical
restriction digestion of each library with only I-CeuI or I-SceI, or both confirms minimal WT vector
contamination of final libraries. Linearized bands indicate WT vector remnants in the corresponding
expression cassette. D-E) Sequencing analysis of the extended (ext.) and autophagy multiplex (atg
mpx) library. The library distribution is indicated by distribution skews and completeness (%) per
library based on the obtained sequencing read counts. F) AUC determination of the extended (ext.)
and autophagy multiplex (atg mpx) libraries. A perfectly distributed library (ideal) is shown in grey as
a reference. AUC values are indicated next to each library identifier.
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4.3.2 Establishing screening assays for investigating autophagy gene interac-

tions in cell proliferation and autophagy flux

Using the extended single-gRNA and the autophagy multiplex libraries, we sought to investig-

ate GIs between autophagy genes in two different phenotypic aspects. We aimed at detecting

autophagy gene pairs that are essential for autophagic activity by a reporter-based autophagy

flux screen, and additionally, we aimed at identifying dual autophagy gene combinations that

lead to synergistic proliferative effects by a proliferation screen. While viability and proliferation

are common phenotypic read outs used for monogenic and multiplex CRISPR screens, other

specific cellular phenotypic read outs, such es autophagy flux, depend on reporter constructs

that are introduced into a model cell line. However, reporter-based screens are less common

for pooled CRISPR screens, especially for combinatorial screens, experimental protocols, and

therefore, guidelines are sparse [76, 114]. To screen for autophagy gene interactions in with

GIs that result in both phenotypic readouts, proliferation and autophagic flux, we generated

a monoclonal model cell line expressing an established autophagy activity reporter [307] and

established two different screening assays (Figure 4.10.

For generating the reporter cell line we employed an established fluorescent autophagic flux

reporter that consists of GFP-LC3, which is fused to the N-terminus of RFP [307] (Figure

4.10 A. Its expression in cells leads to seperation of GFP-LC3 and RFP in equimolar amounts

due to cleavage of the peptide bond after the C-terminal glycine of LC3 by endogenous ATG4

family proteases. While GFP-LC3 is degraded by autophagy, RFP remains in the cytosol and

serves as an internal control. Hence, the autophagic flux can be determined by measuring the

GFP/RFP signal ratio [307].

The monoclonal reporter cell line was generated by lentiviral transduction of hTERT-RPE1

cell to stably express Cas9 and the autophagic flux reporter. We confirmed its functionality by

FACS analysis. The reporter cell line showed low levels of basal autophagy (6.83%) (Figure

4.10 B). Torin 1 induced mTOR inhibition increased autophagic flux (99.6%) indicated by

decreased GFP signal due to GFP-LC3 degradation (Figure 4.10 B). Bafilomycin A1 treatment

blocked autophagic flux (Figure 4.10 B).

To facilitate the quantification of proliferative and autophagy flux phenotypes in the same

genetic background the reporter cell line was used for the autophagy flux and the proliferation

screen (Figure 4.10 C). The screens start with transduction of the monoclonal reporter cells

with the extended single-gRNA or autophagy multiplex library. For the autophagy multiplex

library, we chose our pre-evaluated minimized conditions (20-fold library coverage) for uniformly

distributed CRISPR libraries since we confirmed a low distribution skew. Separate screens were

preformed with the extended single-gRNA library in replicates with a 1000-fold library coverage

because of the small library diversity. After one week of selection and expansion, cells were

passaged while maintaining the initial coverage. In the autophagy flux screen, cells were

treated with Torin 1 on day 13 to induce autophagy by mTOR inhibition and subjected to
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Figure 4.10: Proliferation and autophagy flux screening assay
A)The GFP-LC3-RFP autophagic flux reporter is cleaved by endogenous ATG4 proteases into equimolar
amounts of GFP-LC3 and RFP. GFP-LC3 is degraded by autophagy, while RFP remains in the cytosol
and serves as an internal control. Adapted from [307]. B) Functionality of the monoconal hTERT-
RPE1 cell line expressing Cas9 and the autophagic flux reporter cell line was ensured by FACS. Torin 1
treatment for 24h leads to a shift of the whole cell population, thus indicating high autophagic activ-
ity (99.6%). Torin 1 induced autophagy was inhibited by Bafilomycin A1 treatment. C) Screening
workflows for identifying single autophagy genes and gene combinations that are essential for auto-
phagy (Autophagy flux screen) and for identifying synergistic proliferative effects (Proliferation screen).
hTERT-RPE1 cells expressing Cas9 and an autophagic flux reporter (GFP-LC3-RFP) [307] were trans-
duced with either the extended (ext.) or autophagy multiplex (atg mpx) library at an MOI of 0.5 and a
20-fold or 1000-fold coverage, respectively. In the proliferation screen cells were harvested on day (d)
13. Genomic DNA of a representative cell population was extracted for obtaining proliferation pheno-
types by sequencing (pre-FACS). In the autophagy flux screen, cells were treated with Torin 1 on day
13, subjected to FACS and sorted according to their GFP/RFP ratios. Cells with blocked autophagy
were collected and expanded before they were processed for sequencing (post-FACS).
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on day 14 to sort cells with blocked autophagy (Figure 4.10 C, post-FACS). In the separate

identical proliferation screen, cells were harvested on day 13 and a coverage-based cell sample

was processed for sequencing analysis (Figure 4.10 C, pre-FACS). Even when screening for

other phenotypes than proliferation, proliferative effects are a consequence of gene knockouts,

especially in TP53-positive RPE1 cells, and can impair hit detection by confounding gRNA

abundance in the final reporter-based sorted cell population. To control for proliferative effects

we analyzed the gRNA abundance of the pre-FACS proliferation sample by sequencing, and

computed proliferative phenotypes of single and combinatorial gene knockouts (Figure 4.10 C,

pre-FACS). This proliferation control screen was used to normalize post-FACS gRNA abundance

in the FACS-enriched cell populations.

4.3.3 Identification of autophagy gene interactions in cell proliferation

4.3.3.1 Proliferative effects induced by single autophagy gene depletion

We initially focused on identifying proliferative effects induced by depletion of single autophagy

genes. Therefore, we first performed the proliferation screen in duplicates with the extended

single-RNA library as described above. Apart from the separate screen with the extended

single-gRNA library, single gene proliferation phenotypes were additionally obtained from the

autophagy multiplex screen that contained all extended autophagy gRNA sequences paired

with NHT control gRNAs (multiplex-inherent single screen).

We applied MAGeCK analyses to the sequenced pre-FACS samples of the separate extended

single and multiplex-inherent single screen data sets and excluded already known core essen-

tial genes [113] (Figure 4.11). In both screens, we identified the WASH complex subunit 1;

also known as FAM39E or WASH1 (WASHC1) to be essential for hTERT-RPE1 cell prolifer-

ation (Figure 4.11 A-B). Notably, among the identified depleted genes with LFC<-1 were no

genes that are considered to be part of the core autophagy machinery. We further found the

tumor suppressor TP53 as the single enriched hit gene with a LFC>1 (Figure 4.11 A-B).

To assessed the concordance between the separate extended and multiplex-inherent single

screens we computed gRNA and gene level correlations (Figure 4.11 C-D). We observed a high

overall correlation of r = 0.97 on gRNA and gene levels. As expected, essential proliferation

genes that belonged to the core-essential gene set published in 2017 by Hart et al. were

depleted in both screens [113], while non-targeting controls were slightly enriched (Figure

4.11 C-D).

Although the multiplex-inherent screen was performed with only a 20-fold coverage, the con-

cordance of retrieved hit genes and the high correlation to the separate single screen, which

was performed at a 1,000-fold coverage, further support our conclusion that CRISPR libraries

with distribution skews of less than 2 could be screened with reduced coverage.
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Figure 4.11: Proliferative effects of single autophagy genes
MAGeCK analysis of (A) the separate extended (ext.) single proliferation screen performed with the
extended autophagy single-gRNA library and (B) the autophagy multiplex-inherent single proliferation
screens. Depleted genes with log2-fold change (LFC) < -1 and enriched genes with LFC> 1 are indicated.
Positive and negative false discovery rates (FDRs) are shown by red and blue gradients, respectively.
The dot size indicates the number of identified gRNAs. C) Correlation of pre-FACS samples of the
autophagy multiplex-inherent and separate extended single screening data on gRNA and gene level.
Core essential genes, according to Hart et al., 2017, are highlighted in red [113], non-human targeting
(NHT) controls are highlighted in blue.

4.3.3.2 Proliferation-enhancing and suppressive autophagy gene interactions

After having determined the proliferative effects induced by single autophagy gene depletion,

we focused on identifying autophagy gene combinations whose loss affected cell proliferation.

Therefore, we analyzed the sequenced pre-FACS samples from the autophagy multiplex prolif-

eration screen.

The sequencing analysis and subsequent pairwise correlation between screen duplicates showed

a high Pearson correlation coefficient of r=0.99 on gRNA and gene levels, but low correla-
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tion to the initial plasmid library (r = 0.4-0.45), indicating selective phenotypic enrichment of

knockout cells by proliferation in the course of the screen (Supp. Figure S4, Supp. Table S6).

A MAGeCK analysis resulted in a total of 446 significantly depleted and 732 significantly en-

riched gene pairs (Figure 4.12 A). The loss of the gene combinations WDR45B-PIK3R4 and

ATG7-KEAP1 showed the strongest effects on proliferation with LFCs of -2.94 and 2.92, re-

spectively (Figure 4.12 A).

We analyzed the number of interaction partners for each gene within the depleted and enriched

gene pairs and identified PIK3R4, ATG7, and ATG5 to have 172, 174 and 157 interaction part-

ners, respectively. These three genes had the highest number of interaction partners within

the enriched and depleted gene pairs compared to all other genes, and therefore constitute hub

genes for proliferation within our tested autophagy gene set (Figure 4.12 B).

Next, we asked if this observed effect on proliferation induced by combinatorial gene depletion

could be explained by adding up the individual single gene depletion phenotypes. Therefore,

we compared the observed LFCs of combinatorial gene depletion of WDR45B-PIK3R4 and

ATG7-KEAP1 to the observed LFCs of single gene knockouts that we obtained from the

multiplex-inherent single screen (Figure 4.12 C). The observed LFCs of combinatorial gene

depletion of WDR45B-PIK3R4 and ATG7-KEAP1 were higher than the sum of LFCs of their

individual single gene depletion. Notably, the proliferative phenotype for ATG7-KEAP1 loss

was even stronger than that of the tumor suppressor TP53, while the decreased proliferation

of WDR45B-PIK3R4 knockout was milder compared to the depletion of the essential gene

WASHC1 (Figure 4.12 B). Since GIs, per definition, occur when the observed combinatorial

knockout phenotype can not be explained by merely summing up the effects of their individual

gene knockout phenotypes [5, 6], our screen identified WDR45B-PIK3R4 and ATG7-KEAP1

as GIs.

We aimed to determine how many of all identified enriched and depleted gene pairs in the

proliferation screen constituted GIs with combinatorial knockout phenotypes that could not

be explained by the combined effects of their single gene depletions. To this end, we applied

an additive model (SUM model) to compute expected combinatorial knockout phenotypes

for all gene pairs as the sum of their observed LFCs in the multiplex-inherent single screen.

This computed combinatorial knockout phenotype was expected when both genes would not

interact (Figure 4.12 D). If the observed combinatorial phenotype, namely the LFCs in the

multiplex proliferation screen, for a gene pair deviated from the expected combinatorial knock-

out phenotype, a GI was identified between both genes. In total, we identified 35.4% of the

depleted and 52.3% of the enriched gene pairs to constitute GIs according to the SUM model

and with a SD of the dLFC above 2 (Figure 4.12 D).
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Figure 4.12: Proliferative effects induced by combinatorial autophagy gene depletion
A) Volcano plots of MAGeCK-derived log2-fold change (LFC) values and p-values for the autophagy
multiplex proliferation screen. False discovery rates (FDRs) for positive and negative selections are
color-coded yellow-red and yellow-blue, respectively. Significant (p<0.05) data points with a LFC > 1
or LFC < -1 have dashed strokes. Dot sizes indicate the number of gRNAs used for MAGeCK hit calling.
B) Number of different interaction partners for genes of depleted (red) and enriched (blue) gene pairs in
the autophagy multiplex proliferation screen. PIK3R4 and ATG7 interact with more than 174 of possible
192 genes. C) Bar graph of observed LFCs of the two most negative (red, depleted) and most positive
(blue, enriched) autophagy gene pairs from (A), compared to their single gene LFCs derived from
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71



4. Results

4.3.4 Identification of autophagy gene interactions in autophagy flux

4.3.4.1 Identification of single essential autophagy genes

To identify essential GIs for autophagy flux, we first had to determine to what extent all single

genes were essential for autophagy on their own. Therefore, same as for proliferation, we first

determined single autophagy gene phenotypes by a separate and a multiplex-inherent single

autophagy flux screen.

In the separate single autophagy flux screen, cells with blocked autophagy were sorted by FACS

due to their unchanged GFP signal upon Torin 1 treatment. We applied stringent gating to

reduce false-positives (Figure 4.13 A).

We sequenced sorted cells and confirmed sufficient sequencing depth for sorted post-FACS

samples (Supp. Figure S5 A). Next, we computed pairwise Pearson correlations between biolo-

gical replicates, which showed high correlation on gRNA (r = 0.87) and gene levels (r = 0.97)

(Supp. Figure S5 B, Supp. Table S6). As expected, due to the phenotypic enrichment by

FACS, the correlations between post-FACS samples and the initial plasmid library were very

low (gRNA and gene level, r = 0.05-0.06) (Supp. Figure S5 B).

We applied MAGeCK analysis to the post-FACS samples of separate single screen and retrieved

12 significantly enriched genes with LFC between 3.76 and 9.12 with an FDR ≤ 10% (Figure

4.13 B).

Additionally, we obtained single gene phenotypes from the multiplex-inherent single auto-

phagy flux screen. A MAGeCK analysis identified 10 significantly enriched genes with LFCs

between 1.53 and 2.75 (FDR ≤ 10%) (Figure 4.13 C). The hit concordance of the separate

and multiplex-inherent single autophagy flux data was high and showed an overlap of 7 jointly

identified genes that are well known essential genes for bulk autophagy [200, 201, 333] (Figure

4.13 B-C). However, both screens also identified unique hits. In total, five and three hits were

identified in only the separate or the multiplex-inherent single screen, respectively. Upon FDR-

relaxation (FDR >10 %) the concordance of both screens increased to 11 shared hits identified

by both screens (Supp. Figure S5 C-D).

We aimed to validate if knockouts of the identified single hit genes were able to block auto-

phagy flux in a FACS analysis when the genes were separately targeted by newly designed

single gRNAs. We tested 13 identified single hit genes of both single screens and confirmed

blocked autophagy flux for 12 tested single hit genes by arrayed FACS measurement (Figure

4.13 D). However, RAB1A showed no autophagy block by arrayed validation (Figure 4.13 D).

To confirm the gRNA performance for the validation we quantified the gRNA-induced editing

on the genomic level by TIDE analysis (Figure 4.13 D).

We defined the hit genes identified at an FDR ≤ 10% from both, the separate and multiplex-

inherent single screens, as single essential autophagy genes for our subsequent analysis of

combinatorial phenotypes.
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Figure 4.13: Single autophagy flux screens identify essential autophagy genes.
A) Example for gating during FACS analysis of the separate single autophagy flux screen. Untreated cells
are highlighted in red, and Torin 1-treated cells in blue. The sorting gate (#, post-FACS) is shown as
a black ellipse at the very boundary of the untreated cell population. B-C) To identify enriched genes,
MAGeCK analyses were applied to compare the sequencing results of sorted samples with blocked
autophagy (post-FACS) to pre-FACS samples of B) the separate single autophagy flux screen and C)
the multiplex (mpx)-inherent single autophagy flux screen. Hit genes with a false-discovery rate (FDR)
below 10% and p-values ≤ 0.05 are labelled and highlighted in pink. Unique hits that were identified
in only one screen are labelled in blue. D) Arrayed validation of autophagy block by FACS analysis for
single hit genes derived from B) and C). Evaluation of gRNA activity by TIDE analysis is shown in grey.
Error bars represent the standard error of mean (SEM) over three biological replicates per autophagy
flux measurement (n=3). ND: not determined.

4.3.4.2 Identification of essential autophagy gene interactions for autophagy flux

In multiplex autophagy flux screen, we applied the same stringent FACS gating as for the

single screen to sort cells with blocked autophagy. In contrast to the single screen, in the

multiplex screen, we observed a large fraction of cells that showed constant GFP signal after

Torin 1 treatment, indicating more cells with blocked autophagy for combinatorial autophagy

gene depletions (Figure 4.14 A). Surprisingly, cells transduced with the autophagy multiplex

library showed a third cell population in FACS analysis with higher RFP signal compared to

untreated wild type cells (Figure 4.14 A). We named this population "high gate" population
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and collected the cells for sequencing as well.

Sequencing analysis of the "high gate" cell population confirmed sufficient sequencing depth

(Supp. Figure S6 A), and Pearson correlation coefficients between the post-FACS samples of

screen replicates ranged from 0.83 and 0.89 on gene levels (Supp. Figure S6 B).

We analyzed the abundance of gRNA sequences in high-gate cell population and found that the

majority of reads corresponded to ATG4B-targeting gRNA pairs (post-FACS 1, 86.94%; post-

FACS 2, 78.03%; post-FACS 3, 75.53%) (Figure 4.14 B). Since the autophagic flux reporter

was based on cleavage of GFP-LC3-RFP by endogenous ATG4 [307], we hypothesized that

ATG4B loss led to impaired reporter functionality resulting in decreased RFP degradation and

therefore, we excluded ATG4B from our subsequent analysis.
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Figure 4.14: FACS analysis of the multiplex autophagy flux screen
A) FACS analysis of the multiplex autophagy flux screen, highlighting untreated (red) and Torin 1-
treated (blue) hTERT-RPE1 autophagy reporter cells. Sorting gates (#, post-FACS; *, high-gate) are
shown as black ellipses. B) Relative abundance of reads that contain an ATG4B-targeting gRNA of
post-FACS high-gate replicates.

Next, we sequenced and analyzed the abundance of gRNA-combinations in the post-FACS

cell populations with blocked autophagy flux. Pairwise gRNA and gene level correlations of

biological replicates of the post-FACS samples resulted in Pearson correlation coefficients of

r = 0.58, 0.62 and 0.69 on gRNA level and r = 0.77, 0.84 and 0.87 on gene level (Figure S4A).

As expected, correlations between pre and post-FACS samples were low (gRNA level, r = 0.15-

0.21; gene level, r = 0.18-0.27), confirming selective reporter-based enrichment of cells after

FACS (Figure S4A).

While the additive (SUM), multiplicative (MULT), minimum (MIN), and logarithmic (LOG)

models have been applied to identify GIs in CRISPR proliferation screens [6], combinatorial

screens with reporter-based read outs and suitable analysis strategies have not yet been re-

ported. To choose a suitable model for our multiplex autophagy flux screen, we added the

maximum (MAX) model because the knockout of a second autophagy gene was unlikely to

ameliorate the knockout of the first autophagy gene. We applied all five models to compute

expected phenotypes for non-interacting gene pairs based on the single gene effects that we

obtained from the single screens. Then, we computed the dLFC, the deviation of observed
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from expected phenotypes (Figure 4.15 A, Supp. Table S7). Previous screens in Saccharomyces

cerevisiae and human cells revealed GIs to be rare [19, 51]. In line with this, the MAX model

detected the fewest deviations of observed combinatorial phenotypes from the predicted value

for non-interacting genes (Figure 4.15 A).

We identified a total of 1,570 MAX model-derived GIs (LFC > 0.5, dLFC > 0.05), including

GIs containing single essential autophagy genes. To investigate the connectivity of autophagy

genes, we determined how many interaction partners each core autophagy gene showed ac-

cording to the MAX model and found 11 core essential autophagy genes that were highly

connected with an average of 241 interactions (of possible 255) (Figure 4.15 B). The phen-

otypic strength of autophagy genes correlated well with the number of interactions (Figure

4.15 B). In addition, we identified AMBRA1 and ULK1, which were not considered as single

essential genes for autophagy flux based on our single autophagy flux screens, as hub genes

that interacted with 84 to 25 other core and extended autophagy genes (Figure 4.15 B).
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Figure 4.15: Max model-derived autophagy gene interactions required for autophagic
flux
A) Density plot of delta log2 fold change (dLFC) distributions of all gRNA combinations in the multiplex
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gene obtained from the separate single screen (r=0.87). Highlighted in red are genes that were identified
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Most identified GIs corresponded to gene pairs that consisted of at least one or two single

essential autophagy genes. To confirm that the FACS-enrichment of gene-pairs was not driven

by the strong phenotype of a single essential autophagy gene, we performed arrayed validations

to asses the block of autophagy for of selected combinations that consisted of two single

essential genes, one single essential gene, or exclusively non-single essential genes. Targeting

combinations of two single essential genes consistently increased the block of autophagy flux

compared to targeting one single essential gene, an effect particularly prominent for ATG5-

ATG14 (Figure 4.16 A). Similarly, validations of significantly enriched gene pairs consisting of

essential and non-essential genes also increased the fraction of cells with blocked autophagic
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flux (Figure 4.16 B). We further confirmed that the interaction of two non-single essential

paralogs, namely ATG2A-ATG2B, showed a stronger block of autophagy flux, as compared to

what was expected based on their single gene depletion effects (Figure 4.16 C).
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Figure 4.16: Arrayed validation of block in autophagy flux of hit gene pairs
A-C) Arrayed validation of block in autophagy flux of single genes (grey) and hit gene pair depletions de-
rived from Max model analysis. Error bars represent standard error of mean (SEM) over three biological
replicates (n=3). Co-depletion of (A) two single essential autophagy genes (red), (B) an essential and
a non-essential autophagy gene (blue), and (C) two non-essential autophagy genes (orange) enhances
the block in autophagy flux.

Next, we looked in more detail on those GIs that consisted of two non-single essential genes. We

excluded all GIs that contained a single essential autophagy gene. In total, 255 GIs remained,

which were enriched after FACS (observed LFC > 0) and had a positive dLFC according to

the MAX model (dLFC > 0) (Figure 4.17 A). Of these 255, we selected high-confidence GIs

of non-essential autophagy genes with a dLFC > 3*SD and LFC > 0 (Figure 4.17 A). We

integrated these GIs in a network and identified several genes to be connected to selective

autophagy (NBR1, PEX13, FUNDC1, FUNDC2, PLEKHM1, FAM134B and CCPG1) (Figure

4.17 B). Among these were three GIs linking ULK4 to the selective autophagy receptors PEX13,

FUNDC1 and SQSTM1, and two GIs connecting IRGM to the ER-phagy pathway genes CCPG1

and FAM134B (Figure 4.17 B). Furthermore, we identified a very strong interaction between

the transcription factor TFEB and WAC.
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In addition to ATG2A-ATG2B, we validated the WIPI2-GABARAPL2, RAB7B-PI4K2A, SCOC-

SIRT2, SQSTM1-ULK4, and PIK3CA-STK3 by arrayed FACS analysis with newly designed

gRNAs and confirmed decreased autophagic flux for these hit gene pairs (Figure 4.18).
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Figure 4.18: Validation of non-essential genetic interactions in autophagy
Arrayed validation of block in autophagy flux of non-single essential autophagy genes (grey) and MAX
model-derived hit gene pairs of non-single essential autophagy genes (orange). Error bars represent
standard error of mean (SEM) over at least three biological replicates (n > 3).

It was shown that paralogs have been less frequently identified as essential genes by monogenic

CRISPR screens compared to genes that have no paralogs [251], and it was proposed that their

capacity to functionally compensate for each other’s loss resulted in the under-representation

of paralogs in monogenic CRISPR screens [251, 257]. Therefore, it was hypothesized that com-

binatorial screens may be able to identify novel gene functions or essentiality for paralog pairs

[251, 257]. Since the autophagy pathway includes many paralog genes, we expected to identify

genetic interactions between paralogs that are able to compensate for each others loss by our

combinatorial autophagy flux screen. However, our network analysis of genetic interactions

between non-essential genes showed only three interactions between paralog genes (ATG2A-

ATG2B, MAP1LC3B-GABARAP, GABARAP-GABARAPL2) (Figure 4.17 B, highlighted in

pink).

4.3.4.3 Genetic interactions of core autophagy paralog genes

To further investigate possible buffering between paralogs, we analyzed all MAX model-derived

GIs (LFC > 0, dLFC > 0) of paralogs of the core autophagy library and compared their genetic

interaction profiles, including those GIs that contained single essential autophagy genes Figure

4.19).

As expected from our previous analysis, we identified a GI between the ATG2A-ATG2B para-

78



4. Results

log pair, indicating that the presence of at least one of the paralogs is required for auto-

phagy flux (Figure 4.19). In addition, within the WIPI gene family, we identified multiple GIs,

namely WIPI1-WIPI2, WIPI2-WDR45, and WDR45-WDR45B Figure 4.19). In contrast, we

observed no GIs within the ULK and ATG4 paralog families. Additionally, we observed very

similar GI profiles for the two essential core autophagy paralogs ATG9A and ATG16L1 and

only a few weak interactions for their corresponding paralogs ATG16L2 and ATG9B (Figure

4.19). Moreover, we identified GIs between the members of the ATG8 family (GABARAP,

GABARAPL2 and MAP1LC3B) (Figure 4.19).
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Figure 4.19: Genetic interaction profiles of core autophagy paralogs
Delta log2-fold changes (dLFC) heat map of averaged AB–BA GIs of core autophagy paralog genes
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5.1 Advantages and limitations of 3Cs multiplexing

5.1.1 Construction of highly diverse multiplex libraries in a single reaction

In the past years, several technologies have been developed to generate combinatorial CRISPR

gRNA plasmids and libraries [51, 130, 151, 173, 175, 176]. All of them are based on cloning

techniques that require a restriction endonuclease-based linearization of the library vector for

integrating the gRNA-encoding inserts, for instance, by ligation or Gibson assembly [147].

For pooled gRNA libraries, these cloning steps are performed in iterative pooled reactions to

integrate first one gRNA, and then the second. Moreover, due to cloning artefacts or low

cloning efficiencies, pooled cloning reactions can result in incomplete libraries. Therefore, the

intermediate libraries have to be sequenced to determine missing gRNA combinations and to

repeat the pooled cloning steps, until the complete desired library diversity is represented in

the final library. For example, in the yet biggest genetic interaction screen in human cells a

total of 222,784 gene pairs were screened to elucidate the genetic landscape of the human cell

[51]. However, of the intended 1,044,844 gRNA combinations, only 964,621 were present in

the final library [51]. This highlights the need for robust technologies that allow to generate

highly diverse multiplex libraries with complete library diversities.

With our 3Cs multiplexing technology we provide a robust platform for generating highly

diverse pooled combinatorial CRISPR gRNA libraries in a single 3Cs synthesis reaction. 3Cs

multiplexing requires no linearization of the library vector for integrating pairwise gRNAs but

relies on simultaneous annealing of two non-amplified oligonucleotide pools that encode all

library gRNAs. We show that 3Cs is capable of generating libraries that contain up to 913,000

gRNA combinations. The complete workflow for generating a 3Cs multiplex gRNA library takes

4 days, but includes several incubation times (Supp. Figure S1 E). The actual time requirements

for manual work comprise only 10 hrs and phage particles for dU-ssDNA purification can be

prepared in advance for long-term storage. Therefore, the 3Cs multiplexing technology is

particularly advantageous for generating multiple different libraries at once or for construction

of multiplex libraries on a routine basis.
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5.1.2 3Cs multiplex libraries show uniform library distributions

The main advantage of 3Cs multiplexing is the uniformity of library distributions. The 3Cs

libraries generated in this work, namely the GFP, mCherry, and autophagy single-gRNA and

multiplex libraries, the 1N-4N multiplex libraries and the 1:1 multiplex library, showed distri-

bution skews ranging from 1.1 to 1.69. As a reference, the library distribution skews for five

published genome-wide single-gRNA libraries ranged from 2.4 to 8.8. [110, 116, 181, 334,

335] (skews were analyzed in [182]). Of note, the library distribution skews for multiplex lib-

raries generated with conventional cloning methods are expected to be even higher, because

the additional cloning steps for integrating the second gRNA provide additional error sources,

which can potentially introduce a sequence bias. Sequence analyses showed that unevenly

distributed CRISPR libraries tend to have poly-G-stretches in low abundant gRNAs and poly-

T-stretches high abundant gRNAs, which is probably due to sequence-specific biases during

during synthesis or PCR amplification of gRNAs for library generation [182]. We reasoned

that the superior library distribution of 3Cs libraries could be explained by circumventing both,

linearization of the library vector and PCR amplification of gRNA sequences. Moreover, the

sequencing of artificially skewed libraries (1:1, 1:10 and 1:100) revealed that the ratio of target-

to NHT-sequences of the oligonucleotide pool is reflected by the fraction of the respective se-

quencing reads of the final libraries (Supp. Figure S2 A-B). Therefore, we concluded that the

distribution of 3Cs multiplex libraries is primarily determined by the sequence distribution of

the initial oligonucleotide pool, and only marginally influenced by technical bias during 3Cs

synthesis.

5.1.3 Limitations of 3Cs multiplex library generation

In theory, there is no limitation on the number of gRNA-encoding oligonucleotides, and con-

clusively on the desired number of target genes that could be multiplexed in a 3Cs synthesis

reaction, as long as the amount of dU-ssDNA is proportionally increased and adjusted to the

amount of oligonucleotides. Nevertheless, there are technical restrictions that determine the

maximum number of possible gRNA combinations for a multiplex library.

First, the 3Cs synthesis reaction is followed by a coverage-based electroporation of purified

3Cs synthesis product. For example, when generating the 3Cs multiplex library with 900,000

gRNA combinations, we have observed that low electroporation efficiencies can lead to bot-

tleneck effects and result in random loss of gRNA sequences, which will be reflected by an

increased distribution skew. However, for all subsequent 3Cs multiplex libraries we were able to

improve the electroporation efficiencies by scaling up the numbers of bacteria, dU-dsDNA and

the electroporation cuvette sizes. A single electroporation results in average in 1 x 1011 trans-

formed cells, which enables electroporation of libraries of up to 1 x 108 gRNA combinations,

while still providing a 1,000-fold coverage. Multiple iterative electroporations are possible as

well but each additional reaction provides additional sources for sequence bias, just as with

conventional cloning methods.
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Further limitations of 3Cs multiplexing relate to the 3Cs multiplex vector design. The two

different gRNA expression cassettes employ two distinct RNA pol III promoters and two types

of tracrRNAs (tracrWT [329], and tracrV2 [312]), which on one hand are necessary to provide

unique homology sites for 3Cs synthesis and prevent recombination during lentiviral packaging,

but on the other hand raise concern regarding the expression and activity of the gRNAs from

both promoters. On a small scale, knockout of GFP and mCherry in hTERT-RPE1 cells con-

firmed the functionality of both gRNA expression cassettes in a proof of concept experiment.

In addition, on a larger scale, we observed stronger LFCs for gene targeting by dual-gRNAs

compared to single-gRNAs (Supp. Figures S2 C-D, S7 A-C), which confirms the activity of

gRNAs irrespective of their expression cassette.

Lastly, since the 3Cs multiplex vector does not encode a Cas9, 3Cs multiplex libraries are only

applicable for cell lines that have been engineered for stable Cas9-expression, which constitutes

a limitation for cell lines with limited expansion capacity, such as primary cell lines. Since 3Cs

multiplexing is not limited to knockouts by Cas9, it is possible to expand the 3Cs multiplex

tool box in the future by integrating the dual-gRNA expression cassette of the 3Cs multiplex

vector into distinct library backbones that contain Cas9 or engineered Cas variants to enable

other gene modifications, such as for example gene activation by CRISPRa [79].
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5.2 3Cs multiplexing allows coverage-minimized screening for

genetic interactions

Computational simulations have recently shown that the screening coverage and library dis-

tribution skew are critical factors for screen quality and reproducibility [182]. Indeed, our

experimental approach, in which we screened combinatorial libraries with artificially skewed

distributions with two different screening coverages (20- and 200-fold), supports this notion.

The Cohen’s d-based QSs showed increased performance quality for screens with the higher

coverage of 200-fold for all three libraries. However, a 200-fold coverage could not improve

the QSs for the library with a distribution skew > 13 to an extent that allowed a seperation of

LFCs of NHT controls from LFCs of essential genes. Importantly, similar QSs were obtained

when screening either a uniform library (distribution skew = 1.2) with lower coverage, or a less

uniform library (distribution skew = 2.4) with higher coverage. In line with the QSs, MAGeCK

analyses retrieved similar numbers of gene pairs passing set filters for 20- and 200-fold cov-

erages for both libraries with distribution skew < 2.5. Compared to the 20-fold coverage, the

200-fold coverage only improved MAGeCK hit detection for the library with the highest dis-

tribution skew, but still fewer gene pairs passed the set filters compared to both libraries with

distribution skews < 2.5. Surprisingly, for the uniformly distributed library, MAGeCK analyses

retrieved marginally more hit gene pairs with a 20-fold coverage compared to the 200-fold.

This can be explained by technical parameters, which, apart from the screening coverage, can

affect the screen quality, namely the coverages during sequencing sample preparation and the

sequencing depth. Since we aimed to investigate solely the effect of the screening coverage,

the same amount of genomic DNA (200-fold) and the same sequencing depth (1000-fold)

were applied to all samples, for both 20- and 200-fold screening coverages. In concordance

with our data, computational work suggests that the coverage of genomic DNA for sequencing

sample preparation can marginally affect the screen quality [182]. Taken together, our QSs

and MAGeCK analyses show (1) that the distribution skew is a critical parameter that should

be considered when designing combinatorial CRISPR screens, (2) that increasing the screening

coverage even by 10 times is not sufficient to compensate for screening quality loss caused by

high a library distribution skew above 13, and (3) that libraries with distribution skews below

2.5 can be screened with minimized screening coverages, without compromising on the data

quality.

The correlations of QSs obtained from screens with artificially skewed 3Cs multiplex libraries

and their distribution skews serve as an indication for choosing a screening coverage accord-

ing to the library distribution and provides potential for downsizing current screen sizes, and

associated efforts and costs by a factor of at least 10-fold (Figure 5.1). Good screen quality

is indicated by QSs above 2, and marginal screen quality by QSs below 1 [332]. However,

providing precise screening coverages for libraries with distribution skews > 8 requires further

testing of screen performances at coverages above 200-fold. Importantly, the determining im-

pact of the library distribution on the required screening coverage highlights the importance
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for robust methods for generating evenly distributed gRNA libraries, such as provided by 3Cs

multiplexing.
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Figure 5.1: The library distribution skew determines the required screening coverage.
Correlation of Cohen’s d-based screen quality score and library distribution skew. Three artificially
skewed 3Cs multiplex libraries were screened at 20-fold (20x, green) and 200-fold (200x, blue) coverages.
Indications for high screen performance (green area) is achieved when the screen quality score is above
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While our experiments with artificially skewed libraries allowed us to determine minimized

screening coverages for reducing the screen sizes for our subsequent screens, the analysis of

the optimal number of gRNAs for multiplex screens showed that a reduction of the library di-

versity by reducing the number of gRNAs per gene combination is not possible. For monogenic

screens it was shown that statistically robust hit detection requires at least 4 gRNAs per genes

[181]. In a recent approach, it was achieved to reduce the scale of monogenic genome-wide

knockout CRISPR screens without sacrificing performance by delivering two randomly paired

gRNAs into each cell [336]. In line with this, we hypothesized that the knockout efficiency of

target gene combinations would be increased by dual-gRNA targeting, and would therefore en-

able a reduction of the number of gRNAs per gene for multiplex screens. Indeed, we observed

constantly increased knockout efficiencies for dual-gRNA targeting compared to single-gRNA

targeting in all screens and in arrayed targeting of single genes by two-gRNAs (Supp. Figures

S2 C-D, S7 A-C). However, we identified 16 gRNA combinations, corresponding to 4 gRNAs

per gene, to be at least required for pairwise hit detection by MAGeCK analysis. The high

number of gRNAs likely compensates for the possibility that selected gRNAs might be inactive,

and in the future, improvements for selecting highly active gRNAs will likely enable a reduction

of the number of gRNAs for monogenic and multiplex screens.

In summary, our results for determining minimized screening conditions for 3Cs multiplex lib-

raries show (1) that uniformly distributed 3Cs multiplex libraries with distribution skews below

2.5 can be screened with a low coverage without compromising on quality and reproducibility

and (2) that 16 gRNA combinations per gene pair are minimally required for reliable detection

of hit gene pairs by MAGeCK analysis.
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5.3 3Cs multiplex screens identify autophagy gene interactions

in cell proliferation and autophagy flux

5.3.1 Single and combinatorial autophagy gene knockouts enhancing and sup-

pressing proliferation

Sustained proliferation of cells, which escaped from regulation by growth signals and cell cycle

control, constitutes a hallmark of cancer [337]. Autophagy maintains the genome stability of

cells and its disruption has been linked to an increased risk of tumorigenesis [264, 338–340].

At the same time, in established tumors, the role of autophagy in regulating cell prolifera-

tion is more complex and highly context-dependent. Cancers with KRAS and BRAF driver

mutations have been associated with high autophagy levels. For instance, pancreatic ductal

adenocarcinomas (PDAC) show a high level of basal autophagy that is required for PDAC

tumor growth [341, 342]. Likewise, autophagy inhibition by ATG7 depletion led to tumor

regression in a BRAF-driven lung tumors [343]. However, other studies contradict the prolifer-

ation promoting effect of high autophagy levels in tumor cells. For example, in breast cancer

cells, the autophagy inducer rapamycin has been shown to repress cell proliferation by inducing

cell cycle arrest [344]. Therefore, the evidence indicate that autophagy regulates proliferation

in a context-dependent manner and autophagy gene interactions might be involved in the co-

ordination of proliferation.

In our single autophagy proliferation screens, we investigated the effects of autophagy gene

delpletions and identified WASHC1 to be essential for cell proliferation in hTERT-RPE1 cells.

WASHC1 is part of the WASH core complex that functions as a nucleation-promoting factor at

the surface of endosomes, and is also involved in endosomal sorting through facilitating tubule

fission by activation of the Arp2/3 complex [345]. It was further shown that WASHC1 neg-

atively regulates autophagy by inhibiting BECN1 ubiquitination to inactivate PIK3C3/VPS34

activity [346]. WASHC1 was likely not identified as an essential gene by previous genome-wide

screens because the applied genome-wide CRISPR libraries did not include gRNAs target-

ing WASHC1. We observed no negative or positive proliferative effects when core essential

autophagy genes were depleted, suggesting that in hTERT-RPE1 cells, proliferation does not

dependent on single autophagy genes.

Our multiplex autophagy proliferation screen identified a total of 446 gene pairs that sup-

pressed cell proliferation, and 732 gene pairs that enhanced cell proliferation upon depletion.

The strongest decrease of cell proliferation was observed for knockout of the combination

WDR45B-PIK3R4. The phospho-inositide-3-kinase regulatory subunit 4, also VPS15 (PIK3R4),

constitutes a regulatory subunit of the PI3K complex that mediates the formation of PI3P [347].

A study with high-content microscopy-based assays combined with siRNA-mediated subunit

depletions showed that a specific sub-complex, which contained VPS15, VPS34, Beclin 1,

UVRAG and BIF-1, regulates receptor degradation and cytokinesis [348]. This opened the

possibility that it may also be involved in tumor suppression by downregulation of mitogenic
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signalling [348]. The WD repeat-containing protein 45B (WDR45B, also WIPI3) contains

seven WD40 repeats that can fold into a beta-propeller structure and are thought to mediate

protein-protein interactions. Additionally, it contains a conserved motif that enables interac-

tion with phospholipids and mediates a scaffold function for recruiting other proteins or protein

complexes [253]. Based on these observations it might be possible that WDR45B exhibits a

specific role as a downstream PI3P effector that could be involved in PI3K-III sub-complex

signalling pathways.

Loss of the GI between KEAP1 and ATG7 enhanced proliferation to a stronger degree than

depletion of the tumor suppressor TP53. Due to this strong impact on cell proliferation, and

since previous meta-analysis demonstrated that lung tumors with increased proliferative rates

were associated with worse prognosis and reduced survival [349], we wondered, if this GI has

clinical relevance and could serve as a survival biomarker. We explored the publicly accessible

databases Gene Expression Omnibus (GEO) [323], European Genome-phenome Archive of hu-

man data (EGA) [324], and cancer Biomedical Informatics Grid (caBIG) [350], and generated

Kaplan-Meier curves to analyze the five-year survival rates of lung squamous cell carcinoma

(LUSC) patients based on ATG7, KEAP1, and ATG7 and KEAP1 gene expression data (Figure

5.2 A).
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Figure 5.2: Overall survival of lung squamous cell carcinoma patients depending on
ATG7 and KEAP1 expression
A) Kaplan-Meier curves of five-year overall survival (OS) rates of lung squamous cell carcinoma patients
based on ATG7, KEAP1, and KEAP1 and ATG7 gene expression levels. Hazard ratios (HR). B) TCGA
analysis of lung squamous cell carcinoma patient survival dependent on ATG7-KEAP1 gene expression
profile using the UCSC Xena online tool. Regression line in red color.

The simultaneous downregulation of both genes correlated with reduced five-year survival (Fig-

ure 5.2 A). To corroborate our finding, we correlated the ATG7 and KEAP1 gene expression
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and LUSC patient overall survival obtained from the Pan-Cancer Atlas from The Cancer Gen-

ome Atlas (TCGA) [326]. LUSC patients were classified into four categories depending on

ATG7 and KEAP1 gene expression levels. Interestingly, patients with low expression of ATG7

and KEAP1 had the lowest overall survival (Figure 5.2 B).

Moreover, the presence of few highly connected hub genes, also referred to as capacitors that

function as buffers for genotypic variation under normal conditions have been previously repor-

ted and predicted [351, 352]. Loss of these hub genes can modify the phenotypic consequences

of mutations of many different genes [351, 352]. Indeed, we observed that the loss of PIK3R3,

ATG5, or ATG7 affects cell proliferation in combination with more than 80% of all tested

genes. Particularly in cancer, mutations in single genes can exhibit no impact, but promote

tumorigenesis in combination with additional mutations, thus leading to poor survival in pa-

tients. While our analyses for KEAP1-ATG7 suggest a potential clinical relevance of ATG7

and KEAP1 as a novel LUSC biomarker that, however, requires further investigation, we were

not not able to find clinical links for the GIs KEAP1-ATG5 or PIK3R4-WDR45B by similar

analyses. The complex and context-dependent nature of GIs complicates their translation to

possible novel biomarkers. While these analyses are purely based on correlations and can at

most serve as hints for further investigations, they highlight the potential of GIs as biomarkers

and the need for an advanced understanding of the phenotypic consequences of synergistic

gene functions.

5.3.2 Single genes and gene combinations essential for autophagy flux

The two different types of single autophagy flux screens identified essential autophagy genes

with an overlap of 11 genes upon FDR-relaxation (Supp. Figures S5 C-D). Still, the separate

single screen identified more single essential genes, for which we were able to confirm a block

of autophagy by arrayed FACS validation, such as TEMEM41B and WIPI2, compared to the

multiplex-inherent single screen. We can not exclude that this increased resolution observed for

the separate single screen possibly resulted from the higher experimental coverage (1,000-fold)

compared to the multiplex-inherent single screen (20-fold). However, the autophagy multiplex

screen was intended to identify GIs in autophagy that exhibit strong depletion phenotypes to

provide a proof-of-principle for minimized combinatorial CRISPR screens with reporter-based

read outs. Increasing the coverage of the multiplex screen for the sake of a higher resolution,

would have drastically increased cell culture efforts and FACS-time. The solution we provide

for combinatorial FACS-based screens, is to perform a separate single screen with a higher

coverage compared to the multiplex screen. This enables extracting more stringent single gene

phenotypes that are required to compute expected phenotypes for non-interacting genes, and

ultimately to identify high confidence GIs.

Similarly as to in proliferation, we identified hub genes that regulate overall autophagy flux.

These include all known single essential core autophagy genes, which blocked autophagy in

combination with more than 90% of all other genes of the library to a higher degree as would be
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expected. Interestingly, apart from single essential core autophagy genes, we found AMBRA1

to be highly connected, as the only gene that our and previous screens did not identify as a

single essential autophagy gene, nor did the arrayed validation detect a significant block of

autophagy for AMBRA1 depletion alone. The GIs between AMBRA1 and more than 80 other

autophagy genes required for autophagy flux suggest an important buffering role of AMBRA1

as a hub gene in the context of Torin 1 induced autophagy. AMBRA1 was shown to be a

critical regulator of autophagy and to mediate the cross-talk to other cellular pathways, such

as apoptosis [353, 354]. Additionally, AMBRA1 itself was shown to link autophagy to cell pro-

liferation by promoting c-Myc dephosphorylation and degradation [264]. The 1,300-amino acid

protein, which interacts with numerous proteins and mediates post-translational modifications,

is characterized by WD40-domains in the N-terminal region that can serve as platform for the

assembly of protein complexes and participate in diverse cellular functions [355]. Apart from

the WD40-domains, the AMBRA1 protein sequence is intrinsically disordered, meaning that

the rest of the protein sequence lacks recognizable domains [356]. Such intrinsically disordered

regions are rich in protein–protein interaction sequences and provide flexibility for conformation

changes upon binding to different interacting proteins [357]. This characteristic structure of

AMBRA1 accounts for the large number of protein–protein interactions and is supposed to be

crucial for the complex interactions within autophagy itself and between autophagy and other

pathways [264, 358].

Lastly, our multiplex autophagy screen identified high-confidence GIs that are required for

autophagic flux. We were able to validate randomly selected GIs of the network, namely

ATG2A-ATGB, WIPI2-GABARAPL2, SCOC-SIRT2, AMBRA1-ZKSCAN3, PI4K2A-RAB7B,

PIK3CA-STK3, and SQSTM1-UKL4 by single and combinatorial gene depletions and quan-

tification of autophagy block by FACS. This confirms our minimized coverage approach and

MAX model based GI analysis. Interestingly, in the arrayed validation, we observed that knock-

out of WIPI2 alone blocked autophagy to 25.03%. We previously identified WIPI2 as a unique

hit in the separate single screen only under conditions of FDR-relaxation. This result identifies

WIPI2 as a single essential gene for autophagy in hTERT-RPE1 cells. Underlying molecular

mechanisms that result in the synergistic gene function of the identified GIs require further

investigation in the future.

5.3.3 Genetic interactions between paralogous autophagy genes

Pooled CRISPR-Cas9 screens across distinct human cell lines have identified a set of core

essential genes that result in decreased cell viability when they are knocked out [113]. Com-

pared to the high number of constitutively expressed genes in a cell, only few genes constitute

essential genes [113]. However, there is emerging evidence that gene essentiality can only be

considered in a context-dependent manner and that, at least on an organism level, effectively

every gene can be essential under certain conditions [359]. A recent study found that genes

that were never identified to be essential across multiple cell lines by different screens include
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a high number of paralogs [251]. These observations suggested that functionally redundant

paralogs were underrepresented among essential hit genes in monogenic CRISPR-Cas9 screens

because their corresponding paralogs would buffer the effects induced by their loss [251, 257].

The autophagy pathway is characterized by a high degree of paralogs, for which unique

or compensatory functions are largely unknown. However, among the high-confidence GIs

(dLFC > 3*SD, excluding single essentials) that we identified to be essential for autophagy flux

in hTERT-RPE1 cells were only three paralog gene pairs, namely ATG2A-ATGB, GABARAP-

GABARAPL2, and GABARAP-MAP1LC3B. Among all MAX model-derived GIs (dLFC > 0,

LFC > 0, including single essentials) we observed additional GIs among paralogs, such as GIs

between members of the WIPI family.

Paralogs result from gene duplication during evolution and four different models have been

proposed that describe the fate of paralogous genes after the duplication event, and explain

their divergence and development of different functions [360–362]. While the model of neo-

functionalization postulates that one gene copy retains the ancestral function and the second

gene copy adapts to new function, the model of subfunctionalization proposes that the original

gene function is subdivided between both paralogs [363, 364]. Alternatively, one paralog can

retain the ancestral function while the gene copy devolves into a pseudogene [365]. Lastly, both

gene copies can promote the same function, if increased protein levels provide an advantage

[365]. Interpreting whether the identified GIs between paralogs suggest redundant or specific

gene functions requires to differentiate between gene families that consist of only two paralog

genes, such as ATG2A/B, ATG9A/B and ATG16L1/2, and paralog families that include more

than two members, such as ATG8s, ULKs, ATG4s, and WIPIs.

The identified GI between ATG2A and ATG2B suggests compensatory functions of both genes,

because the presence of at least one of the paralogs is required for autophagy flux. We observed

very similar GI profiles for the two essential core autophagy paralogs ATG9A and ATG16L1

across all core autophagy genes, and only weak interactions with their corresponding paralogs

ATG16L2 and ATG9B. Different spatio-temporal or tissue-specific expression profiles have

been reported for paralogous genes [366, 367]. To account for context-dependent functions of

ATG9B and ATG16L2, we quantified their transcript levels in RPE1 cells by RNA-seq. As ex-

pected, ATG9A transcripts were highly abundant, while ATG9B transcripts were undetectable

(Figure 5.3, Supp. Table S8). In accordance to the distinct tissue-specific roles that have been

reported for ATG16L2 and ATG16L1 [366], transcripts levels of ATG16L2 were much reduced

compared to ATG16L1 (Figure 5.3).

In contrast to GIs between paralog families with two members that suggest redundant functions,

the GIs we identified between WIPI and ATG8 paralogs, which contain multiple paralog genes,

rather suggest specific functions. For example, the GIs WIPI1-WIPI2, WIPI2-WDR45, and

WDR45-WDR45B suggests specific roles of the WIPI members that cannot be compensated

for by other members of that family, as was also previously reported [229, 253, 256, 368].

Moreover, the GIs between GABARAP, MAP1LC3B, and GABARAPL2 and their observed

higher transcript levels suggested specific roles of these three ATG8s in hTERT-RPE1 cells
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compared to the ATG8s paralogs that showed no GIs. Although it has recently been shown

that autophagosomes can form eventually even in the absence of all ATG8s [230], we identi-

fied GIs between ATG8s that might be explained by the pooled, coverage based read-out that

allows to detect even subtle reduction of autophagy flux in a fraction of knockout cells. The

absence of GI between ULK paralogs, suggests potential buffering functions that may only be

uncovered by higher-order GI screens.
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Figure 5.3: Expression levels of autophagy paralogs
Mean of delta log2-fold changes (dLFCs) of genetic interactions (GIs) of core autophagy paralogs across
all core autophagy genes (blue squares, left Y-axis) compared to their normalized transcript abundance
in hTERT-RPE1 cells (red dots, right Y-axis). Error bars of mean dLFCs represent standard error of
mean (SEM) over all GIs. Error bars of normalized transcript abundance represent SEM over three
biological replicates (n=3). Not determined (nd).

5.4 Limitations and opportunities of 3Cs multiplex screens

Although the 3Cs multiplexing technology provides a robust platform for generating uniform

libraries and thus offers the potential to minimize screening conditions, there are still technical

challenges that have yet to be resolved.

For instance, the sample preparation of sequencing libraries from genomic DNA of screen

samples requires coverage-based PCR reactions. While computational analysis showed that

transduction and PCR only marginally influenced the results in simulated screens [182], the

impact of these parameters on the screening performance needs to be investigated by exper-

imental approaches. Moreover, results from pooled monogenic or multiplex screens can be

biased by non-cell autonomous effects because in a single dish cross-talk between neighboring

cells can mask the true phenotype of other gene functions, for example for knockouts of growth

factors. While we show that reporter-based screens can be enabled by reduced coverages and

allow investigation of other phenotypes than viability and proliferation, reporter-based screens

are limited to genes that are not essential for cell survival and growth because such genes are

excluded during the 14 to 21 days of screening.

We hope that, in the future, generating uniform libraries by 3Cs multiplexing will advance com-

binatorial CRISPR screening at scale and enable investigating more complex phenotypes that
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have been difficult to measure due to extensive cell culture efforts. In addition, 3Cs multiplex-

ing might enable screens across numerous cell lines to map core essential and tissue-dependent

GIs on a genome-wide scale, in the same way as it has been done for single genes. In the future

it might be possible to extend the 3Cs technology to generating higher-order gRNA CRISPR

libraries that express more than two gRNA in a single cell. Several different RNA polymerase

III promoters from multiple species are available and, together with the new engineered gRNA

scaffolds, provide sufficient design space to potentially accommodate up to 5 non-recombining

gRNA-expression cassettes with unique 3Cs homology on a single lentiviral plasmid. However,

coverage-based amplification and high-throughput sequencing impose practical constraints that

need to be considered. And still, their experimental application and analysis is limited by cell

culture demands and high-throughput sequencing strategies.

Advances in combinatorial screening will help to reveal synergistic gene functions that un-

derlie complex phenotypes, and benefit the design of therapeutics by identifying buffering or

suppressive interactions, which for example can provide molecular targets for inhibitors.
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6.1 Supplementary Tables

Table S1: Genetic mutations in autophagy related genes associated with human disease

Gene Disease Reference

ALFY Primary microcephaly [369]

APP Alzheimer’s disease [370]

AT-1 Spastic paraplegia; [371]

(SLC33A1) Developmental delay;

Autism spectrum disorders

ATG16L1 Crohn’s disease [372, 373]

ATG16L2 Systemic lupus erythematosus [374]

ATG4A/B/C/D Kashin-Beck disease; [375, 376]

Crohn’s disease

ATG5 Autosomal recessive spinocerebral ataxia [377]

ATP6AP2 X-linked Parkinsonism with spasticity; [378]

Multisystem disorder

BECN1 Brest and ovarian cancer [379, 380]

C9orf72 Amyotrophic lateral sclerosis; [381, 382]

Frontotemporal dementia

CALCOCO2 Crohn’s disease [383]

(NDP52)

CLEC16A Diabetes; [384, 385]

Multiple sclerosis

CTNS Cystinosis [386]

EPG5 Vici syndrome [286]

ERBB2 Breast cancer [387]

FAM134B
Hereditary sensory and

autonomic neuropathy type II
[388]

FANC genes Fanconi anemia congenital syndrome; [389]

Hereditary breast and ovarian cancer;
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Table S1: Genetic mutations in autophagy related genes associated with human disease

Gene Disease Reference

Sporadic cancers

GPR65 Inflammatory bowel disease [390]

HTT Huntington’s disease [391]

(Huntingtin)

IRGM Non-alcoholic fatty liver disease; [392, 393]

Crohn’s disease;

Tuberculosis

LAMP2 Danon’s cardiomyopathy [394]

LRRK2 Crohn’s disease; [395]

Parkinson’s disease

MTMR3 Inflammatory bowel disease [396]

OPTN1 Amyotrophic lateral sclerosis; [397–399]

Primary open-angle glaucoma;

Paget’s disease of the bone

PARK2 Autosomal recessive and [400, 401]

(Parkin) sporadic early-onset Parkinson’s disease

Colon, lung, and brain cancer

PARK6 Autosomal recessive and [402]

(PINK1) sporadic early-onset Parkinson’s disease

PEX13 Zellweger syndrome spectrum disorders [403]

PIK3R4 Cortical atrophy and epilepsy [404]

(VPS15)

PLEKHM1 Osteopetrosis [405]

PS1 Alzheimer’s disease [406]

PTPN2 Inflammatory bowel disease; [407]

Type 1 diabetes;

Juvenile arthritis

RAB7A Charcot-Marie-Tooth type 2B disease [408]

SMURF1 Ulcerative colitis [409]

SNX14 Autosomal recessive spinocerebellar ataxia [410]

SPG11 Autosomal recessive spastic paraplegia [411]

SPG15 Autosomal recessive spastic paraplegia [411]

(ZFYVE26)

SPG49 Hereditary spastic paraplegia [411]
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Table S1: Genetic mutations in autophagy related genes associated with human disease

Gene Disease Reference

(TECPR2)

SQSTM1 Frontotemporal dementia; [412, 413]

(p62) Myotrophic lateral sclerosis

TBCK Infantile hypotonia with psychomotor retardation [414]

and characterstic facies 3

TBK1 Amyotrophic lateral sclerosis; [289, 415]

Frontotemporal dementia;

Other neurodegenerative phenotypes

TMEM230 Parkinson’s disease [416]

TRIM20 Familial Mediterranean fever [417]

v-ATPase Autosomal recessive osteoporosis [418]

VPS11 Hypomyelinating leukodystrophy [419, 420]

VPS13D Ataxia with spasticity [421]

WASP Wiskott-Aldrich syndrome [422]

WDFY3 Autosomal dominant primary microcephaly [423]

WDR45 Beta-propeller protein-associated neurodegeneration; [288, 424]

(WIPI4) Neurodegeneration with brain iron accumulation

WDR45B Neurodevelopmental disorder with spastic quadriplegia [425, 426]

(WIPI3) and brain abnormalties

WIPI2 Cerebral palsy; [368, 427]

Global developmental disorder

Adapted from [192, 196, 420]
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Supplementary Tables S2-S8 are provided as excel files on a DVD attached at the last page.

Table S2: DNA oligonucleotide sequences used for 3Cs reactions, cloning, and sequencing
library preparation

Table S3: Read counts of GFP-mChery libraries

Table S4: Read counts of randomized libraries (1-4N) and multiplex library B

Table S5: Read counts of artificially skewed libraries and screens

Table S6: Read counts of autophagy single and multiplex libraries and screens

Table S7: GI model summary

Table S8: RNA-seq data of hTERT-RPE1-Cas9 cells
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6.2 Supplementary Figures
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Figure S1: 3Cs multiplexing technology development
A) Sequencing depth of single-gRNA and combinatorial GFP, mCherry, and GFP+mCherry 3Cs lib-
raries. Sample median and quartiles are shown as red straight and black dotted line, respectively.
B) Area-under-the-curve (AUC) determination of single and combinatorial GFP, mCherry (mCh), and
GFP+mCherry 3Cs library representations. Percentages indicate the library representation at 90% of
cumulative reads. AUC values are indicated next to each library identifier. C) Sequencing depth of
nucleotide-randomized multiplex 3Cs libraries (1N-4N), and the non-randomized multiplex library with
910,000 gRNA combinations (0.9M). Library median and quartiles are shown as red straight and black
dotted line, respectively. D) Analysis of library distribution skews and completeness of the library com-
plexity (%) per library, based on read counts derived from (C). E) Overview of individual steps of the
3Cs and 3Cs multiplexing protocol, and time requirements (on top of grey arrows) and required or
expected DNA yields (below arrows) are highlighted. Time requirements are separated by total versus
hands-on time (grey scaled bars). Adapted from [112].
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Figure S2: Evaluation of minimized screening conditions for 3Cs multiplex libraries
A) NGS sequencing depth of three multiplexed libraries (1:1, 1:10, 1:100) with biased skew ratios.
The median and quartile of each sample is shown as red straight and black dotted line, respectively.
B) Analysis of NHT-fraction in three libraries with artificially skewed library distributions. Median
and quartiles of the distributions are shown as red straight and black dotted line, respectively. C-D)
Concordance of single versus dual-gRNA gene targeting by means of gene-level log 2-fold changes
(LFCs) showed stronger LFCs with two gRNAs. This effect was observed in screens performed with the
1:1 library with a 20-fold (C) and 200-fold (D) experimental coverage.
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B

A

Figure S3: Correlation of libraries with biased skew ratios and corresponding 20-fold
and 200-fold coverage screens
A-B) Hierarchically clustered pairwise sample correlation (Pearson’s correlation coefficient, r) for all
replicates (n1-n3) of the artificially skewed libraries (1:1, 1:10, 1:100) and coverages (20x, 200x). The
values in individual cells indicate r of the normalized read counts. The color code visualizes no correlation
(black) to high correlation (white), at gRNA (A) and gene (B) level.
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Figure S4: Sequencing analysis of the multiplex proliferation and autophagy flux screen
A) Hierarchically clustered pairwise sample correlation (Pearson’s correlation coefficient, r) on gRNA
and gene levels of the autophagy multiplex (mpx) library and pre- and post-FACS replicates. The values
in individual cells indicate r of normalized read counts. Libraries are indicated with a blue bar on the left
side of each heatmap. The color code visualizes no correlation (black) to high correlation (white). B-C)
Distributions of sequencing depths of replicate samples of the multiplex proliferation screen replicates
(pre-FACS 1-2) and the autophagy multiplex (mpx) library (B), and the multiplex autophagy flux screen
replicates (post-FACS 1-3) (C).
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Figure S5: Sequencing analysis of the single autophagy flux screens
A) Distributions of sequencing depths of the extended single autophagy library and separate single
autophagy flux screen replicates. B) Hierarchically clustered pairwise sample correlation (Pearson’s
correlation coefficient, r) on gRNA and gene levels of the autophagy single extended library and post-
FACS samples of the separate single autophagy flux screen replicates. The values in individual cells
indicate r of normalized read counts. Libraries are indicated with a blue bar on the left side of each
heatmap. The color code visualizes no correlation (black) to high correlation (white). C-D) MAGeCK
derived significance of enriched genes post-FACS in the separate single (C) and multiplex (mpx)-inherent
single (D) screens. Genes with a p-value<0.05 are highlighted in red. Significant hit genes unique to
the respective analysis are highlighted in blue. False-discovery-rate (FDR).
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Figure S6: Sequencing analysis of the "high-gate" cell population
A) Distributions of sequencing depths of the "high-gate" cell populations from the autophagy multiplex
flux screen replicates. B) Hierarchically clustered pairwise sample correlation (Pearson’s correlation
coefficient, r) on gRNA and gene levels of the autophagy multiplex (mpx) library and post-FACS
"high-gate" cell populations from the autophagy multiplex flux screen replicates (n1-3). The values in
individual cells indicate r of normalized read counts. Libraries are indicated with a blue bar on the left
side of each heatmap. The color code visualizes no correlation (black) to high correlation (white).

101



6. Supplements

A
A
T
G
3

A
T
G
1
0
1

R
B
1
C
C
1

A
T
G
3
-A
T
G
3

A
T
G
1
0
1
-A
T
G
1
0
1

R
B
1
C
C
1
-R
B
1
C
C
1

N
H
T
-N
H
T

0

20

40

60

80

b
lo

c
k
 a

u
to

p
h

a
g

y
 (

%
)

B

100

C

L
F

C
 (

N
H

T
-h

U
6
)

RB1CC1

ATG10
ATG3

ATG12 ATG9A

ATG14
ATG13

ATG16L1

ATG101ATG5

AMBRA1

TMEM41BATG7

EPG5

L
F

C
 (

h
7

S
K

-h
U

6
)

L
F

C
 (

h
7

S
K

-h
U

6
)

h7SK vs hU6

Pearson’s r=0.79

h7SK vs double

Pearson’s r=0.88

double vs hU6

Pearson’s r=0.97

LFC (h7SK-NHT) LFC (h7SK-NHT) LFC (NHT-hU6)

h7SK vs hU6

Pearson’s r=0.59

L
F

C
 (

N
H

T
-h

U
6

)

LFC (h7SK-NHT) LFC (h7SK-NHT)

L
F

C
 (

h
7

S
K

-h
U

6
)

h7SK vs double

Pearson’s r=0.81

double vs hU6

Pearson’s r=0.91

LFC (NHT-hU6)

L
F

C
 (

h
7

S
K

-h
U

6
)

Autophagy multiplex (proliferation)

Autophagy multiplex (autophagy flux)

Figure S7: Comparison of dual and single gRNA targeting
A) Comparison of single and double gene log2 fold changes for core essential genes (according to Hart
et al., 2017) in the autophagy proliferation screen. Left panel: single phenotypes per cassette (h7SK vs
hU6, r=0.59). Middle panel: single h7SK phenotype vs the double phenotype (h7SK vs double, r=0.81).
Right panel: single U6 phenotype vs the double phenotypes (double vs hU6, r=0.91). Regression line
in blue. B) Comparison of single and double gene log2 fold changes for core essential autophagy genes
in the autophagy flux screen. Left panel: single phenotypes per cassette (h7SK vs U6, r=0.79). Middle
panel: single h7SK phenotype vs the double phenotype (h7SK vs double, r=0.88). Right panel: double
phenotypes versus single U6 phenotype (double vs U6, r=0.97). Regression line in blue. C) Autophagy
flux validation of single essential autophagy genes when targeted with one (yellow) or two (blue) gRNAs.
Error bars represent standard error of mean (SEM) over three biological replicates (n=3).
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Abbraviations

E. coli Escherichia coli

S. pyogenes Streptococcus pyogenes

3Cs covalently-closed-circular-synthesized

AAV adeno-associated viruses

ABL Abelson tyrosine-protein kinase

ALL acute lymphocytic leukemia

ALS amyotrophic lateral sclerosis

AMBRA1 autophagy and beclin 1 regulator 1

AMP ampicillin

AMPK 5’AMP-activated protein kinase

APC anaphase promoting complex

ARFIP2 ADP ribosylation factor interacting protein 2

ARFRP1 ADP ribosylation factor related protein 1

ATCC ® American Type Culture Collection

ATG autophagy-related

Atg autophagy-related, in yeast

AUC area under the curve

BCL2 B-cell lymphoma 2

BCR breakpoint cluster region protein

BECN1 Beclin 1

BORC BLOC-1 related

bp base pair

BPAN beta propeller associated neurodegeneration

BPM between-pathway module

BRCA breast cancer susceptibility protein

caBIG cancer Biomedical Informatics Grid

CAR carbenicillin

Cas12 CRISPR associated protein 12

Cas9 CRISPR-associated protein 9
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Abbraviations

CD Crohn’s disease

cDNA complementary DNA

CHL chloramphenicol

CMA chaperone-mediated autophagy

CML chronic myelogenous leukemia

COPII coat protein complex II

CRISPR-Cas clustered regularly interspaced short palindromic

repeats and CRISPR-associated protein

CRISPRa CRISPR activation

CRISPRi CRISPR inhibition

cRNA complementary RNA

crRNA CRISPR RNA

dCas dead CRISPR-associated protein

DFCP1 double FYVE-containing protein 1

DFNB26 deafness, autosomal recessive 26

DFNM1 deafness recessive, nonsyndromic modifier 1

dLFC delta log2-fold change

DMEM Dulbecco’s modified Eagle’s medium

DMSO dimethyl sulfoxide

DNase deoxyribonuclease

DRAM1 DNA damage-regulated autophagy modulator

protein 1

DSB double strand break

dsDNA double-stranded DNA

dU deoxyuridine

dU-dsDNA deoxyuridine double-stranded DNA

dU-ssDNA deoxyuridine single-stranded DNA

DUB deubiquitinating enzyme

dut dUTPase

dUTP deoxyuridine triphosphate

dUTPase dUTP diphosphatase

EGA European Genome-phenome Archive of human

data

EGFR epidermal growth factor receptor

EMT epithelial-mesenchymal transition

EPG5 ectopic P granules protein 5 homolog
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Abbraviations

ER endoplasmic reticulum

ERES ER exit sites

ERGIC ER Golgi intermediate compartment

ESCRT endosomal sorting complex required for trans-

port

ext extended

f-ori f1 origin of replication

FACS fluorescence-activated cell sorting

FBS fetal bovine serum

FDA Food and Drug Administration

FDR false discovery rate

FIP200 200-kDa focal adhesion kinase family-

interacting protein

FOXO forkhead-box transcription factor class O

FYCO1 FYVE and coiled-coil domain containing 1

FYVE Fab1, YOTB, VAC1, EEA1

GABARAP gamma-aminobutyric acid receptor-associated

protein

GAP GTPase activating protein

GEO Gene Expression Omnibus

GFP green fluorescent protein

GI genetic interaction

GRASP55 Golgi reassembly-stacking protein of 55 kDa

gRNA guide RNA

h7SK human 7SK promoter

HCS high-content screening

HDR homology directed repair

HDV hepatitis delta virus

HEK Human embryonic kidney

HER2 human epidermal Growth factor receptor 2

HMGB1 high mobility group box 1

HOPS homotypic fusion and protein sorting

Hsp90 heat shock protein 90

hTERT-RPE1 human telomerase reverse transcriptase-

immortalized retinal pigment epithelia

hU6 human U6 promoter
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Abbraviations

Indel insertion or deletion

IRGM immunity-related GTPase family M protein

KAN kanamycin

LC3 light chain 3

LFC log2-fold change

LIR LC3-interacting region

LKB1 serine/threonine kinase 11 (STK11), also known

as liver kinase B1

LUSC lung squamous cell carcinoma

MAP1LC3A microtubule associated protein 1 light chain 3

alpha

MAP1LC3B microtubule associated protein 1 light chain 3

beta

MAP1LC3C microtubule associated protein 1 light chain 3

gamma

MAPK mitogen-activated protein kinase

MOI multiplicity of infection

mpx multiplex

mpx atg multiplex autophagy

mTOR mechanistic target of rapamycin kinase

mTORC1 mechanistic target of rapamycin complex 1

NBR1 neighbor of BRCA1 gene 1 protein

NDP52 nuclear domain 10 protein 52, also known as

CALCOCO2

NGS next-generation sequencing

NHEJ non-homologous end joining

NHT non-human targeting

NK natural killer

NSLC non-small-cell lung carcinoma

OD optical density

OPTN optineurin

ORP1L oxysterol-binding protein-related protein 1L

p115 general vesicular transport factor p115

PAM protospacer adjacent motif

PARP poly ADP-ribose polymerase

PAS phagophore assembly site

PBS phosphate-buffered saline
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Abbraviations

PCR polymerase chain reaction

PDAC pancreatic ductal adenocarcinomas

PDI protein-DNA interaction

PE phosphatidylethanolamine

PI protein interaction

PI3K phosphoinositide-3-kinase

PI3P phosphatidylinositol 3-phosphate

PI4K phosphatidylinositol 4-Kinase

PI4K2A also PI4KIIα

PI4KB also PI4KIIIβ

PIK3C3 the class III phosphatidylinositol 3-kinase

PIK3R4 phospho-inositide-3-kinase regulatory subunit 4,

also VPS15

PINK1 PTEN induced kinase 1

PLEKHM pleckstrin homology domain-containing family

M member

PNK polynucleotide kinase

PPI protein-protein interaction

PRKN Parkinson disease protein 2

Puro puromycin

QS quality score

RAB RAS-associated binding GTPase

RAB7 RAS-related protein RAB-7

RagD RAS-related GTP binding D

RAS rat sarcoma

RFP red fluorescent protein

RNAi RNA interference

RNase ribonuclease

RNP ribonucleoprotein

RPTOR regulatory-associated protein of mTOR

RT room temperatur

SD standard deviation

SGA synthetic genetic array

SLE systemic lupus erythematosus

SMAD4 mothers against decapentaplegic homolog 4

SNAP29 synaptosome associated protein 29
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Abbraviations

SNARE soluble N-ethylmaleimide-sensitive factor at-

tachment protein receptor

SNP single-nucleotide polymorphism

SpCas9 S. pyogenes Cas9

SQSTM1 sequestosome-1, also known as p62

ssDNA single-stranded DNA

STK

STR streptomycin

STX17 syntaxin 17

T thymine

t-SNARE target membrane SNARE

TALENs transcription activator-like effector nucleases

TBK1 TANK binding kinase 1

TCGA The Cancer Genome Atlas

TET tetracycline

TFEB transcription factor EB

TIDE tracking of Indels by decomposition

Tm melting temperature

TP53 tumor protein p53

TP53BP1 tumor protein P53 binding protein 1

tracrRNA trans-activating CRISPR RNA

TRAP translocon-associated protein complex

TRAPPIII transport protein particle complex 3

tRNA transferRNA

TSC2 tuberous sclerosis 2

Ub ubiquitin

ULK1 Unc-51 like autophagy activating kinase 1

ung uracil-DNA glycosylase

USP ubiquitin-specific proteases

v-SNARE vesicle SNARE

VAMP vesicle associated membrane protein

VAMP8 vesicle associated membrane protein 8

VSP34 vacuolar protein sorting 34, also known as

PIK3C3

WASHC1 WASH complex subunit 1; also known as

FAM39E or WASH1
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Abbraviations

WDR45 WD repeat domain 45

WIPI WD repeat domain phosphoinositide interacting

WPM within-pathway module

WT wild type

wt wild type

ZNFs zinc-finger nucleases
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Glossary

anoikis Anoikis describes a type of programmed cell

death, that occurs in anchorage-dependent cells

upon their detachment from the surrounding ex-

tracellular matrix (ECM).

contact site Membrane contact sites are regions of close

apposition between organelles and highly con-

served in evolution. They are thought to facil-

itate signalling and promote passaging of small

molecules, such as ions, lipids or reactive oxygen

species. Important membrane contact sites oc-

cur at the endoplasmic reticulum (ER), which is

interacting with several organelles, including mi-

tochondria, Golgi, endosomes, lysosomes, per-

oxisomes, chloroplasts and the plasma mem-

brane. Contact sites can form between most

of these organelles [428].

epithelial-mesenchymal transition Epithelial-mesenchymal transition (ETM) al-

lows polarized epithelial cells, which normally

interact with basement membranes, to undergo

multiple biochemical changes leading to a mes-

enchymal cell phenotype with enhanced migrat-

ory capacity, invasiveness, and elevated resist-

ance to apoptosis. It occurs during regular em-

bryonic development, tissue regeneration, organ

fibrosis, and wound healing. However, it is also

involved metastatic expansion during tumor pro-

gression and development of tumor cells with

stem cell properties, which are major factors me-

diating resistance to cancer treatment [429].
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Glossary

ER exit site The ER exit sites (ERES) are specialized zones

for cargo transport from the ER to the Golgi.

The ER-to-Golgi transport of cargo involves

coat protein complex II (COPII) vesicles, which

concentrate at the ERES[430].

expressivity Expressivity describes the degree, to which the

symptoms of a given trait can differ among in-

dividuals with the same genotype. [36].

hub-gene Hub genes are defined as genes the highest de-

gree of connectivity in a tested module, meaning

that the connectivity ranked at top 10%. For ex-

ample, for a module size of 1000, the top 100

genes were defined as the hub genes [351, 431].

Kunkel mutagenesis Kunkel mutagenesis, also (dUTP system muta-

genesis or site-directed mutagenesis) is a

method for constructing a site-specific mutated

gene and selecting it from the wild type (wt).

To this end an E. coli strain with weak dUTP di-

phosphatase (dUTPase) activity is used, leading

to increased dUTP incorporation into a plasmid

DNA. This plasmid is used as a template for

DNA synthesis with primers encoding the de-

sired mutation. The resulting duplex DNA con-

tains the wt sequence with dU replacing thym-

ine (T) and a complementary strand, harbour-

ing the usual DNA bases and the mutation.

Upon introduction into wt bacteria, inappropri-

ate bases are removed, thus inactivating the dU-

DNA strand and leave the mutated strand to be

replicated [330, 432].
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Glossary

library complexity The library complexity, or diversity, is the total

number of different plasmids encoding gRNAs

or gRNA pairs of a CRISPR library. It is de-

termined by the number of desired target genes

and the number of gRNAs per genes.

library coverage When planing and performing pooled CRISPR

screens, the complete library complexity must

be maintained at all experimental steps to avoid

skewed results. The library coverage, or rep-

resentation, is a measure of the mean abund-

ance of all gRNAs (or gRNA-pairs in combin-

atorial libraries) that are present at a given ex-

perimental step. For example, for a library of

100,000 gRNAs, 50 million transduced cells cor-

respond to a 500-fold library coverage, meaning

that each gRNA is represented by approximately

500 cells.

library distribution The library distribution measures of the abund-

ance of each gRNA of a CRISPR library. While

in an ideal pooled library, each plasmid encod-

ing one specific gRNA is equally distributed real

libraries exhibit a variance of plasmid abund-

ance with underrepresented gRNAs compared

to highly abundant gRNA. The ratio between

90% and 10% percentiles can be used to spe-

cify the library distribution width, also referred

to as ’skew ratio’ [182, 184].

112



Glossary

library diversity The library diversity is the total number of dif-

ferent plasmids encoding gRNAs or gRNA pairs

of a CRISPR library. It is determined by the

number of desired target genes and the number

of gRNAs per genes. For example, a combinat-

orial CRISPR library with 10 target genes and

4 gRNAs per gene has a library diversity of (10

genes x 4 gRNAs) x (10 genes x 4 gRNAs)=

1,600 gRNA combinations.

Mendelian inheritance Mendelian inheritance refers to an biological in-

heritance pattern originally proposed by Gregor

Mendel in 1865 and 1866. Mendelian inherit-

ance comprises the law of uniformity and dom-

inance, the law of segregation, and the law of

independent assortment, stating that a gene in-

herited from either parent segregates at equal

frequency. Mendelian disease traits are inherited

following three major patterns: autosomal dom-

inant, autosomal recessive, and X-linked [433].

off-target effect Off-target effects describe an unintended cleav-

age at sites other than the intended on-target

site with mismatches between the sequences of

the genomic site and the guide RNA. Cleavage

at off-target sites can result in chromosomal re-

arrangements, mutations or translocations lead-

ing to disruption of normal gene expression and

possibly activation of oncogenes. Therefore, re-

ducing off-target effects constitutes major chal-

lenge in CRISPR genome editing technology

[102, 434, 435].
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Glossary

penetrance Penetrance refers to the proportion of individu-

als with a specific genotype, who manifest this

genotype in their observable phenotype. In

other words, how many individuals, that carry

the same mutation, actually show the associ-

ated disease [436].

unconventional secretion Unconventional protein secretion pathways me-

diate delivery of proteins to the plasma mem-

brane and the extracellular space without en-

tering the ER–Golgi conventional pathway of

secretion. Unconventional secretion is mainly

triggered by stress [437].
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