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ABSTRACT

The recent Nobel-prize-winning CRISPR technology has revolutionised the gene-editing field

with its ability to precisely modify any target DNA sequence and its relevance in a wide range of

applications, from functional characterisation of gene variants in biological sciences to mutation

of plant genomes in agriculture. New prospectives for CRISPR-therapeutic applications are also

rapidly advancing, particularly for the modification of disease-causing genes and ex-vivo editing

of immune cells for cancer treatment. However, off-target editing exists as collateral damage

and it represents a significant hurdle to realise CRISPR’s full potential. To date, the scientific

community lacks extensive knowledge regarding the impact of the eukaryotic cellular context

on Cas nucleases activity, and how this affects Cas efficiency and specificity on human DNA.

In this thesis, I use a combination of cellular and single-molecule assays to investigate this

specific topic. First, I developed a strategy to demonstrate that Cas9 specificity is diminished

by a local distortion of the DNA 3D structure in human cells. Next, by using the CRISPR

system as a tool for gene expression regulation, I investigated the correlation between target

transcription in cells and Cas9 editing efficiency. Together this first part of my work suggests

that in vivo processes, which occur in eukaryotic cells and destabilise the DNA structure, have

the potential to induce off-targets. However, this effect is highly dependent on the target itself

and its genomic context. Finally, I extended my study to two other CRISPR-Cas systems:

Cas12a and a new engineered Cas (AZ-Cas9). By applying single-molecule technologies, I

contributed to the characterization of these nucleases, and obtained new information about

the mechanisms underlining the DNA target search, the binding and cleavage kinetics and the

off-target discrimination. These findings fill important knowledge gaps for future applications

of these variants, and will be useful for the rational design of new high-fidelity nucleases.
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Chapter 1

Introduction

1.1 CRISPR-Cas introduction

In nature, the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)–CRISPR-

associated protein (Cas) system is a bacterial defence mechanism against phage infection and

plasmid transfer (Barrangou et al., 2007; Koonin and Makarova, 2019). This simple two-

components CRISPR-Cas system, has been adapted for genome editing purposes and has be-

come a versatile technology with innovative applications in basic biology research, medicine,

and biotechnology. The CRISPR-revolution is set to impact our society in a wide range of

fields including agriculture, human health, and infectious disease (Hille et al., 2018; Knott and

Doudna, 2018). In general, the system relies on the activity of an RNA-guided nuclease which

can be directed to any genomic sequence using a specific 20 nucleotides long guide RNA (Jinek

et al., 2012a)



CHAPTER 1. INTRODUCTION

1.1.1 CRISPR in prokaryotic cell

Across species and all living organisms, from bacteria to human beings, there has always been a

constant challenge in protecting ourselves from viruses. To defend against these threats, indeed,

many organisms have developed innate mechanisms to make the infections harder to occur (e.g.,

by impeding viruses’ entry through the cell membrane) or that respond more generally to the

presence of infections (e.g., through inflammatory response) (Labrie et al., 2010). Even though

those innate defences are crucial and essential, they likely cannot be as effective as mechanisms

that target the specific infection. The challenge for developing targeted responses is to evolve

a mechanism that can identify each incident virus and remember the specific targets (Bradde

et al., 2020). In their adaptive immune system, vertebrates developed a learning-and-memory

process, which produces novel antibodies through a mechanism of random genomic recombina-

tion (Flajnik and Kasahara, 2010). Those are then used to select effective immune elements

when they bind to invaders, and then to maintain a memory pool to protect against future

invasions. Recently, an adaptive immunity system has also been discovered in some bacteria

and archaea. This system has been called with the acronym CRISPR, as the CRISPR loci

contain short, partially palindromic DNA repeats that occur at regular intervals and form loci

that alternate repeated elements (CRISPR repeats) and variable sequences (CRISPR spacers)

(Figure 1.1). These specific loci were first observed in 1987 (Ishino et al., 1987), but they

received little attention until similar loci were described in several microbial genomes (Jansen

et al., 2002). Also, these loci have been found to be typically flanked by CRISPR-associated

(Cas) genes (Haft et al., 2005). Their biological role remained ambiguous until 2005, when

three groups reported that the spacers were homologous to foreign genetic elements, including

viruses and plasmids (Bolotin et al., 2005; Mojica et al., 2005; Pourcel et al., 2005). These

evidences led to the hypothesis that CRISPRs might function as an immune system (Makarova

et al., 2006). Shortly after, data for CRISPR-mediated immune function were provided (Barran-

gou et al., 2007), and subsequent studies established that CRISPR-mediated defence involves

sequence-specific, RNA-mediated targeting (Brouns et al., 2008) of mostly DNA (Marraffini

and Sontheimer, 2008), and occasionally RNA (Hale and Duff, 2009). Since then, many efforts

have been made to unveil the CRISPR-Cas system genetics, the molecular mechanism, and

possible applications.
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Overall, CRISPR-Cas immune systems function in three steps (Figure 1.1) (Behler and Hess,

2020). The first step is adaptation, in which new spacers are acquired from exogenous nucleic

acid into the CRISPR locus (Figure 1.1) (Hille et al., 2018; McGinn and Marraffini, 2018).

The adaptation step is followed by crRNA biogenesis (or expression), which comprises the

expression of the CRISPR array from a transcription start site (TSS) that is usually located

within the leader sequence upstream of the CRISPR array (Behler and Hess, 2020). These

long transcripts, termed precursor-crRNAs (pre-crRNAs, Figure 1.1), are processed by specific

endoribonucleases within the repeat sequences, which often form a hairpin structure due to the

presence of palindromic sequence elements. Some CRISPR-Cas systems rely on an additional

trimming or secondary cleavage step that is required to generate the active, mature crRNAs

(Figure 1.1) (Behler and Hess, 2020). These mature crRNAs are composed of a repeat portion

(tracrRNA) that is recognized by different Cas proteins and a spacer portion which mediates

target specificity (Charpentier et al., 2015; Hille et al., 2018). Depending on the CRISPR class,

several Cas proteins (in Class 1 systems), or a single Cas protein (in Class 2 systems), recruit

the mature crRNA guide for DNA or RNA interference (Wang et al., 2022). The final step is

targeting (or interference), in which, when a second infection occurs, the Cas nuclease enzyme

is able to direct a sequence-specific destruction of the invading DNA thanks to the hybridization

between the crRNA spacer and a complementary foreign target sequence (protospacer) (Figure

1.1) (Barrangou and Marraffini, 2014; Fineran and Charpentier, 2012; Garneau et al., 2010b;

Marraffini, 2013; Sorek et al., 2013). Notably, the presence of a short-conserved sequence motif

(2-5 bp) in close proximity to the crRNA-targeted sequence on the invading DNA, known as

PAM, is essential. This motif prevents self-targeting of the complementary spacer within the

CRISPR array, and it plays a crucial role in target DNA selection and degradation in most

CRISPR-Cas systems (Bolotin et al., 2005; Mojica et al., 2009).
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Figure 1.1: Schematic of CRISPR-Cas system in prokaryotic cells. A typical CRISPR locus
consists of an array of repetitive sequences (diamonds) interspaced by short non-repetitive se-
quences (spacers, coloured squares). The array is associated with a set of CRISPR-associated
(Cas) genes (coloured arrows) and trans-activating CRISPR RNA (tracrRNA) gene. The bacte-
rial immune response is divided in three steps: adaptation, CRISPR RNA (crRNA) biogenesis
and interference. During the adaptation, Cas1-Cas2 complex inserts foreign genetic elements
into the CRISPR array as new spacers. During crRNA biogenesis, the CRISPR array is tran-
scribed into pre-crRNA, which is further processed and then annealed with the tracrRNA to
form mature crRNA. During the interference step, the mature gRNA engages Cas effector pro-
tein or complex to form a surveillance complex that recognizes and degrades foreign genetic
elements containing a 20-nt crRNA complementary sequence preceding the PAM sequence.
Class 1 systems have multisubunit effector complexes, whereas class 2 systems have single-
subunit effector proteins. Cas1-Cas2 structure: PDB-5DS4; Cascade-Cas3 bound to crRNA
and target DNA: PDB-6C66; Cas9 bound to guide RNA and target DNA: PDB-4UN3; Cas12a
bound to crRNA and target DNA: PDB-5NFV. Image from Wang et al. 2022.
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1.1.2 CRISPR classification

According to their protein sequence homology and CRISPR repeat identity, the CRISPR-Cas

systems have been categorized into 2 major classes, 6 types and 33 subtypes (Figure 1.2)

(Makarova et al., 2015; Shmakov et al., 2015; Makarova et al., 2019). The two classes radically

differ with respect to the architectures of their effector modules involved in crRNA processing

and interference. The class 1 systems have effector modules composed of multiple Cas proteins,

some of which form crRNA-binding complexes (such as the Cascade complex in type I systems)

that, with contributions from additional Cas proteins, mediate pre-crRNA maturation (Figure

1.2) (Makarova et al., 2019). On the other side, class 2 systems include a single, multidomain

crRNA-binding protein (such as Cas9 in type II systems) that combines all activities required

for interference and, in some variants, also those involved in pre-crRNA processing (Figure 1.2)

(Koonin and Makarova, 2019). The class 1 CRISPR system is divided into types I, III, and

IV, while the class 2 includes types II, V, and VI (Figure 1.2). Class 1 systems, primarily

types I and III, are the most abundant in nature, being present in more than 90% of sequenced

genomes of both bacteria and archaea (Makarova et al., 2015; Zheng et al., 2020), whereas

class 2 only constitutes ∼10% of all CRISPR–Cas systems (Chylinski et al., 2014). Type III

systems appear to be ancestral to all Class 1 systems, as proved by bioinformatic and structural

analysis showing a high degree of similarity among these Cas effectors (Rouillon et al., 2013;

Koonin and Makarova, 2013). The nucleic acid substrates recognized and cleaved also differ

among the different CRISPR-Cas systems (Terns, 2018). Types I, II, V, and likely IV target

double or single strand DNA, while Type III systems support cleavage of both DNA and RNA.

Type VI systems appear to exclusively target RNA (Terns, 2018). Furthermore, several class

1 and class 2 CRISPR-Cas variants appeared to lack targeted cleavage activity and thus likely

perform functions distinct from adaptive immunity (Koonin and Makarova, 2019). Such derived

CRISPR-Cas systems include type IV, several variants of type I and at least one type V system

variant.

In general, due to their simplicity, the class 2 CRISPR-Cas systems have been mostly employed

for genome-engineering applications and in particular, SpCas9 from Streptococcus pyogenes

(here referred as Cas9) is one of the biochemically and structurally best-characterized effector

nucleases (Le Rhun et al., 2019).
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Figure 1.2: CRISPR systems classification. (A) Schematic organizations of generic CRISPR
loci in Class 1 and Class 2 systems. Class 1 CRISPR–Cas systems have effector modules com-
posed of multiple Cas proteins that form a crRNA-binding complex while Class 2 systems have
a single, multidomain crRNA-binding protein. (B) Functional modules of CRISPR–Cas sys-
tems. The scheme shows the typical relationships between the genetic, structural and functional
organizations of the six types of CRISPR–Cas systems. An asterisk indicates the putative small
subunit that might be fused to the large subunit. The # symbol indicate that other unknown
protein families could be involved in the same signalling pathway. Dispensable components are
indicated by dashed outlines. Image from Makarova et al. 2019.
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1.1.3 Class 2 systems

The DNA-targeting class 2 CRISPR–Cas system represents the first - and most studied - Cas

effector used for precision genome editing. Class 2 enzymes, including Cas9 and Cas12, are now

used widely for genome engineering across a broad range of species and have been adopted as

programmable DNA-targeting modules for biotechnological applications (Knott and Doudna,

2018). Cas9 and Cas12 rely on similar principles to recognize and cut DNA, based on an

RNA-guide complementary DNA sequence (Swarts and Jinek, 2018). These RiboNucleoProtein

effectors (RNP, Cas:guide complex) become nuclease active only upon recognition of a cognate

target DNA sequence. To identify the target, the RNP recognizes the PAM (which is G-rich for

Cas9 but T-rich for Cas12) to initiate an ATP-independent DNA unwinding process that allows

pairing of the DNA ‘target’ strand (TS) to the RNA guide (Gleditzsch et al., 2019). During

the RNA-DNA hybridization process, the DNA ‘non-target’ strand (NTS) is unpaired from the

TS, and the Mg2+- dependent endonuclease cuts both DNA strands individually, using either

two separate active sites (HNH and RuvC) producing a blunt ends cut as in SpCas9, or a single

active site (RuvC) producing a staggered ends cut as in Cas12a (Swarts and Jinek, 2018; Stella

et al., 2017).

1.1.3.1 Type II CRISPR-Cas9

Type II CRISPR-Cas9 proteins are multidomain enzymes that range in size from 700 amino

acids (subtype II-D) to more than 1,700 amino acids (subtype II-C) (Wang et al., 2022). SpCas9

is a 1,368-amino-acid protein (158,441 Da) (Figure 1.3 A) (Jiang and Doudna, 2017a). Phys-

iologically, the functional RNP includes Cas9 in complex with a 2-pieces-guide RNA (gRNA)

formed by the crRNA hybridized to a tracrRNA scaffold (Jinek et al., 2012a). However, a syn-

thetic single-guide RNA (sgRNA) has been engineered for experimental purposes and it consist

of a direct fusion of the crRNA and the tracrRNA pieces (Jinek et al., 2012a). Structural

analysis of Cas9 protein architectures shows that it exhibits a two distinct lobed organization,

comprising a recognition (REC) lobe and a nuclease (NUC) lobe (Figure 1.3 A, B) (Jinek

et al., 2014; Nishimasu et al., 2014). The REC lobe recognises the crRNA-TS duplex and

it is composed of the bridge helix (BH), REC1, REC2, and REC3 domains, while the NUC

lobe consists of the PAM-interacting domain (PI) and the nuclease domains RuvC and HNH
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(Figure 1.3 A) (Jinek et al., 2014; Nishimasu et al., 2014). In the absence of a guide RNA,

apo-Cas9 resides in an open conformation (Figure 1.3 B) that can eventually transition into a

closed conformation upon guide recruitment, which stabilizes the flexible PAM-interacting do-

main for PAM identification (Figure 1.3 C) (Anders et al., 2014; Jiang et al., 2015; Jinek et al.,

2014; Nishimasu et al., 2014). When the interaction between the target DNA and the gRNA

occurs, it is stabilized by charge interactions, since the negatively-charged gRNA:target DNA

heteroduplex is accommodated in a positively-charged groove at the interface between the REC

and NUC lobes (Figure 1.3 C) (Swarts and Jinek, 2018). The gRNA binds the target DNA

to form a T-shaped architecture comprising a guide:target heteroduplex, a repeat:anti-repeat

duplex, and stem loops 1–3 (Figure 1.3 C) (Swarts and Jinek, 2018). Moreover, the RuvC

domain interfaces with the PI domain to form a positively-charged surface that interacts with

the 3 tail of the sgRNA. Accordingly, the hybridization of the gRNA with the TS DNA is ac-

companied by further conformational changes in REC2 and REC3 domains that accommodate

the RNA–DNA hybrid in a central channel surrounded by the REC and NUC lobes (Figure 1.3

D). R-loop formation occurs directionally from the PAM-proximal side to the PAM-distal side.

At this point, the SpCas9:gRNA complex further unwinds the remaining protospacer DNA,

displaces the NTS DNA and examines the complementarity of the TS DNA with the gRNA

(Figure 1.3 D) (Swarts and Jinek, 2018). The RuvC and HNH nuclease domains then shift

their relative conformations in concert with the Rec lobe to enable nuclease activation (Jiang

et al., 2016; Pacesa and Jinek, 2021; Sternberg et al., 2015; Zhu et al., 2019), in which the NTS

DNA is bound in the catalytic pocket of RuvC domain, while the TS DNA is engaged by the

HNH domain (Nishimasu et al., 2014). Cas9 RuvC domain has four catalytic residues (Asp10,

Glu762, His983 and Asp986) with Asp10 being critical for the cleavage of the NTS DNA (Figure

1.4 A, B) (Swarts and Jinek, 2018). Cas9 HNH domain has three catalytic residues (Asp839,

His840, and Asn863), with His840 being critical for the cleavage of the TS DNA (Figure 1.4 B)

(Swarts and Jinek, 2018). Finally, Mg2+ divalent cations coordinated by the HNH and RuvC

domain catalytic sites mediate a simultaneous cleavage of both strands, generating a DSB that

is blunt-ended or has a single-nucleotide 5’ overhangs (Jinek et al., 2012a; Nishimasu et al.,

2014).

Regarding the target site search and recognition mechanism, it has been shown that it occurs

8
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through three-dimensional collisions, in which Cas9 rapidly dissociates from DNA that does

not contain the appropriate PAM sequence, and dwell time depends on the complementar-

ity between guide RNA and adjacent DNA when a proper PAM is present (Sternberg et al.,

2014; Knight et al., 2015; Ma et al., 2016; Newton et al., 2019; Globyte et al., 2019). Three-

dimensional diffusion dominates Cas9 searching in vivo, however searching and binding at the

target site seems to be dependent of the local chromatin environment, with less sampling and

slower movement within heterochromatin (Knight et al., 2015). In a recent study disulfide

crosslinking of an N4-cystamine-modified DNA to a cysteine-functionalized SpCas9 (T1337C)

allowed trapping of the transient interrogation state and revealed the mechanism by which Cas9

‘reads’ DNA (Cofsky et al., 2022). Cryo-EM data proved that the RNP associates with the

PAM in an ‘open conformation’, then Cas9 twists and bends the DNA to flip the PAM-adjacent

bases for DNA interrogation (Cofsky et al., 2022). The guide:TS pairing, results in a ‘linear’

crRNA-DNA hybrid intermediate that transits to a ‘kinked’ duplex conformation upon com-

plete target binding (Bravo et al., 2022; Pacesa and Jinek, 2021). This kinked conformation

would favours docking of the HNH domain to the guide:TS hybrid and also the binding of

the NTS with the RuvC for cutting (Bravo et al., 2022; Pacesa and Jinek, 2021; Zhang et al.,

2020). The presence of an excessive numbers of mismatches is thought to hinder the kinked

conformation, thus resulting in inhibition of off-target DNA cutting (Bravo et al., 2022). How-

ever, recent studies are investigating further this ‘conformational checkpoint’, as other factors

seem to be involved in Cas9 off-target discrimination mechanism. Indeed, it has been proved

that the destabilization of the target DNA 3-dimensional structure can restore cleavage even in

the presence of a high number of mismatches (Newton et al., 2019; Okafor et al., 2019; Singh

et al., 2018b). Those findings would be in line with a ‘kinetic model’ describing Cas9 off-target

discrimination through the energy landscape of target unwinding and RNA:DNA hybridisation

during R-loop formation (Eslami-Mossallam et al., 2022; Klein et al., 2018; Ivanov et al., 2020).
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Figure 1.3: Domain structure of SpCas9 (from Streptococcus pyogenes) and FnCas12a (from
Francisella novicida). (A) Schematic representation of the domain organization of the two pro-
teins. (B) Apo-Cas9 (PDB: 4CMP), without guide. (C) Cas9 bound to a sgRNA (PDB: 4ZT0).
(D) Cas9–sgRNA complex bound to a DNA (PDB: 4UN3), showing a cleavage-competent con-
formation. (E) “Open” model of guide-free Cas12a (Dong et al., 2016). (F) Cas12 bound to
a sgRNA, shows conformational changes, resulting in a “closed” conformation (PDB: 5NG6).
(G) Cas12 bound to a DNA target (PDB: 5FNV) showing a cleavage-competent conformation.
Image from Swarts and Jinek 2018.

Figure 1.4: Domain structure of SpCas9 and FnCas12a: focus on target DNA binding and
cleavage. (A) Schematic representation of DNA cleavage by SpCas9. (B) Catalytic residues
located in the HNH and RuvC domains of SpCas9 (PDB: 5F9R). Close-up panels: Catalytic
residues in the RuvC domain and in the HNH domain of SpCas9. (C) Schematic representation
of DNA cleavage by FnCas12a. (D) Catalytic residues in the RuvC domain of FnCas12a (PDB:
5NFV). The black line indicates the hypothetical path of the NTS DNA. Left close-up panels:
Catalytic residues in the RuvC domain of the FnCas12a (E1006Q,R1218A catalytic mutant).
The pink line indicates the hypothetical path of the modeled TS DNA. Right close-up panel:
Aromatic residue Y410 caps the RNA-TS heteroduplex in FnCas12a. The orange line indicates
the hypothetical path of the 3’ end of the crRNA. Image from Swarts and Jinek 2018.
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1.1.3.2 Type V CRISPR-Cas12a

Among the Class 2 Cas-variants, the Type V CRISPR-Cas12a system (formerly Cpf1) (Zetsche

et al., 2015) has been repurposed into an alternative and promising gene editing tool based on its

substantial differences with Cas9. In general, Type V CRISPR Cas12 proteins are multidomain

enzymes that range in size from 400-800 amino acids (subtype V-F; Cas14) up to 1,100–1,500

amino acids (subtype V-B; Cas12a) (Figure 1.3 A) (Wang et al., 2022). Cas12 proteins are

classified into more than 10 subtypes (subtypes V-A to V-K, and subtype V-U) (Makarova

et al., 2019), which differ in their RNP biogenesis pathways, RNP composition and in some

instances in their nucleic acid target preference (Wang et al., 2022). Functional RNPs include

a Cas12 protein bound either to one single crRNA guide, as the case for Cas12a (Zetsche

et al., 2015), or to a crRNA and tracrRNA hybrid or a crRNA and short-complementarity

untranslated RNA (scoutRNA) hybrid (Wang et al., 2022). The mature crRNA for Cas12a

is 42-44 nt in length, with the first 19/20 nt corresponding to the repeat sequence and the

remaining 23-25 nt to the spacer sequence (Zetsche et al., 2015). After the pre-crRNA has

been transcribed during the expression stage, Cas12a cuts it 4 nt upstream of the hairpin

structures formed by the CRISPR repeats, producing intermediate crRNA molecules which

undergo further processing into mature crRNAs (Dong et al., 2016; Fonfara et al., 2016; Gao

et al., 2016; Swarts et al., 2017). The ability of Type-V Cas12a to process its own pre-crRNA

into mature crRNAs, without the requirement of a tracrRNA, makes it a unique effector protein

with both endoribonuclease and endonuclease activities. From crystallographic and cryo-EM

analysis, it has been possible to understand that Cas12a adopts a Cas9-analogous bilobed

architecture formed by the REC and Nuc lobes (Figure 1.3 A, E) (Yamano et al., 2016). The

REC lobe is comprised of REC1 and REC2 domains, and the Nuc lobe is comprised of the

RuvC (RuvC I-III), the PAM-interacting domain (PID) and the WED (Wedge) domains, and

additionally, the bridge helix (BH) (Figure 1.3 A, E) (Yamano et al., 2016). In the absence of a

guide RNA, Cas12a assumes a flexible ‘open’ conformation (Figure 1.3 E) (Dong et al., 2016),

which upon crRNA binding transitions to a ‘closed’ conformation (Figure 1.3 F, G) (Dong

et al., 2016; Swarts et al., 2017; Yamano et al., 2016) that is poised for PAM recognition (Gao

et al., 2016; Swarts et al., 2017). In the closed conformation, the Rec domains structurally

occlude the RuvC active site for nuclease repression (Figure 1.3 G) (Dong et al., 2016; Swarts
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et al., 2017). The interaction with the crRNA is stabilized through connections with the WED,

RuvC and REC2 domains of the endonuclease, as well as two hydrated Mg2+ ions (Figure 1.3

F) (Dong et al., 2016; Stella et al., 2017; Swarts et al., 2017). Upon PAM-dependent unwinding

of a dsDNA target and hybridization of the TS to the crRNA, the REC domains rearrange

themselves to accommodate the heteroduplex (Figure 1.3 G) (Gao et al., 2016; Swarts et al.,

2017). Notably, the Cas12a “seed” segment is shorter than Cas9, being 5–6 nucleotides long and

it is located at the 5’ end of the spacer-derived segment of the crRNA. Once the complementarity

with the TS is checked, a cascade of conformational changes leads to the opening and activation

of the RuvC active site, for the cleavage step to occur (Figure 1.3 G) (Cofsky et al., 2022; Stella

et al., 2017; Swarts et al., 2017). Since the active site can only be occupied by only one DNA

strand at a time, the two substrate DNA strands are presumably cut sequentially. Even though

the precise mechanism of DNA cleavage in Cas12a nuclease is still under study, the hypothesis

is that after NTS cleavage and dissociation from the catalytic site, the PAM distal part of the

R-loop structure unwinds, allowing the TS DNA to be “pushed” into the RuvC catalytic centre

(Saha et al., 2020). This sequential mechanism of DNA cleavage by a single active site results in

a staggered-end DNA break with 5’ overhangs, typical of Cas12 nucleases (Cofsky et al., 2022;

Stella et al., 2017; Swarts et al., 2017). Importantly, this peculiar cleavage mechanism and the

presence of overhangs at the cut site, is considered advantageous for gene-editing purpose since

it may promote site-directed integration events.

The target search mechanism is currently under study and more information is needed to

complete the full picture of this mechanism. However, it appears that Cas12a undergoes random

and bidirectional diffusion while interacting with dsDNA (Jeon et al., 2018). Together with a

3D random collision mechanism, Cas12a exhibits this unique 1D diffusion mechanism of target

search, which seems to be predominant. A solid understanding of the DNA interrogation

mechanism will be fundamental for further development of Cas12-based genome editing tools.

An additional main difference from Type-II Cas9 system is represented by Type-V Cas12a

ability to carry out indiscriminate ssDNA degradation. Recent structural data revealed the

ssDNA substrate bound to two magnesium cofactors within the RuvC active site, can trigger

the catalysis mechanism of Cas12 enzymes (Huang et al., 2020; Pausch et al., 2021). After

cis DNA cutting, the RuvC domain remains activated for nonspecific ssDNA ‘shredding’ in
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trans (Chen et al., 2018; Swarts and Jinek, 2019). This “collateral activity” is common to all

Cas12a orthologs and degrades any available ssDNA molecule into single/double nucleotides

(Chen et al., 2018). Structural analysis revealed that the lid region, within the PI domain,

is involved in this mechanism (Stella et al., 2018). Upon the formation of the crRNA-DNA

hybrid, and after the TS cleavage, the lid undergoes a conformational change which allows for

new interactions with the crRNA of the hybrid assembly, thus dissociating the polar interactions

and making the catalytic pocket again accessible and able to cleave ssDNA indiscriminately

(Stella et al., 2018). In addition, recent studies have reported non-specific nicking of target

sequences bearing mismatches in distal regions of the target DNA (Murugan et al., 2020),

suggesting that this could be a problem for potential applications.
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1.2 Genome editing application

1.2.1 Method

The purpose of gene-editing technologies is to precisely change DNA sequences at specific

target sites, and, in such a manner, study the function of the gene variant at the endogenous

level, under endogenous regulation mechanisms. The extension of genome editing for gene

functionality studies is to edit genomes to modify plants or organisms for research purposes or

to edit human genes by correcting gene mutations causing specific genetic diseases (Li et al.,

2020). The key step for editing a gene is to cause a break in both strands of DNA double helix,

known as Double Strand Break (DSB) (Figure 1.5). When this happens, neither strand can

serve as template to repair the other, so the cell will activate one of the alternative DNA damage

responses (DDR) pathways to physically repair the damage (Damage et al., 2006). The fastest

and most efficient mechanism that the cell can use to restore the break is via Non-Homologous

End-Joining (NHEJ). In such a case, the DNA is repaired by simply joining the two broken

ends together, without trying to find a matching sequence. However, this mechanism can be

error-prone and inaccurate, resulting in the generation of an early stop-codon with consequent

gene Knock Out (KO) due to the incorporation or loss of random nucleotides (indels) (Figure

1.5). A more precise process, termed Homolog-Direct Repair (HDR), can occur when the

DNA finds a suitable replacement template nearby. In this case, the cell will usually copy

and insert the available homologous sequence where the DSB occurred. This is at the basis

of performing precise gene modification, such as gene Knock-In (KI), deletion, correction, or

mutagenesis (Damage et al., 2006) (Figure 1.5). The design of a new gene editing technology

requires two main considerations. First, it is necessary to identify the right enzyme that could

cut the DNA, a so-called “nuclease”, and create a DSB. Next, it is essential to identify a guide

that would navigate the enzyme to the precise target in the cell’s DNA, where the DSB is

required. The first enzyme used for the gene editing purpose was FokI (Kim et al., 1996),

which is an endonuclease working as a dimer. This nuclease was initially fused to the so-called

zinc-fingers proteins (ZNFs), which are able to recognize a trinucleotide DNA sequence and thus

serve as guide for FokI cleavage. Accordingly, other technologies have made use of transcription

activator-like effector nucleases (TALENs) which can also be engineered to recognise and cleave
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a specific DNA sequence (Christian et al., 2010). In this case a single TALEN motif can be

engineered to recognize one nucleotide but an array of TALENs can be associated with a longer

sequence. Just when TALENs were being perfected, CRISPR came along and gained popularity

due to its simplicity. One of the main differences that makes the CRISPR-system particularly

advantageous is that the guide is not a protein but a RNA molecule and the customization of

just the crRNA part, which can be then easily annealed with the tracrRNA in vitro to form

the full gRNA, enables specificity in every CRISPR experiment. Additionally, the development

of the synthetic sgRNA also increased the ease of the experimental assays (Jinek et al., 2012a).

While ZNFs and TALENs require the construction of a new protein for every target gene to be

modified, which is difficult, expensive and time consuming, each sgRNA can be synthetically

generated or made in vitro or in vivo from a DNA template. The discovery of the CRISPR-Cas

system and all the progresses that have been made (and are still ongoing) to convert it in an

appropriate, efficient and safe genome editing tool, are revolutionizing the gene editing and

gene therapy fields.
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Figure 1.5: Mechanism of CRISPR-Cas9-mediated genome engineering. Cas9 cleavage is di-
rected via sgRNA at a specific genomic site and a double-strand break (DSB) is introduced.
In the absence of a DNA template, the cell activates the non-homologous end-joining (NHEJ)
pathway, which is error-prone and causes random insertions and deletions (indels) or even sub-
stitutions at the DSB site. This frequently results in the disruption of gene function (KO). In
the presence of a donor template containing a sequence of interest flanked by homology arms,
the cell can initiate the homology directed repair (HDR) pathway. This is used to create desired
mutations through homologous recombination. Image from Jiang and Doudna 2017b.
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1.2.2 Cas9 therapeutics

As already mentioned, CRISPR-Cas9 has a great potential for therapeutic applications (You

et al., 2019). In 2017 and 2018, CRISPR-based therapeutic applications were assessed in large

animals and human embryos, and a number of CRISPR-related clinical trials have been set

in place since then. The first CRISPR Phase 1 clinical trial was opened in 2017 in the US

(Baylis and McLeod, 2017) with the intent to use CRISPR-Cas9 to edit autologous T cells

for cancer immunotherapy against several cancers with no other curative treatment options

(Uddin et al., 2020). After all the consideration of the case about the risk to benefit ratio,

this trial was approved by the United States Food and Drug Administration (FDA). Moreover,

the first clinical trial using CRISPR to catalyse gene disruption for therapeutic benefit was

opened for patients with sickle-cell anaemia (SCD) and β-thalassemia (Frangoul et al., 2021),

by Vertex Pharmaceuticals and CRISPR Therapeutics in US. On the other hand, in vivo

CRISPR-based gene therapy approaches have been less extensively employed, but an interesting

study has been recently launched with a clinical trial using in vivo delivery of CRISPR-Cas9

in patients affected of Leber Congenital Amaurosis (LCA) (Maeder et al., 2019), a debilitating

monogenic disease that results in childhood blindness. However, numerous controversies still

exist, mainly linked to the potential off-target effects (Section 1.3.3), the carcinogenic effect

of CRISPR components, and the immunogenicity of Cas9 nucleases, which require further

extensive studies. Indeed, there is an urgent need to focus on in-depth understanding of the

intracellular mechanisms underlying CRISPR-Cas9-mediated gene editing for appropriate and

efficient clinical applications of such technologies. Additionally, of high relevance is the ethical

question related to the possibility of using this system to treat less severe diseases, as the risks

of the technology are better understood (You et al., 2019). A concern remains whether this

will lead to human genome editing for non-medical purposes, such as altering genes in human

embryos to create offspring with certain aesthetic traits. The scientific community, together

with public institutions, have to make important decisions about how the ethical boundaries of

CRISPR applications should best be drawn (Brokowski and Adli, 2019; Caplan et al., 2015).
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1.2.3 Cas12a-based gene editing

Even though Cas9-based genome editing is at the moment the most established, among Cas12

nucleases, the use of FnCas12a (from Francisella Novicida) , AsCas12a (from Acidaminococcus

sp.), and LbCas12a (from Lachnospiraceae bacterium) as genome editing tools has been recently

investigated. Firstly, it has been found that Cas12a functions as an efficient genome editing tool

in various bacterial species and yeast, while the utilization of Cas9 for genome editing in certain

bacteria is sometimes toxic (Swiat et al., 2017; Ungerer and Pakrasi, 2016). Cas12 plant-editing

also has been successful and, moreover, it revealed and proved that Cas12a-mediated genome

editing appears to be more efficient when Cas12a is provided with unprocessed pre-crRNAs

compared to when crRNAs with fully processed 3’ ends are provided (Xu et al., 2017). AsCas12a

has successfully been used for genome editing in Drosophila melanogaster (Port et al., 2020),

while LbCas12a in Danio rerio (Zebrafish) and Xenopus tropicalis (Moreno-Mateos et al., 2017).

In general, the prospective of using Cas12 systems as a valid alternative to Cas9 is promising

but more details need to be unveiled about its mechanism of action. In particular, for gene

editing purposes, even if the lower off-target activity is certainly advantageous (Kleinstiver

et al., 2016b; Kim et al., 2016), the non-specific nature of the ssDNA degradation and nicking

activities have to be further investigated and properly addressed, along with the genomic state

and DNA topology effect.
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1.2.4 The CRISPR toolbox

1.2.4.1 dCas9 and Base Editor

Since its discovery, the CRISPR-Cas system has become famous as the “Molecular scissor” of

the genome-editing field. However, thanks to its robustness and flexibility, this tool is having

a great impact also in many other alternative application areas for genome and chromatin

manipulation too, being more similar to a “Molecular Swiss army knife” (Mans et al., 2015).

Cas9 has been modified to improve some of its functionalities, such as to recognize different

PAMs or to be more specific (Sections 1.3.2 and 1.3.4), but also decreasing its activity has

been used as a strategy to make it more suitable for different gene-editing purposes (Adli, 2018;

Doudna, 2020) (Figure 1.6). Many applications, for example, use Cas9 DNA biding properties

without its nuclease activity. To generate a so called “dead” (dCas9), two point mutations in

the two catalytic domains HNH and RuvC (H840A and D10A) are introduced, giving rise to

a nuclease defective protein (Jinek et al., 2012b). This dCas9 is still able to find and bind

its target, but it will not cut the DNA strands. Notably, a single point mutation in either

of these domains, results in a nickase enzyme. These Cas9 variants have been adapted for a

wide range of genome-targeting purposes and one of the key progresses in the field has been

the development of base-editing technologies. These are known as second-generation genome-

editing tools and are able to precisely convert a single base into another without causing DNA

DSBs (Figure 1.6 B) (Adli, 2018). The nickase Cas9 is the foundational platform for the base

editor tools that enable C to T or A to G conversion at the target site (Figure 1.6 B) (Gaudelli

et al., 2017; Komor et al., 2016). C to T conversion is obtained by fusing the nickase Cas9 to

an APOBEC1 deaminase enzyme and Uracyl Glycosylase Inhibitor (UGI) protein, while A to

G conversion is achieved with the fusion of a transfer RNA adenosine deaminase. These novel

base-editing approaches significantly expand the scope of genome targeting and, in the last few

years, new discoveries are contributing to this aim. As an example, Prime Editing is a recent

genome editing technology that can introduce all 12 possible types of point mutations, small

insertions and small deletions in a precise and targeted manner with favourable editing to indel

ratios (Anzalone et al., 2019). This technology utilizes Prime Editors (PE), which are fusion

proteins between a Cas9 nickase domain (inactivated HNH nuclease) and an engineered Reverse

Transcriptase (RT) domain. PE is targeted to the editing site by an engineered prime editing
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guide RNA (pegRNA), which not only specifies the target site in its spacer sequence, but also

encodes the desired edit in an extension that is typically at the 3’ end of the pegRNA. Upon

target binding, Cas9 nicks the PAM-containing DNA strand and then uses the newly liberated

3’ end at the target DNA site to prime reverse transcription using the extension in the pegRNA

as a template. Moreover, a recent study showed that a Prime Editor nuclease (PEn), which

combines RT and the wild-type SpCas9 nuclease, can be used to perform prime at DSBs sites

by utilizing DNA end joining repair pathways (Peterka et al., 2022).

1.2.4.2 CRISPRi and CRISPRa

The dead Cas variants are also applied to the field of gene expression regulation (Figure 1.6

C) (Adli, 2018; Xu and Qi, 2019). Interestingly, since dCas9 strongly binds to the DNA target

sequence, this tight binding event interferes with the activity of other DNA binding proteins

such as endogenous transcription factors and RNA Polymerase II (Qi et al., 2013). This mech-

anism has been turned to account the development of the CRISPR interference (CRISPRi)

approach, in which dCas9 binding activity blocks the transcriptional process and thus knocks

down gene expression (Figure 1.6 C) (Qi et al., 2013). Notably, fusing a strong repressor com-

plex such as Kruppel-associated Box (KRAB) to dCas9 results in a stronger and specific gene

repressor than dCas9 alone (Gilbert et al., 2014). These transcriptional regulators are used to

further recruit additional co-repressor proteins such as KRAB-box-associated protein-1 (KAP-

1) and epigenetic modifiers such as heterochromatin protein 1 (HP1) proteins to repress genes

(Friedman et al., 1996). The KRAB-mediated gene repression mechanism is partly mediated

by local epigenetic reprograming of histone modifications at the promoter level (loss of his-

tone H3-acetylation and an increase in H3 lysine 9 trimethylation) (Groner et al., 2010). In

agreement with these findings, the dCas9-KRAB fusion complex results in reduced chromatin

accessibility and increased H3K9me3 levels at both targeted gene promoters as well as distal

enhancers (Thakore et al., 2015). Similarly to dCas9-KRAB-mediated gene repression, the

dCas9-targeting platform can be used to recruit strong transcriptional activators and it results

in robust induction of gene expression (Figure 1.6 C) (Adli, 2018). To this end, dCas9 has

been fused to VP64 (Maeder et al., 2014; Mali et al., 2013; Perez-Pinera et al., 2013), which

is composed of four tandem copies of a 16-amino-acid-long transactivation domain (VP16) of
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the Herpes simplex virus (Wysocka and Herr, 2003). The dCas9-VP64-mediated gene activa-

tion strategy has been then improved by a number of second-generation CRISPR-based gene

activation platforms. This include the fusion of dCas9 with a tripartite transactivation com-

plex, which is composed of VP64, P65 (a transcription activation domain of the mammalian

NF-κB transcription factor), and Rta (a transactivator from the Epstein-Bar virus). This

VPR, as a complex of proteins, allows to achieve a higher and robust gene induction (Chavez

et al., 2015). Notably, in addition to the dCas9 direct fusion, the effector domains can also

be recruited through the sgRNA scaffold (Figure 1.7) (Adli, 2018). For these approaches, the

sgRNA scaffold is engineered to contain RNA modules such as MS2 hairpin aptamers that can

bind to specific RNA binding proteins such as bacteriophage MS2-coat protein (MCP) (Figure

1.7) (Peabody, 1993; Sugiyama and Nakada, 1967). The engineered sgRNA-MS2 scaffold is

then used to recruit MCP-fused VP64 or other trans-activation complexes to activate expres-

sion from an endogenous locus. In another approach, called synergistic activation mediator

(SAM) complex, dCas9-VP64 fusion complex has been used simultaneously to the recruitment

of MCP-fused P65-HSF1 transactivation domains (HSF1: heat shock transcription activator)

to the target site through the engineered sgRNA scaffold (Konermann et al., 2014). Lastly, in a

strategy termed SunTag, dCas9 fused protein scaffold that contains repeating peptide array, is

used to recruit multiple copies of an antibody fused effector protein (Figure 1.7) (Tanenbaum

et al., 2014). Precise spatial and temporal control over the dynamics of gene expression from a

target locus has great therapeutic potential and the flexibility of the CRISPR-system is showing

a promising potential in this regard.
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Figure 1.6: CRISPR-based tools. (A) Gene editing: CRISPR–Cas9 generates a double-
stranded break (DSB) at the target site to simulate endogenous DNA repair. (B) Base editing:
nickase-Cas9 with a fused domain replaces a single base through deamination and DNA replica-
tion or repair. (C) Gene regulation: dCas9 CRISPR-mediated gene repression or interference
(CRISPRi) sterically blocks the RNA polymerase and induces heterochromatinization. dCas9
CRISPR-mediated gene activation (CRISPRa) is used to recruit the transcription machinery
to increase expression of the target region and leads to direct epigenetic modifications. Image
adapted from Doudna 2020.
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Figure 1.7: Effector proteins recruitment strategies. Effector proteins can be directly fused
to active Cas9 or dCas9 through a linker peptide. The sgRNA scaffold can be engineered
to contain RNA aptamers that specifically bind to a known RNA binding proteins (MCP or
PCP). In the Tripartite strategy, multiple different effectors are recruited through dCas9 as
well as engineered sgRNA scaffold. The SunTag approach utilizes a repeating peptide array of
protein scaffold to recruit multiple copies of an antibody-fused effector protein. Additionally,
chemically inducible strategies enable temporal control over the activity of Cas9 or Cas9-fused
effector proteins. In the split Cas9 approach, each half of Cas9 protein can be induced to form
functional complex. In the intein-Cas9 approach, the intein protein segment can be chemically
induced to excise from Cas9 and result in its activation. Image from Adli 2018.
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1.2.4.3 CRISPR-based epigenome editing

Finally, dCas9 has been efficiently used for the important purpose of epigenome editing, which

involves all post-translational modifications and other chromatin features associated with reg-

ulatory elements in the genome (Adli, 2018). There are multiple layers of epigenetic regulatory

mechanisms operating in the genome such as DNA methylation, histone post-translational

modifications, and non-coding RNAs (short and long). One of the most studied epigenetic

mechanisms of gene regulation is DNA methylation, which is generally associated with tran-

scriptional repression (Moore et al., 2012). Moreover, aberrant DNA methylation is implicated

in a number of pathological diseases, including cancer. Thus, with the aim of manipulate this

epigenomic feature and deposit DNA methylation at a specifically targeted locus, dCas9 has

been fused to the catalytic domain of eukaryotic DNA methyl transferase (DNMT3A) (Liu

et al., 2016; Vojta et al., 2016) or prokaryotic DNA methyltransferase (MQ3) (Lei et al., 2017).

Those strategies lead to substantial DNA methylation and are able to alter gene expression at

specific target site, together with recruitment of additional components of repressive epigenetic

machinery that further enhanced gene repression. In addition to targeted DNA methylation,

dCas9-TET1 (Ten-Eleven Translocation proteins which mediate DNA demethylation) fusion

complex can be used for efficient DNA demethylation and substantial increase in mRNA ex-

pression at the target sites (Liu et al., 2016; Morita et al., 2016; Xu et al., 2016). Finally,

another mechanism to consider is based on post-translational modifications on the histone tails

(Bowman and Poirier, 2015), which also constitute an important epigenomic features for reg-

ulatory activity of genomic elements. It has been shown that dCas9-mediated locus-specific

recruitment of LSD1 (histone demethylase) results in substantial local reduction in the active

enhancer markers H3K4me2 and H3K27ac and it was able to alter the expression of target

genes (Kearns et al., 2015). Moreover, by using dCas9 fused to histone deacetylases (HDAC),

it is possible to effectively reduce the H3K27ac and reduce the gene expression of the target

loci (Kwon et al., 2017). On the other hand, recruitment of histone acetyl transferase P300

through dCas9 fusion results in a significant increase in local H3K27ac levels at enhancer ele-

ments, promoting gene expression (Hilton et al., 2015). Identifying the link between epigenetic

marks and gene expression remains a central goal of chromatin biology and to this end, dCas9

guidable platform is now an indispensable tool to achieve this (Adli, 2018).
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1.2.4.4 CRISPR-based diagnostic methods

In addition to the above mentioned CRISPR-tool applications, the properties of different Cas

enzymes have been adopted for diagnostic assays development (Kaminski et al., 2021). Nucleic-

acid-based diagnostics have become the gold standard for various acute and chronic conditions,

particularly those caused by infectious diseases (Kaminski et al., 2021). In fact, nucleic-acid-

based biomarkers associated with disease are essential for diagnostics because DNA and RNA

can be amplified, enabling their highly specific detection via the pairing of complementary

nucleotides (Yang and Rothman, 2004). One of the first developed CRISPR-based diagnostic

methods is NASBACC (Nucleic Acid Sequence-Based Amplification (NASBA)-CRISPR Cleav-

age) (Pardee et al., 2016). This method combines nucleic acid sequence-based amplification

(Compton, 1991) for the isothermal preamplification of targets, and Cas9 cleavage for PAM-

dependent target detection with a toehold sensor for the readout. This has been efficiently used

for the detection of the Zika Virus in infected monkey plasma at concentrations in the low fem-

tomolar range (Pardee et al., 2016). A second Cas9-based method, referred as LEOPARD (for

Leveraging Engineered tracrRNAs and On-target DNAs for PArallel RNA Detection), has been

recently developed (Jiao et al., 2021) and this is based on the observation that tracrRNAs can

hybridize to cellular RNAs, creating ‘non-canonical’ crRNAs. By reprogramming tracrRNAs to

bind cellular transcripts of interest while allowing for the formation of Cas9–crRNA complexes,

the resulting non-canonical crRNAs enable the guiding of Cas9 to a DNA target (Jiao et al.,

2021; Kaminski et al., 2021). More interestingly, the “collateral activity” of Cas12 protein,

which can trigger non-specific cleavage of ssDNA upon target recognition, has been used for

diagnostic purposes. This is based on nucleic acids detection through signal amplification and

allows for various readouts through the addition of functionalized reporter nucleic acids. One

of the first Cas12-based detection methods reported was DETECTR (for DNA Endonuclease-

TargEted CRISPR Trans Reporter) (Chen et al., 2018). In this method, collateral cleavage,

upon target recognition, of short ssDNA reporters carrying a fluorophore and a quencher,

leads to the separation of the two, resulting in a fluorescence signal. Other Cas12-based tech-

niques include HOLMES (for one-HOur Low-cost Multipurpose highly Efficient System) (Li

et al., 2018), which employs PCR as preamplification, and HOLMESv2 (Li et al., 2019), which

uses Loop-mediated isothermal AMplification (LAMP) in a one-pot reaction. As soon as the
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COVID-19 outbreak became pandemic, the immediate need for a simple, rapid, early and

sensitive point-of-care testing pushed for the optimization of a number of CRISPR-detection

methods (Ganbaatar and Liu, 2021). Particularly, Cas12- (Broughton et al., 2020) and Cas13-

based (SHERLOCK, for RNA cleavage)(Kellner et al., 2019) have been widely used during the

emergency as detection tools for SARS-CoV-2 (Ganbaatar and Liu, 2021).
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1.3 CRISPR current challenges

CRISPR technologies are now considered easy to use, accurate, target-specific and multi-

potential (Yang et al., 2021); however, several limitations and concerns still exist, which need to

be solved. First of all, for therapeutic applications, the successful administration of CRISPR-

Cas9 requires an efficient and safe delivery of both Cas9 and the gRNA to the target cell. So

far, vast efforts have been made to improve this important aspect and move forward in this

regard (Section 1.3.1).

Additionally, a key limitation to the use of CRISPR-Cas proteins for genome editing and other

applications is the requirement of a PAM sequence to be present at the target site. The devel-

opment of well-optimized and engineered Cas nucleases is significantly improving the system

prospective in terms of PAM limitations (Section 1.3.2).

However, the major concern for the CRISPR technology to be used in complex eukaryotic or-

ganisms, is still represented by the off-target effects (Section 1.3.3) (Zhang et al., 2015). Several

in vivo and in vitro off-target detection methods have been developed to further investigate

Cas9 specificity (Sections 1.3.3.1 and 1.3.3.2) (Atkins et al., 2021) and those have also been

used to evolve in silico off-target prediction models, such as CRISPRoff (Alkan et al., 2018)

and uCRISPR (Zhang et al., 2019). In parallel, protein engineering is rapidly advancing also in

the creation of new nucleases with less off-target activity (Section 1.3.4) (Naeem et al., 2020).

Lastly, a great challenge is also represented by the effect of genomic and chromatine context

on Cas proteins, which still requires to be elucidated (Section 1.3.5).
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1.3.1 CRISPR delivery

For genetic modification of populations of cultured cells, CRISPR-Cas components can be

delivered in DNA, mRNA or RNP (Cas9:gRNA complex) forms, with transfection typically

achieved by nucleofection (Mali et al., 2013), electroporation (Ding et al., 2017) or lipofectamine

treatment (Cong et al., 2013) (Figure 1.8). DNA-based delivery typically consists of one or

multiple plasmids encoding the Cas protein and sgRNA that have to be transcribed by the

hosting cells for the gene editing system to be active (Figure 1.8). On the contrary, direct

delivery of the Cas mRNA allows immediate translation on entering the cytoplasm (Figure

1.8). Direct transfection of the active RNP bypasses even the translation step and offers the

fastest editing kinetics (Figure 1.8) (Kim et al., 2014; Liang et al., 2015). However, another

consideration is the stability of the construct and resulting intracellular concentration of Cas

protein. DNA-based delivery results in a prolonged and relatively stable expression of Cas

nuclease, increasing the on-target editing efficiency but with the potential increased risk of

unwanted mutagenic effects (Lino et al., 2018). In contrast, RNP delivery, as a shorted lived

event, allows the most direct control of the Cas concentration administered (Kim et al., 2014;

Liang et al., 2015). Viral-based vectors is another option for Cas delivery both in vitro and in

vivo. The editing machinery is packaged as DNA into the viral particles which are then used to

infect cells, delivering the DNA cargo (Banskota et al., 2022). In this method, the limitation

is the capacity of the viral capsid, which is enough to hold the RNP system, but it then leaves

little room for additional markers, tags or a DNA template for repair. Alternative approaches

include separate packaging of the sgRNA and Cas protein (Swiech et al., 2015), or using Adeno-

Associated Vectors (AAV) based methods, which also have been successful with the additional

advantage of tissue specificity by utilising specific AAV serotypes (Lisowski et al., 2015; Wu

et al., 2006). Alternative viral vectors include adenovirus and lentivirus, both of which offer

significantly larger capsid capacities than AAV, making them well suited to deliver all the

required CRISPR components simultaneously (Maddalo et al., 2014; Platt et al., 2014). Other

issues in viral delivery technologies reside in undesired immune responses reaction (Ahi et al.,

2011), and unplanned mutagenic consequences due to the integration into the host genome (Lino

et al., 2018). However, those can be controlled with the removal of viral genes (Brunetti-Pierri

and Ng, 2017; Palmer and Ng, 2003) and the development of non-integrating lentivirus vectors
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(Apolonia et al., 2007; Choi et al., 2016). Additional non-viral delivery methods include the use

of lipofectamine, which is a positively charged synthetic lipid capable of forming lipid vesicles

around negatively charged molecules. This is already a well-established technique in isolated

cells and has also been demonstrated for in vivo Cas9 delivery (Zuris et al., 2014). Another

common approach to deliver plasmids encoding for the CRISPR system components is the use

synthetic, non-liposomal transfection reagents, such as FuGENE (Kennedy et al., 2014), which

shows high efficiency and low toxicity. Gold nanoparticles, AuNPs, can also be functionalised

to bind DNA molecules or electrostatically interact with proteins (Lee et al., 2017), and thus

be used for RNPs and DNA delivery. These recent innovations with CRISPR-Cas gene editing

and delivery systems have significantly advanced the efforts to develop human gene therapies

(Lino et al., 2018; Zhang et al., 2021; Behr et al., 2021).
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Figure 1.8: Delivery methods for CRISPR-Cas system. CRISPR-Cas components can be de-
livered in the forms of DNA, mRNA, or protein/RNP complex. DNA-based delivery is used to
deliver one or more plasmids encoding the Cas protein and sgRNA that has to be transcribed
by the hosting cells. mRNA delivery allows to skip the transcription step and directly translate
for Cas protein in the cytoplasm. The RNP format enables the immediate action of the Cas
nuclease when it is in the nucleus and electroporation is the most established method used for
its delivery. Viral-based vector, lipofectamine or nanoparticles are also valid alternatives for
both in vivo and in vitro application. Image made in Biorender.
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1.3.2 Engineered Cas variants with alternative PAMs

As previously mentioned, the primary requirement for Cas protein binding is the presence of a

PAM sequence. A number of Cas9 and Cas12 orthologs that recognize various PAM sequences

have been discovered (Cebrian-Serrano and Davies, 2017), and this natural diversity has been

harnessed to enable targeting of a greater fraction of genome sequences. PAM availability,

however, remains a frequent limitation even with the use of natural Cas protein orthologs, since

only a minor fraction of total PAM space can be accessed by all of the natural Cas proteins

shown to function in mammalian cells (Anzalone et al., 2020). Because of these challenges,

many researchers have engineered or evolved Cas9 or Cas12 variants with less restrictive PAM

compatibilities. By installing specific mutation which disrupts a critical interaction between

wild-type SpCas9 and the third nucleotide of its canonical PAM sequence (NGG), mutants

of SpCas9 have been created to recognize NGAG, NGA and NGCG PAM sequences (Hirano

et al., 2016; Kleinstiver et al., 2015, 2016a). On the other side, the T-rich PAM sequences

recognized by Cas12 proteins can be used to complement the only G-rich PAMs preferred by

many Cas9 orthologs. However, canonical Cas12 PAMs are often somehow restrictive, such

as the TTTV PAM (where V indicates A, C or G) recognized by LbCas12a and AsCas12a

(Zetsche et al., 2015). Therefore, Cas12a variants have been also engineered using structure-

guided mutagenesis to recognize either TATV or TYCV PAM sequences (where Y indicates C

or T) (Gao et al., 2017). Although substantial effort has been focused on SpCas9 variants, the

discovery and engineering of Cas12 variants that recognize T-rich PAM sequences will likely

continue to expand the targetability of Cas effectors. The set of natural and engineered Cas

protein variants reported to date can collectively recognize over half of the PAM sequence space,

which represents a vast progress in the field from its beginnings with SpCas9 (Anzalone et al.,

2020). In general, the creation of robust Cas variants that maintain high activity while accessing

certain challenging PAM sequences, remains an important opportunity for future advancement.
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1.3.3 Off-target activity

Since the first application of CRISPR-system as a gene-editing tool, there was evidence that

mismatches between the guide and target could be tolerated and still lead to target degradation

(Garneau et al., 2010a; Deveau et al., 2008). Indeed, any guide designed to a target unique site

in a whole organism genome would be predicted to have up to hundreds of potential off-target

sites, and this could significantly hinder the potential for therapeutic applications. Off-target

detection methodologies are fundamental since the functionality of Cas nucleases is still not

fully understood and the extent of this off-target activity appears to be highly variable and

dependent to many factors (e.g., the target site itself, the location and the type of mismatches,

the cell type and the delivery method). Experimental observation and detection of off-target

cleavage can be generally divided in two categories: biased and unbiased methods (Anton et al.,

2018). Methods from the first category rely on a priori knowledge for the detection of site-

specific mutation and sequence validation to check for mutations at expected off-target sites

(e.g., sites with high sequence homology to the gRNA) (Hsu et al., 2013; Doench et al., 2016;

Tsai and Joung, 2016; Aryal et al., 2018). One of the first studies used mismatched gRNA to

investigate how it impacted Cas9 editing efficiencies in cells (Lin et al., 2014). Additionally,

an alternative in vitro approach, used synthetic oligomers to generate sequence libraries that

contained 1012 potential off-target sites derived from the sequence of 4 gRNAs (Pattanayak

et al., 2013). These experiments provided the first evidences that mismatches in the 10-12 nt

proximal to the PAM site (defined as “seed region”) dramatically reduced target cleavage, but

multiple mismatches at the PAM distal end of the target could be tolerated. On the other hand,

unbiased methods can be used to survey the full genome for cleavage events, allowing detection

of unpredicted off-target cleavage events (Koo et al., 2015; Tsai and Joung, 2016). Although

biased techniques require minimal equipment, are often easier to implement and with a lower

cost compared to others (Atkins et al., 2021), the need to efficiently survey the whole-genome for

nuclease off-target affinity, is pushing for the development of a range of more efficient unbiased

techniques.
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1.3.3.1 In vitro off-target detection

Whole genome sequencing (WGS) is a straight forward approach for unbiased survey of the

full genome for off-target nuclease activity (Figure 1.9 A) (Atkins et al., 2021; Yin et al.,

2019). This relies on sequence-based evidence of nuclease activity (such as indels, inversions,

translocations, and large deletions) left on genomic DNA upon endogenous repair mechanisms

activation. Deep sequencing allows the identification of those repaired sites and WGS has been

used to detect unpredicted Cas9 off-target cleavage in clonal cell populations and animal models

(Smith et al., 2014; Veres et al., 2014). WGS is definitely advantageous since it detects the

behaviour of the nucleases in a cellular environment but, at the same time, it is considered

inefficient due to a low signal to noise ratio (Atkins et al., 2021). Moreover, the majority of

sequence data collected during WGS represents unedited genomic DNA and this affects the

depth-of-coverage for sequence locations of interest. Thus, WGS is limited by throughput,

cost, and efficiency compared to whole-genome methods which incorporate target enrichment

strategies (e.g., GUIDE-seq) (Atkins et al., 2021). One of the first unbiased, in vitro off-target

cleavage detection technique was Digenome-seq (Figure 1.9 B) (Kim et al., 2015). In this assay,

purified genomic DNA is incubated with Cas9, then fragmented and sequenced by NGS. After

aligning reads to the known genomic sequence, sites that have been cut are identified by the

presence of reads all terminating at the same location. Nuclease cleavage sites are distinctly

characterized therefore by repeated detection of DSBs at the same sequence location (Kim

et al., 2015). Digenome-seq achieves target enrichment by introducing a distinct signature to

nuclease cleavage targets which improves the resolution of cleavage detection to single-nucleotide

precision. The sensitivity of this method is limited by the error rate of NGS, and requires high

read numbers (Atkins et al., 2021). However, this method can detect off-target sites with

frequencies down to ∼ 0.1% (Kim et al., 2015). An improved method, called SITE-Seq (Figure

1.9 C), has increased sensitivity and requires lower numbers of reads compared to Digenome-seq

due to the addition of a step enriching for cut DNA by ligation of biotinylated DNA to the

cut end and biotin pull-down (Cameron et al., 2017). Regardless, up to date, CIRCLE-seq is

one of the most sensitive unbiased methods (Figure 1.10) (Tsai et al., 2017; Lazzarotto et al.,

2018). The assay requires fragmentation of genomic DNA via sonication, end-repair, and self-

ligation of fragments for intramolecular circularization. After circularization, the remaining
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linear DNA is digested using a plasmid-safe ATP-dependent DNase. The resulting library

of circularized fragments of genomic DNA is then digested using Cas9 and the gRNA to be

profiled for off-target affinity. During Cas9 digestion, circles containing on-target and off-

target sequence are linearized and prepared for NGS. CIRCLE-seq has 180,000-fold higher

signal-to-noise ratio than Digenome-seq (Atkins et al., 2021), and this is due to the specific

process of enrichment which ensures that only the cleavage-target sequences are prepared for

deep sequencing. Recently, an updated version of the CIRCLE-seq methodology has been

published (Lazzarotto et al., 2020). The modified technique is called CHANGE-seq and it

utilizes a tagmentation reaction in the early steps of the protocol which reduces the labour and

preparation time. Thus, compared to CIRCLE-seq, CHANGE-seq allows more rapid sample

processing for higher-throughput experiments and shows a high potential for future applications

(Atkins et al., 2021).
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Figure 1.9: In vitro off-target detection methods. (A) CRISPR-Cas9 off-target detection via
Whole Genome Sequencing (WGS) involves nuclease induction of DSBs in cells. Next, all se-
quence including indels and genomic rearrangements introduced during DSB repair are captured
via deep sequencing of genomic DNA. (B) Digenome-seq starts with extraction of genomic DNA
and in vitro CRISPR-Cas9 treatment, precluding DSB repair. Samples are then prepared by
standard NGS methods where adapters (in yellow) are added. Cleavage targets are identified
by a read pile-up signature with single-nucleotide resolution. (C) SITE-Seq also involves in
vitro Cas9 digestion. Next, biotinylated adapters (in blue) are ligated to DSB ends followed by
fragmentation and universal adapter ligation. Target enrichment is achieved by biotin selection
and PCR amplification. Cleavage targets are identified by read pile-up during analysis. Image
adapted from Atkins et al. 2021.
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Figure 1.10: CIRCLE-Seq and VIVO detection methods. (A) CIRCLE-seq involves generation
of a circularized in vitro library created from genomic DNA. Unrecognized targets remain
circularized (in blue) while cleaved target sequences are linearized and can be prepared for
sequencing (in gray). (B) VIVO starts with CIRCLE-seq on genomic DNA from mouse primary
cells. The CIRCLE-seq results inform targeted deep sequencing with genomic DNA from mouse
primary cells derived from CRISPR/Cas9 treated mice thereby validating bona fide off-target
sites. Image adapted from Atkins et al. 2021.
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1.3.3.2 In vivo off-target detection

Among the in vivo detection techniques, based on cellular assays, GUIDE-seq is a method

for tagging and enriching the sequence surrounding DSBs for deep sequencing (Tsai et al.,

2015). In this assay, cells are transfected with a plasmid coding for Cas9 and a gRNA and

co-transfected with a blunt, double-stranded oligodeoxynucleotide (dsODN). This dsODN will

be incorporated into DSBs during NHEJ repair process, thus tagging DSB sites with a short,

known sequence (Tsai et al., 2015). The genomic DNA is then extracted and fragmented,

and the resulting fragments undergo end-repair, dA-tailing, and ligation of a universal adapter

sequence which is added to both ends of all fragments. Target enrichment is achieved by PCR

amplification of fragments containing the dsODN only. By testing GUIDE-seq with 13 different

guide sequences in two different cell types, HEK293 and U2OS, up to 150 off-target sites were

identified with some guides, whereas others displayed no detectable off-targets (Tsai et al., 2015).

This demonstrates the highly variable levels of promiscuity of different guides. Importantly,

there were also significant differences in the frequencies of off-target editing between the two

different cell types, clearly demonstrating that sequence alone is only one factor which affects

off-target activity (Tsai et al., 2015). Additionally, HTGTS (High Throughput Genome-wide

Translocation Sequencing) methodology can be used to detect and sequence translocations

resulting from DSBs. Initially published to study the mechanism of translocation (Chiarle

et al., 2011), this method has been adapted for detection of nuclease off-target activity and the

protocol was modified to enhance the adapter-PCR target-enrichment methodology (Chiarle

et al., 2011; Frock et al., 2014). The modified method is called linear amplification mediated

(LAM)-HTGTS and it can detect translocations that occur due to DSB repair between the

on-target site and any off-target sites. This assay was used to identify off-targets of 4 guide

RNA designed for a specific target gene. One guide resulted in 33 detected translocation events,

another guide in 2 events, while the other two guides displayed no translocation event. Once

again, this demonstrates that off-targets are highly guide sequence dependant and even though

Cas9 editing can induce translocations, the majority of DSBs are repaired locally and these

would not be detected. Finally, early attempts to develop unbiased survey of Cas9 activity on

a genome-wide scale are represented by studies which imply chromatin immunoprecipitation

(ChIP) and subsequent deep sequencing of captured DNA fragments (ChIP-seq) (Atkins et al.,
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2021). Multiple studies used ChIP-seq with catalytically inactive Cas9 (dCas9) to pull down

Cas9 binding sites (Duan et al., 2014; Kuscu et al., 2014a; Wu et al., 2014a; Knight et al.,

2015; O’Geen et al., 2015). However, ChIP-seq using dCas9 is limited with respect to off-target

detection since it has been shown to yield abundant false positives (Kuscu et al., 2014a; Wu

et al., 2014a; Knight et al., 2015; Tsai et al., 2015). DISCOVER-Seq is an additional off-target

detection method which is based on ChIP-seq analysis and selectively amplifies Cas9 cleavage

sites by detecting the signature of endogenous DNA repair processes (Wienert et al., 2019).

DISCOVER-Seq advances the ChIP-seq method by utilizing meiotic recombination 11 homolog

1 (MRE11), a DNA repair protein which is localised to DSBs at the early stage of the repair

pathway. Edited cultured cells or tissue samples are first fixed with formaldehyde to cross-

link bound proteins to the DNA, the nuclei are extracted and the DNA bound to the protein

is extracted and fragmented. The Mre11 bound fragments are then isolated by pull-down

with specific antibodies and the DNA purified and sequenced to generate genomic profiles of

Mre11 localisation (Wienert et al., 2019). This allows to determine the cut site with single base

resolution. Although limited to the detection of unrepaired sites only, DISCOVER-seq has much

higher sensitivity than previous approaches, such as BLESS (Breaks Labelling, Enrichment on

Streptavidin and next-generation Sequencing), in which the detection of DSBs occurs upon in

situ labelling with biotinylated linker DNA. Lastly, it is worth mentioning that a method has

been published that is termed verification of in vivo off-targets (VIVO) (Figure 1.10 C) which

combines CIRCLE-seq to identify off-target candidate sites with targeted deep sequencing to

validate those sites in vivo (Akcakaya et al., 2018). This is a hybrid technique which has been

applied for the detection of induced off-target in mice. However, the sensitivity is still limited

by the detection limit of next-generation sequencing, and has an estimated sensitivity of 0.13%

(Akcakaya et al., 2018), which will exclude potential off-targets sites with cutting frequencies

lower than 0.1%.
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1.3.4 Engineered high-fidelity Cas variants

While some Cas9 and Cas12 orthologs have been found to be naturally high-fidelity effectors,

another major research focus has been laid on the development of engineered Cas variants

that have greater discrimination for on-target sequences over off-target sequences (Hu et al.,

2018; Lee et al., 2018; Vakulskas et al., 2018). To this extent, eSpCas9(1.1), SpCas9-HF1 and

HypaCas9 (Chen et al., 2017b; Kleinstiver et al., 2016a; Slaymaker et al., 2016), have been

generated by rational design approaches mainly focusing on mutations of positively charged

residues within the REC domain that line the NTS binding groove, with the hypothesis that

interrupting interactions between these residues and the negatively charged nucleic acid back-

bone would decrease binding affinity. It has indeed been proved that those mutated variants

spend a larger fraction of time occupying the nuclease-inactive conformation when bound to

off-target DNA sequences. An additional high-fidelity variant, evoCas9, consists of a quadruple

mutant and it has been developed via a yeast-based assay to screen a library of SpCas9 effec-

tors with mutations in the REC3 domain (Casini et al., 2018). However, although those Cas9

variants can discriminate better against mismatches, their enhanced specificity comes at the

cost of severely reduced rates of on-target DNA cleavage. Most recently, a SuperFi-Cas9 (Bravo

et al., 2022) variant has been engineered by mutating specific residues within RuvC that con-

tact and stabilize a typical distorted configuration only present in the presence of PAM-distal

mismatches and absent in on-target structures. Therefore, this SuperFi-Cas9 seems to have

the ability to discriminate between on- and off-target DNA substrates without compromising

DNA cleavage efficiency.

In general, Cas12a variants have been reported to naturally generate fewer off-target editing

events by comparison to many of the Cas9 orthologs (Kim et al., 2016; Kleinstiver et al., 2016b).

Nonetheless, high-fidelity Cas12a variants have also been engineered: an example is an high-

fidelity version of an enhanced activity AsCas12a variant (enAsCas12a-HF1) which was found

to be highly efficient and with a low off-target editing activity (Kleinstiver et al., 2019).
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1.3.5 Genomic context and DNA topology effect

Up to date many studies have been focused on better understanding the mechanisms behind

the different phases of CRISPR-Cas process, such as how Cas9 binds and cleaves sites along the

genome (Kuscu et al., 2014b; Tsai et al., 2014; Wu et al., 2014b), what are the preferred repair

pathways upon Cas9 cleavage (Schep et al., 2022), or trying to predict mutation outcomes of

the genome editing process (Allen et al., 2018; Janssen et al., 2019; Shen et al., 2018). However,

the intracellular Cas9 behaviour still remains poorly characterized and its efficiency cannot en-

tirely be predicted. It has been shown that some genomic regions are associated with higher

editing efficiencies (Knight et al., 2015; Verkuijl and Rots, 2019) and the genetic properties of

the genomic target site seems to play a critical role in Cas9 activity (Daer et al., 2017; Verkuijl

and Rots, 2019). Nevertheless, it is still not fully understood which factors contribute to this

efficiency variability, which can be found even when targeting the same sequence in different

cell types. There are numbers of studies that demonstrated that the way DNA is modified and

packaged in the eukaryotic nucleus - the chromatin state - can have significant effects on Cas9

binding and may help to explain the variation in terms of efficiency (Hinz et al., 2015; Horlbeck

et al., 2016; Isaac et al., 2016; Yarrington et al., 2018). It is worth pointing out that, Cas9,

being prokaryotic in origin, did not evolve to deal with the complex chromatinised environment

of the eukaryotic genome. In bacteria, indeed, genomic DNA generally consists of supercoiled

circular molecules associated with proteins, while eukaryotic chromosomes are linear, packaged

with histone octamers into nucleosomes and further organized into high-order structures. By

using the artificial Widom 601 positioning sequence, which exhibits high affinity for the histone

octamers, a few studies proved that stably positioned nucleosomes act as a barrier to Cas9

binding and function, with Cas9 nuclease activity being particularly inhibited within the nu-

cleosome core but not at adjacent linker sequences (Hinz et al., 2015; Horlbeck et al., 2016).

Moreover, an in vitro study used nucleosome assembled on the native 5S ribosomal sequence

and found that Cas9 sites near those entry/exit sites are cleaved 700-fold better than the

corresponding sites within the Widom 601 nucleosomes. This result may be explained from

the observation that DNA breathing occurs at least 100-fold more in nucleosomes assembled

on a natural sequence than on the Widom 601 (Isaac et al., 2016). Those studies explain that

Cas9 gains access to nucleosomal DNA when the DNA is transiently unpeeled from the his-
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tone octamer and this may clarify why sequences that are closer to the entry/exit sites are cut

more readily by Cas9 than sites near the core dyad (Anderson and Widom, 2000). Similarly,

Cas12a cleavage kinetics has been investigated on nucleosomal substrates (Strohkendl et al.,

2021). It has been shown that the unwrapping dynamics of a 601-assebled mononucleosome

regulate Cas12a cleavage efficiency. It appeared that Cas12a PAM recognition and R-loop

propagation are inhibited by the nucleosome edge, with an overall binding inhibition of several

orders of magnitude compared to nucleosome-free region (Strohkendl et al., 2021). With the

aim to understand better the genomic context impact on the CRISPR-Cas system, a more

recent study used multi-target gRNAs (mgRNAs) to direct Cas9 to a pre-determined number

of well-mapped sites, with epigenetically diverse features, and investigate on the dynamics and

cellular responses (Zou et al.). This system provided evidence that Cas9 binding is enhanced at

chromatin-accessible regions, and Cas9 cleavage is more efficient near transcribed regions. Over-

all, the effect of DNA topology on Cas nucleases activity still needs to be properly interpreted.

It is becoming increasingly clear that a more “open” DNA structure promotes Cas binding,

meaning that every cellular processes which implies a mechanical modification of the double

helix structure (including transcription, epigenetic modification, DNA repair, recombination)

will somehow have an effect on Cas efficiency at a particular target site. As a consequence, this

can also impact Cas off-target activity, since mismatched sequences previously less tolerated,

become more easy to bind. Interestingly, it has been shown that the binding of a dCas9 at

specific sites can be used to open previously inaccessible regions of chromatin, even though the

underlying mechanism of this process is not fully characterized. A so called Proxy-system (Fig-

ure 1.11)(Chen et al., 2017a) has been developed to enhance the editing efficiency at adjacent

region of a proxy-dCas9 site. This seems to be valid for Cas12 too, as the binding of a dCas9,

also increases Cas12a access at a proximal target site (Strohkendl et al., 2021). Unravelling

the variables that modify the influence of chromatin and DNA topology on CRISPR activity

can be powerful to better understand and predict the CRISPR-Cas systems activity, which

becomes particularly important for the off-target repercussion. In this perspective, developing

new strategies which could make CRISPR-Cas systems more efficient and precise by acting on

the chromatin state and DNA structure of its target, is an exciting opportunity.
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Figure 1.11: Schematic of Proxy-CRISPR system. (A) FnCas9 is unable to access endogenous
targets in a certain chromatin configuration, but the binding of one or two dCas9 at proximal
locations alters the local chromatin status and enables FnCas9 to access and cleave the otherwise
inaccessible targets. (B) FnCas9 and SpdCas9 target sites in the exon 8 of POR gene, used to
test the strategy. Image from Chen et al. 2017a.
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1.4 Single Molecule studies

Single molecule studies have played an important role in the mechanistic understanding of Cas

systems, particularly on SpCas9 (Cuculis and Schroeder, 2017) and, more recently, on Cas12a

nucleases. Single molecule methods have been used extensively to observe many aspects of

the functionality of Cas proteins (Cuculis and Schroeder, 2017), such as the on-target search

and binding mechanisms, the cleavage activity, the possible conformational changes involved in

RNP assembly and DNA interaction, and the off-target discrimination.

These methods are particularly attractive and powerful for the study of complex biological

systems for several reasons (Deniz et al., 2008). First, the molecular properties are measured

one molecule at a time, meaning that their distributions are more directly measured, in contrast

with conventional ensemble experiments (Deniz et al., 2008). Thus, single molecule-experiments

allow for the detection of rare species or states, which would be averaged in an ensemble (Deniz

et al., 2008). Moreover, for single molecule analysis, the dynamics of systems are measured

under equilibrium conditions and this is advantageous for those dynamics in systems that cannot

be easily synchronized (Petrov et al., 2012). An example is the motion of DNA enzymes along

their tracks, which can be complex and impracticable to synchronize for significant distances.

Furthermore, by using single-molecule methods, it is possible to directly measure the kinetic

rate constants and the relations between different states of a system with multiple discrete

states (Schmid and Hugel, 2017). By operating at low concentrations or with immobilized

molecules, those methods exhibit an exceptionally high sensitivity, allowing the properties

of the monomeric species to be monitored at equilibrium (Deniz et al., 2008). Additionally,

single-molecule manipulation permits the direct measurement of molecular forces, as well as

the molecular structural and functional responses to mechanical manipulation (Neuman and

Nagy, 2008).
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1.4.1 Single Molecule methods

Broadly speaking, single-molecule techniques can be divided into two main categories: imaging-

based approaches and force-based approaches (Gruszka, 2021). Within this classification,

imaging-based methods are typically carried out via fluorescence microscopy, whereas force-

based approaches generally rely on optical tweezers, magnetic tweezers, or atomic force mi-

croscopy (AFM) for precise mechanical control of single biomolecules. Single-molecule fluores-

cence microscopy (SMFM) is used to detect single fluorescent probes attached to biomolecules

(Hao et al., 2020), and allows to localise them with spatial precision (∼300 nm) and to observe

molecular events at relevant length scales for proteins, DNA, or RNA (25–100 nm) (Thomp-

son et al., 2002). An additional method is single molecule Forster Resonance Energy Transfer

(smFRET), which is considered a powerful “molecular ruler” since it allows to direct observe

small-scale changes (1–10-nm) in intermolecular or intramolecular distances (Roy et al., 2008).

On the other hand, single-molecule force-based measurements offer the possibility to apply

and/or measure subpiconewton to nanonewton forces, which became relevant for the study

and manipulation of individual biomolecules (Neuman and Nagy, 2008). Among this methods,

AFM is a scanning probe method which provides force-based measurements or manipulation

of single biomolecules as well as single-molecule imaging (Engel and Müller, 2000; Hansma

et al., 2012). Furthermore, optical tweezers and magnetic tweezers represent alternative single

molecule technologies which are based on the principle of particle trapping using an exter-

nal force field. In the optical tweezers set-up, a high-powered laser beam is focused through

a high–numerical aperture objective lens, generating a tight focus and large optical gradient

(Figure 1.12) (Moffitt et al., 2008). In such a manner, dielectric particles positioned near the

focus of the beam, experience a restoring force toward the trap center, which enables stable

trapping, and this is used to manipulate beads (Figure 1.12) (Heller et al., 2014; Bustamante

et al., 2021). Optical tweezers experiments can be performed a single- or dual-trap mode (Bus-

tamante et al., 2021). In single-trap measurements, one end of the molecule is attached to the

trapped bead and the other end is bound to the chamber surface or to a second bead held by

a micropipette. In dual-trap systems, the molecule is instead tethered between two optically

trapped beads (Bustamante et al., 2021). Magnetic tweezers operate by applying an external

magnetic field to manipulate magnetic beads. This can also be used to generate torque on
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trapped particles, by rotation of two permanent magnets, which is useful for inducing super-

coiling in DNA. Rotor Bead Tracking (RBT) is a method in which a magnetic bead is used to

apply forces (in the pN-scale) to stretch DNA, while a secondary bead bound to the side of

the molecule (the “rotor bead”) reads out the molecular twist and the extension (Bryant et al.,

2012). RBT can be combined with single-molecule fluorescence and this allows to monitor

conformational dynamics of nucleoprotein complexes in real time under controlled force and

torque on the nucleic acid substrate.

Figure 1.12: Principles of optical tweezers. The schematic shows the forces acting on optically
trapped beads. (A) When a bead is trapped in a single-beam optical trap (pink cone) two
main forces are acting on it: the scattering force, Fsc, and the gradient force, Fgr. Fsc comes
from the photons hitting the particle and being scattered, and it acts in the direction of light
propagation. Fgr results from photons passing through the bead and it acts along the electric
field gradient toward the center of the laser focus. For stable trapping, the gradient force must
be greater than the scattering force to prevent the latter pushing the particle out of the focus.
In the schematic, the two forces cancel each other, which leads to a stable position that is
displaced by ∆z from the trap center in the axial direction. (B) When an external force, Fext,
acts on the bead (such as by using a tethered DNA molecule) this causes a lateral displacement,
∆x. The external force is opposed by the combination of gradient and scattering forces, leading
to a restoring force that can be described by Hooke’s law, F = k ∆x, where k represents the
effective stiffness of the optical trap. Image adapted in BioRender from Heller et al. 2014.
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1.4.2 Cas9 studies

The first Cas9 single molecule study used DNA curtains with Total Internal Reflection Fluo-

rescence (TIRF) microscopy to explore Cas9 target search and binding mechanisms (Sternberg

et al., 2014). In this approach, a microscope slide was prepared with chromium “barriers” and

then coated with a lipid bilayer (Figure 1.13 A). Phage-λ DNA can be tethered to the lipid

bilayer by biotin-streptavidin interactions and, by applying flow across the slide, the tethered

DNA can diffuse through the bilayer and thus be trapped by the barriers, generating DNA

curtains (Fazio et al., 2008). FLAG-tagged Cas9 was complexed with sgRNAs targeting spe-

cific sites on the DNA and then flowed over the DNA curtains, allowing for the visualization of

DNA:RNP interactions by TIRF microscopy (Figure 1.13 B) (Sternberg et al., 2014). In this

study, it was possible to observe an efficient on-target binding when an on-target guide was used

to assemble the RNP. Stable interactions were also observed at off-target sites, even though at

a much lower frequency, and appeared to correlate with local PAM site density (Figure 1.13 C)

(Sternberg et al., 2014). Similar experiments were performed in the absence of flow in order to

study the target search mechanism. Those experiments suggested a 3D collision mechanism of

target search, since no evidence of 1D diffusion was observed (Sternberg et al., 2014).

In addition, smFRET TIRF approaches have been used to directly measure Cas9 binding and

dissociation kinetics (Singh et al., 2016). In this experiment, the target DNA was labelled

with Cy3 close to the PAM site and immobilised on microscope slide, while the RNP complex,

labelled with Cy5 close to the 3’ end of the crRNA, was flowed over the DNA (Figure 1.14 A).

Cas9 binding was observed by FRET between the labelled crRNA and target DNA (Figure 1.14

B) and detailed kinetic information were calculated by analysing the dwell times in the presence

and in the absence of mismatches (Singh et al., 2016). When PAM proximal mismatches were

present, even if the binding was still observed, a much rapid dissociation was detected compared

to a perfectly matched sequences. Similar experiments have been also performed by using an

array of DNA templates with engineered mismatches (Singh et al., 2016). Results showed that

PAM-distal mismatches are significantly better tolerated than PAM proximal mismatches and

that an increase in Cas9 binding life-times is detected when >7 base pairs of heteroduplex

(PAM-proximal target match) formation were permitted. SmFRET TIRF assay has also been

used to demonstrate Cas9 directional R-loop formation, which is observed as an increase of the
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FRET intensity as the RNA anneals with the DNA from the PAM proximal to PAM distal

end of the target (Lim et al., 2016). Moreover, those studies showed that the presence of mis-

matches prevents full R-loop formation proving the role of R-loop formation in stable binding

of the Cas9 complex.

Furthermore, FRET experiments were used to detect the movement of HNH domain, as an

essential step to reach the cleavage competent conformation, and to analyse differences in the

conformational change upon target binding of dCas9 versus Cas9, that may be attributed to

additional conformational changes during cleavage (Dagdas et al., 2017; Osuka et al., 2018;

Sternberg et al., 2015). It has been proved that this HNH conformation change can be ob-

served upon binding to an on-target site but not in the presence of off-target. These studies

suggested the presence of the so called “conformational checkpoint”, involving the HNH do-

main, which provides additional discrimination of off-target sites, preventing cleavage even in

the presence of mismatches that accommodate stable R-loop formation.
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Figure 1.13: DNA-curtains assay for investigation of Cas9 binding and cleavage mechanisms.
(A) Schematic of DNA curtains microscope slide. (B) Several sgRNAs were designed to target
different specific site on λ-DNA. FLAG-tagged Cas9 and anti-FLAG-functionalized quantum
dots were used to directly visualize Cas9-DNA interaction. (C) Single-molecule images of Cas9
binding to the DNA-curtains at the λ2 site. Off-target binding sites are also detectable at a
lower frequency. Image from Sternberg et al. 2014.

Figure 1.14: smFRET assay to study Cas9 binding mechanism. (A) Schematic of single-
molecule FRET assay. Custom-designed DNA templates were labeled with a FRET donor
(Cy3) and immobilized on the microscope slide via neutravidin-biotin interaction (cognate
DNA segment is shown in red, PAM sequence is shown in yellow). The sgRNA was labelled
with a FRET acceptor (Cy5) and complexed with Cas9 to form the RNP. (B) A representative
smFRET time trajectory showing the moment of Cas9 binding to the DNA which results in
high-FRET signal. Image from Singh et al. 2016.
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Interestingly, a single-molecule-based approach has been used to demonstrate how Cas9

specificity can be tuned and improved by modulating the hybridisation energy of guide and

target DNA, through incorporation of DNA bases into the RNA guide molecules (Figure 1.15)

(Rueda et al., 2017). In this study, an in bulk-cleavage assay first demonstrated that Cas9 can

form a complex with a fully DNA guide; however, this complex is not active for cleavage. By

rational design, 7 bases were identified to make important RNA specific contacts with the Cas9

protein, and by restoring these sites to RNA in the crDNA guide it was possible to recover

the on-target cleavage activity (Rueda et al., 2017). Interestingly, the hybrid guides with DNA

bases showed reduced off-target activity while retaining on-target activity in vitro, consistent

with the excess energy hypothesis for rational design of high-fidelity Cas9 complexes. Single

molecule FRET was then used to study the R-loop formation of those hybrid guides (Figure

1.15) and showed that, although the binding of the hybrid guided complex was dramatically

reduced, molecules were observed reaching the high FRET state, consistent with their ability to

cleave target DNA in vitro. However, the emergency of a mid-FRET state population (Figure

1.15) suggested that the presence of DNA bases in the guide destabilises the R-loop formation,

and this would explain the reduced binding affinity, but also the improved specificity.
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Figure 1.15: Conformational dynamics of target-bound dCas9 complexes with hybrid guides.
(A) Single-molecule FRET experimental design. Surface-immobilised Cy3-labelled (green)
DNA containing the target site (orange) and PAM site (white) binds Cy5-labelled (red) dCas9
complex (blue) to yield a FRET signal. (B) Representative single-molecule FRET trajectories
show dCas9–crRNA complex binding in heteroduplex conformation as an increase to high FRET
(top) through a transient intermediate (arrow). Bottom: Representative single-molecule FRET
trajectory shows an irreversible conformational change into a dynamic intermediate FRET
state. Right: Corresponding time-binned FRET histograms, and Gaussian fits (black curves).
(C) Time-binned FRET histograms for each guide: crRNA (red); different hybrid crRNAs
(grey, magenta, and green). Image from Rueda et al. 2017.
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Finally, optical and magnetic tweezers, with their ability to finely apply forces and also

precisely twist macromolecules, have been used to investigate how force and supercoiling on

DNA affect Cas9 R-loop formation, off-target binding and cleavage activity. Optical tweezers

measurements showed for the first time that Cas9 binding and cleavage specificity is affected

by high stretching forces (Newton et al., 2019). The mechanical distortion of the DNA-duplex

under high stretching forces, induces stable off-target binding at sequence-specific sites across

the DNA (Figure 1.16) (Newton et al., 2019). This result becomes particularly important

if related to the physiological cellular environment. Indeed, as previously mentioned, during

many fundamental processes (DNA transcription, replication, repair or chromatin remodelling),

cellular DNA is constantly unwound and single-stranded “bubbles” can be transiently exposed,

meaning that Cas9 complexes binding at off-target sites can be favoured (Newton et al., 2019).

RBT has been used to study dCas9 R-loop formation and dissociation dynamics under torque,

both at the on-target and in the presence of sequence mismatches (Figure 1.17) (Ivanov et al.,

2020). Those studies are again notably relevant since local changes in superhelical density arise

dynamically from fundamental cellular processes as described above. Studies in eukaryotes have

identified gene- and locus-specific variations in supercoiling, with regions of high negative super

helicity strongly correlated with promoter sites (Corless and Gilbert, 2017; Naughton et al.,

2013). Therefore, the response of Cas9 to torsional strain is fundamental to understanding

its function in cellular contexts. Taken together, many recent single-molecule studies have

provided new and fundamental insights into the DNA-Cas9 interaction mechanism, strongly

contributing to a better understanding of the kinetics of this prominent gene-editing system.
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Figure 1.16: Optical tweezers experiment demonstrated force-induced Cas9 off-target activity.
Left: Kymograph of force-stretched λ-DNA in the presence of 10 nM λ2-crRNA-dCas9 (green)
between 5 and 50 pN, with off-target binding occuring at >20 pN. Right: Time-binned intensity
histogram shows force dependence and genomic off-target binding locations (arrow marks on-
target site). Image from Newton et al. 2019.

Figure 1.17: RBT assay for dCas9 R-loop detection. (A) A magnetic bead is used to apply
tension and modulate the DNA total twist, θ. The applied torque is measured via the angle
ψ of a small rotor bead that reports on the deflection, α, of the blue DNA segment. (B) A
jump in the torque-twist curve indicates the R-loop formation, as a consequence of the change
in the equilibrium twist, ∆θ0. (C) Fluorescent labelled dCas9 and gRNA allow to visualize
the arrival of the dCas9-gRNA complex and R-loop formation (black arrow indicates Cy3-dye
bleaching). (D) R-loop formation with a fully matching guide shows the presence of a transient
intermediate on the way to complete hybridization (Inset 1) or dissociation (Inset 2). (E) 8
PAM-distal mismatched nucleotides (13-20mm) prevents full R-loop formation on relaxed DNA
and leads to stable dwells at the intermediate. (F) Mutations of the first four nucleotides of the
guide (1-4mm) leads to no R-loop formation, meaning that the closed state remains favoured
over mechanical distortion. Image from Ivanov et al. 2020.
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1.4.3 Cas12a studies

SmFRET experiments (Singh et al., 2018a) proved that Cas9 and Cas12a share a two-step

mechanism of sampling for PAM sequence followed by directional RNA-DNA heteroduplex ex-

tension. This suggests that there is a general target identification mechanism among these

CRISPR systems. Single-molecule experiments showed that ultra-stable binding of Cas12a re-

quires the same extent of sequence match as target cleavage (17-bp PAM-proximal matches)

(Jeon et al., 2018). This contrasts with Cas9 system, which requires only 9 bp proximal matches

for ultra-stable binding and 16 bp for cleavage. In this study, Cas12a cleavage rate has been

found to be reduced with increasing PAM-distal mismatches, even when the mismatches do not

affect stable binding, suggesting that shorter RNA-DNA heteroduplexes result in slower confor-

mational changes required for cleavage activation (Singh et al., 2018a). Moreover, perturbing

DNA rigidity by introducing a nick near the PAM, slowed down the cleavage rate, possibly

impeding the Cas12a-induced DNA bending, necessary for DNA cutting (Singh et al., 2018a).

TIRF single-molecule assay additionally showed that target searching on dsDNA molecules is

probably carried out through 1D hopping dynamic (Jeon et al., 2018), and FRET analysis have

been used for direct, real time, observation of Cas12a conformational dynamics at different

stages of the cleavage reaction (Figure 1.18) (Stella et al., 2018) The same study also eluci-

dated Cas12a "collateral activity" mechanism, proving the crucial role of the lid region (Stella

et al., 2018). Magnetic tweezers experiments on Cas12a also observed a slower rate constant

for TS cleavage that could be due to a slow conformational transition that is required to engage

the TS in the RuvC active site (van Aelst et al., 2019). Recently, RBT approach has been also

applied to Cas12a system to characterize differences in dynamics, mechanics, intermediates,

and mismatch sensitivities between Cas9 and Cas12a (Aris et al., 2022).
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Figure 1.18: SmFRET assay to investigate Cas12a conformational dynamics at different stages
of the cleavage reaction. (A) Schematic of the smFRET set-up showing fluorophore labeling
sites. (B) Representative smFRET time trajectories showing reversible transitions between
conformational states (Top: donor and acceptor intensity. Bottom: FRET.). (C) Distribution
of FRET efficiency for Cas12a only, Cas12a-crRNA, and Cas12a-crRNA-DNA-bound form.
Each histogram displays 4 distinct FRET states (E2-E5) and an additional state is detected for
the ternary complex bound to the DNA (E1). The bar chart below each histogram represents the
population of the conformations. (D) Transition Density Plots (TDPs) showing the frequency
of transitions between states. Initial and final FRET values for each transition are accumulated
into 2D histograms for apo, crRNA, and DNA-bound states. (E) Schematic of sequential
transitions between E1, E2, E3, and E4 FRET states with forward and reverse rates. The
high-FRET state, E1, is sampled exclusively by the ternary complex and it can be assigned
to the more compact structure (I1 conformation). The medium-FRET states, E2 and E3,
correspond to an incomplete crRNA-DNA hybrid. Finally, the low-FRET state, E4, can be
attributed to the most open conformation (I5) observed. Cas12a only and the binary complex
also sample a very extended conformation (E5 FRET state) only found in the absence of the
crRNA and target DNA. Image from Stella et al. 2018.
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1.5 Project Aims

There are many important opportunities and also crucial challenges for the CRISPR-Cas tech-

nologies to be optimized as a successful gene-editing tool. As mentioned in the Introduction,

the advantages of this system over the previous utilized tools, together with the incredibly fast

improvement driven by worldwide interest, have pushed the development of CRISPR technolo-

gies with methods easy to use, more precise, and multi-potential. However, several limitations

and concerns still exist, and need to be addressed. In this thesis, I present my work on the

CRISPR-Cas systems, done with the aim of deepening the existing knowledge on Cas9 activity

on DNA and unravelling the mechanistic aspects of new Cas variants.

Within chapter 3 and 4, I describe two strategies developed to study the effect of DNA topology

in the cellular context on Cas9 activity. First, I focus on showing that distorted DNA promotes

Cas9 sequence-specific off-target binding in cells. To this extent, by using a cellular assay which

utilizes an adapted Proxy-CRISPR, I investigate the effect of local conformational changes of

the DNA structure (Newton et al., 2022. Manuscript submitted). Next, I have designed a

method, based on CRISPRa, to create a promoter-localised distortion and chromatin “open-

ing” of a number of target genes, to study if induced gene transcription causes enhancement of

Cas9 on-target editing efficiency on previously inaccessible genes.

In Chapter 5 and 6, to extend the mechanistic knowledge of Cas9 kinetics to other CRISPR-

systems, I study Cas12a (Losito et al., 2021) and AZ-Cas9 dynamics on dsDNA, at single-

molecule level. In this part of the work, I gain new information on the on-target search mech-

anism, the off-target discrimination, the cleavage kinetics and high-fidelity properties of these

nucleases’ variants.
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Chapter 2

Materials and Methods

2.1 Cell culture

Standard Operation Procedures (SOPs) have been followed for freezing, revival and mainte-

nance of cells. All the cell lines used in this study were acquired from AZ Global Cell Bank

(Alderley Park, UK) (see List of Reagents, Table 8.1) and are Mycoplasma free and authen-

ticated by Short Tandem Repeat (STR) profiling. All cell culture work was performed in a

laminar flow hood under appropriate aseptic conditions.

2.1.1 Cell counting

Cell counting was performed to determine an accurate number of viable cells in a given cell

suspension, which was necessary in order to set up routinely maintenance of cell culture, electro-

poration, lentiviral transfections and FACS analysis. In general, an aliquot of cell suspension

was diluted in proper media and the automated Vi-CELL™ XR Cell Viability Analyzer was

used for counting. This system is based on the Trypan Blue Dye Exclusion method, which is a

long-standing and widely used method to identify dead cells. Only cells with intact membranes

can effectively exclude the dye, so dead cells with compromised membranes become stained.

2.1.2 Cell freeze and thaw

Frozen cell culture stocks were prepared for long term storage. Adherent cells were detached

with Accutase® solution and collected (300 g x 5 min). Cells were washed with PBS and re-
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collected (300 g x 5 min), then diluted in freshly prepared freezing serum (FBS + 10% DMSO).

Usually, a typical concentration of 4x106 cells was frozen in 1 ml of freezing serum, in a 2 ml

Corning Cryovial. Vials were frozen slowly using a polystyrene box at - 80 ℃, then moved

after 24 hours at - 145 ℃ for long term storage. The thawing procedure, on the contrary, has

to happen as fast as possible: vials were therefore set at 37 ℃ water bath for approximately 5

min, or until cells were thawed. Finally cells were resuspended in proper media and plated at

the desired density in plate or flask.
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2.2 Molecular Biology

2.2.1 Vector assembly and cloning

For sgRNA expression plasmid and lentivector preparation, Gibson assembly method was

adopted, which allows for the joining of multiple DNA fragments in a single, isothermal re-

action (Gibson et al., 2009). A Scarless reaction, using a single restriction enzyme (SfiI), allows

to produce “Scarless” assemblies, whereby the joins between fragments have no unwanted arte-

facts left over from the DNA assembly process (See List of Reagents for guide sequences). The

Gibson assembly mix (10 µl) and SfiI restriction enzyme (0.25 µl) were incubated with the

receiving vector (60 ng) and the sgRNA (2.5 µM) (ordered as oligo with overlapping ends) for

15-60 min at 50 ℃. Heat shock transformation was performed in a competent E. Coli cells with

5 µl of the assembly according to the manufacturer’s instructions. E. coli cells were recovered in

1 ml of SOC broth for 1 hour shaking at 1000 rpm. After transformation, 0.1 ml of the recovery

culture was plated. After 24 hours, 1 colony was inoculated into 1.5 ml LB broth and incubate

for 14-16 hours at 1000 rpm. Plasmid DNA was extracted using QIAprep Spin Miniprep Kit

(QUIAGEN) according the manufacturer’s instructions and Sanger sequencing performed on

it. See List of Reagents for the list of vector used in this study.

2.2.2 Lentiviral transduction

Transfection of foreign DNA using lentiviral vector allows the generation of stable cell lines

expressing a gene of interest. Unlike the short-term protein expression observed using tran-

sient transfection approaches, this procedure enables long-term protein expression studies. The

specific lentivector for the expression of sgRNA (for CRISPRa with dCas9-VPR system) was

assembled via a Gibbson assembly reaction and transfected in the host cells (HEK23-T) with

additional two plasmids for virus packaging (psPAX2) and envelope (pMD2.G). The transfec-

tion mix (500 µl) was prepared mixing the expression vector (6 µg) with psPAX2 (3.6 µg),

pMD2.G (1.2 µg) and Fugene6HD (30 µl) as transfection reagent. The mixture was incubated

for 15 minutes at room temperature and added to 2x106 HEK293T cells in 10 cm plates. After

72 hours from the transfection, HEK293-T cell release the virus particles to the media which

was collected, filtered through a 0.45-micron filter and stored at -80 ℃. Viral particles were
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then used to infect the target cell lines. For cell infection, cells were diluted to 1x105/0.5 ml

and placed in 6-well plates. 0.5 ml of diluted cells were mixed with 0.5 ml of viruses and 1 µl

of polybrene. Six hours post transduction, 3 ml of media were added to each well. 72 hours

post transduction, media was replaced with fresh media and cells kept in culture.

2.2.3 Doxycycline induction

Doxycycline is a synthetic tetracycline derivative that is the effector molecule for all Tet-On

and Tet-Off Systems. These systems are inducible gene expression systems for mammalian cells

that contain all the necessary components in a single plasmid, lentiviral, or retroviral vector.

In this work, MCF7 cell line containing a Tet-On inducible system for dCas9 expression have

been used for CRISPRa experiments. The cells express the Tet-On-3G transactivator protein

and contain the dCas9 gene of under the control of a promoter with tet operator sequences.

When bound by Doxycycline, the Tet-On 3G protein undergoes a conformational change that

allows it to bind to tet operator sequences and to activate the transcription of the downstream

dCas9 gene. Adherent cells were usually plated in 6-well plate, with a density of 3x105 cells

per well. 100 ng/ml of Doxyccyline was dissolved in the proper media and added on top of the

plated cells. Cells were collected after 48 hours of treatment.

2.2.4 Plasmid transfection

Vectors for sgRNA expression for CRISPRa (PCP/PH system) were previously described

(Martella et al., 2019). Plasmid transfection results in transient transfection, which differs

from that obtained by lentivirus transduction because the introduced nucleic acid exists in the

cell only for a limited period of time and is not integrated into the genome. However, the high

copy number of the transfected genetic material leads to high levels of expressed protein within

the period that it exists in the cell. Depending on the construct used, transiently expressed

transgene can generally be detected for 1 to 7 days, but transiently transfected cells are typi-

cally harvested 24 to 96 hours post-transfection. FuGENE® HD Transfection Reagent has been

used for plasmids transfections in this work (CRISPRa with PCP/PH system) and FuGENE:

DNA ratio has to be optimized for HEK293 (10C10 clone) at 3:1 ratio (1.5 µl reagent: 500

ng DNA). Cells were plated in a 6-well plate, with a density of 3x105 cells per well. After 24
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hours, cells were washed with PBS and 1ml of OptiMem was added on top. 1.5 µl FuGene®

HD was mixed with 500 ng DNA and OptiMem was added to the mixture up to 100 µl. The

mixture was incubated for 10 minutes at room temperature and it was then slowly dripped

on top of cells. Six hours post-transfection, media was replaced with fresh media. A mixture

which contains a plasmid for GFP expression was prepared and transfected as control during

each transfection.

2.2.5 Agarose Gel Electrophoresis

Conventional agarose gel electrophoresis was used to analyse DNA fragments. The elec-

trophoretic mobility of DNA fragments mainly depends on the fragment size and to a lesser

extent on the conformation of the DNA, type and concentration of agarose, as well as applied

voltage and electrophoresis buffer. Agarose gels have greater range of separation and can re-

solve DNAs from 50 bp to 20 kbp in length. All agarose gels were prepared with SYBR™ Safe

DNA for visualization of the DNA bands and were run in 1X TAE (Tris-Acetate-EDTA) buffer.

2.2.6 Genomic DNA extraction and PCR

Genomic DNA was extracted from cell cultures using Viagen DirectPCR® DNA Extraction

System and amplified by direct PCR. For the reaction, 0.5 mg/ml of Proteinase K solution

was added to DirectPCR Lysis Reagent (cell) solution, mixed and used for the lysis of cultured

cells. Lysate was then incubated at 55 ℃ for 16 hours, warmed up to 85 ℃ for 45 minutes

and then cooled down at 4 ℃. Genomic DNA was stored at -20 ℃. The typical PCR cycle

has been run with the following program: 98 ℃, 10 minutes; (98 ℃, 1 minute; 55-60 ℃,

5 minutes; 72 ℃, 15 minutes) x 34 cycles; 72 ℃, 1 minute 4 ℃, ∞, varying the annealing

temperature according to the primers. Analysis of PCR amplicon have been made in 1%

agarose gel electrophoresis containing SYBR Safe DNA gel stain. All the Sanger sequencing

reactions in this study were carried out by Eurofins.eu. See List of Reagents for list of primers

for KO gene region amplification used in this study.
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2.2.7 Total RNA extraction and qPCR

RNA extraction was performed using “RNAeasy Plus Mini Kit”, following manufacturer’s

instructions. In this study, Quantitative Reverse Transcription PCR (qRT-PCR) has been

adopted as a methodology to quantify the relative expression of the target genes compared to

the expression of a housekeeping gene control (40S ribosomal protein S18). “GoScript Reverse

Transcription System Kit” has been used for all qPCR reactions, following the manufacturer’s

instructions. The extracted RNA is reverse-transcribed into complementary DNA (cDNA) by

reverse transcriptase. The cDNA is then used as a template for qPCR reaction which is done

in the presence of TaqMan probes, labelled with a fluorescent dye on the 5’ end. The use of

fluorogenic probes enables the detection of a specific PCR product as it accumulates during

PCR. By using the cDNA derived from genomic mRNA as a template for the assay and, by

having one probe for the detection of a specific gene target and one probe for an internal control

gene, it is possible to quantify the relative expression of mRNA of the target gene which was

present in the starting cell pool. For the CRISPRa related studies, by repeating the quantifi-

cation before and after the expression and activation of the CRISPRa system, it is possible to

calculate the gene overexpression in term of fold change of the detected mRNA. Analysis of all

the qRT-PCR reaction has been done using QuantStudio (TM) 6 and 7FlexRealTime PCR 1.3

software. See List of Reagents for TaqMan gene probes used in this study.
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2.3 CRISPR-Cas9 editing in cells

2.3.1 Guide-RNA design

CRISPR 3 is an AZ in house tool developed by Quantitative Biology (QBio) team in As-

traZeneca, and it allows for the design and investigation of guides for CRISPR experiments.

The main viewing part of CRISPR3 is based around a graphical genome viewer called Geno-

verse. This was adapted from the Sanger Centre CRISPR design tool (Hodgkins et al., 2015)

and further enhanced by QBio team with the calculation of the off-target probability (Qi et al.,

2013). Given the target gene as imput, the software will display the results of the best guide

designs and guide mappings. The best-predicted gRNAs for each gene KO to be tested in

this study were chosen considering efficiency, confidence and off-target parameters prediction.

Guide for CRISPRa are targeting the genomic region 200 bp upstream or downstream of the

Transcription Starting Site (TSS). The on-target guide the Traffic Light Reporter was previ-

ously designed and tested in house, mismatched guides have been designed by changing one or

more nucleotide at different positions, starting from the on-target guide sequence. Guides for

the Proxy-system were designed to be 14 or 15 nt long and, targeting in proximity of TLR on-

target guide, according to the PAM availability in the genomic sequence. See List of Reagents

for the list of all guides used in this study.

2.3.2 RNP assembly

Cas9-gRNA complex was assembled in vitro prior to transfection into cells by electroporation.

The two portions of the gRNA (crRNA and tracrRNA) were resuspended in a 1:1 ratio in

Duplex DNA Buffer (IDT) and heated at 95℃ for 5 min, then cooled down gradually. This

will result in the annealing of the two RNA portions. The full gRNA was then resuspended

with purified Cas9 protein in a 1:1 ratio and left at room temperature for 15 minutes, which

allows the formation of the complete RiboNucleoProtein (RNP). The RNP was added to the

cells suspension and transfected into the cells following the electroporation protocol.
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2.3.3 RNP electroporation

RNP electroporation for gene KO has been mainly conducted with the Neon Transfection

System (ThermoFisher), which allows the use of a specific pipette with an electrode in the tip.

The design of the electrode in pipette has been shown to produce a more uniform electric field

which results in less toxicity to the cells and higher transfection efficiencies. The suspension of

cells and DNA is loaded into the pipette and this is then connected to a power supply. Cells

are subjected to a high-voltage electrical pulse of defined magnitude and length (depending on

the cell line) and then directly placed in normal (non-selecting) cell growth medium to recover.

Neon protocol has to be tested and adapted to each cell line used in this study. Generally,

protocol n.24 has been used in this study for A549 and HEK cells, which applies 3 pulses

with a pulse voltage of 1600 V and a pulse width of 10 ms. Protocol n.20 has been used for

MCF7 cells, which applies 2 pulses with a pulse voltage of 1150 V and a pulse width of 30 ms.

For Proxy-TRL experiments, RNP electroporation was performed with SE Cell Line 96-well

NucleofectorTM Kit using Amaxa™ 96-well Shuttle™ (program CM120 for U2OS cells). Cells

were resuspended in proper media and kept in culture. In general, 2.5x105 cells were collected

for each electroporation and mixed with final 1µM RNP.

2.3.4 TIDE analysis

TIDE analysis (Tracking of Indels by Decomposition) (http://shinyapps.datacurators.nl/tide/)

is based on Sanger sequencing of the target which is supposed to be targeted by the nuclease

(Figure 2.1) (Brinkman et al., 2014). TIDE requires as input a control sequence data file (in

most cases here is genomic DNA from cells electroporated without RNP), a sample sequence

data file (which is genomic DNA from a pool of cell electroporated with RNP) and a character

string representing the gRNA sequence (20 nt). TIDE first aligns the gRNA sequence to the

control sequence to determine the position of the expected Cas9 break site (Figure 2.1). Next,

the control sequence region upstream of the break site is aligned to the experimental sample

sequence in order to determine any offset between the two sequence reads (Figure 2.1). The

software uses the peak heights for each base, as determined by the sequence analysis software to

determine the relative abundance of aberrant nucleotides over the length of the whole sequence

trace. Subsequently, the TIDE software decomposes the composite sequence trace into its
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individual components by means of multivariate non-negative linear modelling, with the control

sequence trace serving as a template to model the individual indel components (Figure 2.1).

This decomposition results in an estimate of the relative abundance of every possible indel

within a chosen size range. It is worth noting that the results quality depends on the quality

of the sequence reads. Software creators recommend aiming for an average aberrant sequence

signal strength before the break site <10% (both control and test sample), and R2 > 0.8 for

the decomposition result.

Figure 2.1: TIDE assay worklow. TIDE can precisely determine the spectrum and frequency of
targeted mutations generated in a pool of cells by genome editing tools such as CRISPR-Cas9,
but also TALENs and ZFNs. TIDE requires only standard molecular biology reagents and
reaction such as standard PCR and standard capillary sequencing. By providing a wt-control
sequence file and a donor template sequence file (crRNA) to detect the expected break site,
the algorithm accurately reconstructs the spectrum of indels on the sample mixed pool traces.
The web tool reports the identity of the detected indels and their frequencies. Image from
http://shinyapps.datacurators.nl/tide/.
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2.3.5 FACS analysis

Fluorescence-Activated Cell Sorting (FACS) is a technique based on flow cytometry which

utilizes laser-based technology to count, sort, and profile cells in a heterogeneous fluid mixture

(McKinnon, 2018). Using a flow cytometer machine, cells suspended in a liquid stream are

passed through a laser light beam in single file fashion, and the interaction with the light is

measured by an electronic detection apparatus as light scatter and fluorescence intensity. If

a fluorescent label, or fluorochrome, is specifically and stoichiometrically bound to a cellular

component, the fluorescence intensity will ideally represent the amount of that particular cell

component. FACS analysis allows to simultaneously collect data on a biological sample and

sort a specific population. For FACS analysis, adherent cells were detached Accutase® solution,

harvested (300 g x 5 min), resuspended in FACS Buffer (RPMI medium, 5-10% FBS, GlutaMax

supplement, 1% Pen/Strep) and filtered through a 70 µm or 100 µm nylon mesh (BD Falcon™

cell strainers). BD FACSMelody™ Cell Sorter has been used for all the experiments in this

study and FlowJo-v10.6.1 software has been used for data analysis.

2.3.6 Traffic Light Reporter

U2OS cells with an adapted Traffic Light Reporter (Certo et al., 2011) cassette integrated in

their genome were available in house. Within this reporter a double-strand break is produced

at a specific nuclease cleavage site, and repair of the break generates distinct fluorescent signals

upon resolution of the DNA damage either through HDR with an exogenous donor template or

through NHEJ (Figure 2.2) (Certo et al., 2011). In the former case, to signal gene targeting, the

open reading frame of a functional enhanced GFP (eGFP) is restored by providing an exogenous

donor template (Porteus and Baltimore, 2003); in the latter case, to signal gene disruption, two

out-of-frame monomeric (m)Cherry coding sequences (+/-1 or +/-2 bp frameshift) are placed

back in-frame via an indels-caused frameshift (Certo et al., 2011). By design, the eGFP coding

sequence contains a non-functional alternative +3 reading frame, and the T2A or P2A ’dis-

linker’ which enables the downstream-encoded mCherry to escape degradation of the misfolded

protein encoded in this +3 reading frame of eGFP.
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Figure 2.2: Traffic Light Reporter schematic. (A) Diagram of the TLR. Arrow represents pro-
moter and initial eGFP start codon. Reading frames relative to the initial eGFP start codon
are indicated in parentheses. (B) Schematic showing the two different engineering outcomes
after the induction of a site specific double-strand break (DSB). If the break is resolved through
the HDR pathway, the full eGFP sequence will be reconstituted, and cells will fluoresce green;
if the break undergoes NHEJ, eGFP will be translated out of frame (gibberishFP, +3 reading
frame) and the T2A/P2A and mCherry sequences are rendered in frame to produce red fluo-
rescent cells. Image adapted from Certo et al. 2011.
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2.4 AZ-Cas9 in vitro cleavage assay

For AZ-Cas9 study an in vitro cleavage assay was performed to check that the cleavage activity

was not affected by the labelling of the gRNA. RNP was assembled in vitro as previously

described (section). 10 nM of labelled DNA oligo containing the target sequence (λ2) were

incubated with 100 nM RNP at 37℃ x 30 minutes total, in Digest Buffer (100 mM TRIS-HCl

pH7.5, KCl 500 mM, 25% glycerol, 5 mM DTT, 50 mM MgCl2). Every 5 minutes, the reaction

was stopped with Quenching Solution (0.5 M EDTA, pH 8). Cleavage products were then

analysed via gel electrophoresis in 1% agarose gel.
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2.5 DNA and RNA synthesis, purification and labelling

2.5.1 PAGE purification

The integrity of all DNA and RNA for single molecule experiments were first checked by dena-

turing polyacrylamide gel electrophoresis (8 M urea, 15% 29:1 polyacrylamide: bis-acrylamide

in 1 x Tris-Borate-EDTA buffer) with gels run at 20 W for 2 hours. Where additional bands

below the full length product were observed, samples were purified by denaturing PAGE with

extraction by crush and soak in elution buffer (40 mM Tris-HCl pH 8, 480 mM NaOAc pH 5,

0.5 mM EDTA) followed by ethanol precipitation.

2.5.2 Labelling of DNA and RNA

For in-house labelling of DNA and RNA, oligos were ordered from IDT with modified amino-

linker bases (iAmMC6T, IDT) at the required sites for labelling and resuspended in ddH2O.

Mono-reactive Cy3 or Cy5 dye (GE Healthcare) was resuspended in DMSO (14 µl, 99%,

SIGMA). Resuspended oligos (50 µl, 100 µM) were incubated in NaHCO3 buffer (43 µl, 0.5 M,

pH 9) with resuspended dye (7 µl) for at least two hours at 4℃. Unreacted dye was removed

by ethanol precipitation, and labeled oligos were resuspended in ddH2O (50 µl).

2.5.3 HPLC purification

After labelling, labelled DNA and RNA oligos were purified by HPLC (Discovery BIO Wide

Pore C8 5µm column, 568323-U) in TEAA buffer (50 mM acetonitrile, 2.8 mM triethylamine,

adjusted to pH 7 with glacial acetic acid) to remove the unlabelled population. Collected

fractions containing the labelled population were vacuum dried and finally purified by ethanol

precipitation. Where required, labelled oligos were further purified by denaturing PAGE.
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2.6 Optical tweezer experiments

2.6.1 Biotinylation of phage λ-DNA

For the majority of experiments biotinylated λ-phage DNA, λ-DNA, was prepared by filling in

the 5’ 12-bp overhangs with biotinylated nucleotides (Figure 2.3) (Gross et al., 2010). Per 50

µl reaction: in a PCR tube, λ-DNA (21 µl, 500 µg) was combined with biotin-CTP (B-dCTP,

10 µl, 40 µM), biotin-ATP (B-dATP, 10 µl, 40 µM), dTTP (0.5 µl, 10 mM), dGTP (0.5 µl,

10 mM), NEB Buffer 2 (5 µl, 10X, NEB), ddH2O (3 µl), and finally Klenow Polymerase (0.05

µl, 50U/µl). Pipetting of any solutions containing λ-DNA was done slowly and carefully with

wide bore pipettes to reduce mechanical nicking of the DNA. This was transferred to a PCR

machine and run with the following program: 37℃, 30 minutes; 70℃, 15 minutes; 4℃, ∞. This

was then purified using QIAquick PCR Purification Kit (QIAGEN), eluting in 60 µl elution

buffer and quantified using a BioDrop µLite+. Final concentration was typically 30 µg/ml.

Biotinylated DNA was stored at 4℃ for > 1 month or aliquots flash frozen in liquid nitrogen

and stored at -20℃, freeze thawing cycles were minimised to prevent nicking.

Figure 2.3: Biotinylation of phage-λ DNA. Klenow Polymerase reaction was prepared with
biotinylated dCTP and dATP (biotin represented with red circle in the schematic) and used to
fil the 5’ overhangs of λ-DNA molecules. Beads coated with streptavidin can be then used to
tether dsDNA molecule which will remain unconstrained.

110



2.6. OPTICAL TWEEZER EXPERIMENTS

2.6.2 C-TRAP microscope

All of the optical tweezers experiments were performed on C-trap® STED microscope (Figure

2.4) (LUMICKS A.G., Amsterdam). For confocal imaging, 532 nm laser was used for Cy3

excitation, with emission detected in three channels with blue (512(25) nm), green (585(75))

nm and red (640LP) filters. Experiments were performed at an equilibrium temperature of

30℃ measured at the objectives.
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Figure 2.4: Optical trapping, Microscope and Confocal systems. The optical trapping system
consist of a laser source (Laser 1064 nm wavelength), the optical power management systems
(power control and polarization split), XY steering mirrors and a Force detector system (a LED
illumination for camera imaging, a polarized beam splitter and two Position Sensitive Detectors
- PSD - trap #1 and #2). The Microscopy system includes the objective, condenser and sample
positioning system (XY microstage and XY-Z nanostage). The Confocal system consists of a
laser source (3-channel light generator with 3 wavelenghts), fluorescence detectors (ADPs) and
a confocal scanner.
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2.6.3 Cleaning and passivation of the fluidics and flow cell

The syringes, tubing and flow cell (Figure 2.5) was cleaned with bleach (1 ml, 5%, NaClO),

followed by ddH2O (1 ml), sodium thiosulphate (1 ml, 100 mM in PBS) and finally ddH2O,

each flowed over approximately 10-15 minutes, with a pressure of 2 bar. All channels were

passivated with Pluronic F128 (1 ml, 0.5% w/v in PBS) flowed over 30 minutes at 1 bar and

protein channels further passivated with BSA (1 ml, 0.1% w/v in PBS) flowed over 30 minutes

at 0.5 bar.

Figure 2.5: Microfluidics chip layout used in this study. A glass micro-fabricated chip (70 x
14 x 1.3 mm, 100 µm channel height) with the shown schematic was used in all the C-trap
experiments in this study. Channel 1 was used to flow streptavidin coated beads. Channel 2 was
used to flow and catch single biotinylated λ-DNA molecules. Channel 3 was used to flow buffer
only and check the force-distance curve of the caught dsDNA molecule. Generally, Channel 4
was used to flow fluorescent labelled RNP in Ca2+ buffer and used to study the DNA-protein
binding interaction. Channel 5 was used to flow fluorescent labelled RNP in Mg2+ buffer and
used to study Cas nuclease activity on DNA.
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2.6.4 DNA force-extension curve

Before each experiment, the force-distance plot for single DNA molecule tethered and stretched

between the beads has been checked (Figure 2.6). Indeed, when a single dsDNA molecule is

streatched, a characteristic and specific-force extension curve can be recorded (Figure 2.6).

DNA elasticity can be explained using the worm-like chain (WLC) model (Kratky and Porod,

1949), which describes the elastic properties of a semi-flexible polymer through its persistence

length Lp. This parameter describes the characteristic length scale of a polymer chain beyond

which the molecule remains linear. The force-extension relation of dsDNA at low forces (<5

pN), is described by an interpolating formula of the WLC model. The approximation is given

by:

LDNA = Lc

(
1− 1

2

√
KBT

FLp

)
(2.1)

Where Lc is the DNA molecule contour length (maximum end to end distance), F is the

applied force, KB is the Boltzman constant (4.11 pN.nM) and T is the temperature in Kelvin.

To extend this model to the high-force regime, the extensible WLC model (eWLC) takes into

account contributions from the stretch modulus (S) of the DNA, resulting in the following

force–extension relation:

LDNA = Lc

(
1− 1

2

√
KBT

FLp

+
F

S

)
(2.2)

When the contour length, Lc, of the DNA is higher than the distance between the beads, the

molecule is disordered and flexible. When the distance between the beads becomes similar to

Lc, the DNA is straightened out, with energy required to overcome this loss of entropy (Figure

2.6). By increasing the distance over the contour length, the DNA molecule is stretched,

with small changes in distance resulting in a large increase in force (Figure 2.6) (Bustamante

et al., 2021). At very high forces (>50 pN) the DNA is overstretched and the base pairs
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start to breakdown, with consequentially melting of the dsDNA, which will finally pass from

double to single stranded DNA (Figure 2.6). Since the elastic properties of DNA have been

well characterized, eWLC model optical tweezers can then be used in various experimental

configurations to investigate DNA processing enzymes and other protein–DNA interactions

(Bustamante et al., 2021).

Figure 2.6: DNA force–extension curves. (A) Schematic of typical force–extension curves gen-
erated from force-ramp experiments. These curves can be used to analyse the elastic properties
of the tethered DNA by fitting them to theoretical models such as the extensible worm-like-
chain (eWLC) model of polymer elasticity. Image adapted from Bustamante et al. 2021. (B)
Typical experimental force-extension curve, generated in this study, of a single λ-DNA molecule
stretched (green) from 0-65 pN and relaxed (grey) down to 0 pN.
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2.6.5 Cas12a and AZ-Cas9 optical tweezer experiments

Cas12a (IDT) and AZ-Cas9 were stored at -80℃ and 5 µM in storage buffer (20mM Tris-HCl,

pH 7.5, 150 mM KCl, 10% glycerol and 1 mM tris(2-carboxyethyl)phosphine. Working fractions

were aliquoted, snap frozen in liquid nitrogen. Experiments were performed in a microfluidics

flow cell (Figure 2.5). SPHERO 4.89 µm Streptavidin Coated polystyrene beads were diluted

to 0.005% w/v and flowed in channel 1 (Figure 2.5). Biotinylated λ-DNA was diluted to 30

ng/ml and flowed in channel 2 (Figure 2.5). The two part guide was annealed by mixing

crRNA and tracrRNA in annealing buffer (100 mM NaCl, 50 mM Tris-HCl pH 8), heating to

90℃ for 2 minutes, and cooled at room temperature for 15 minutes before being put on ice.

Cy3- crRNA (250 nM) was complexed with Cas12a or AZCas (either 250nM or 1µM) at room

temperature for 30 min in complexing buffer (50 mM Tris-HCl, pH 7.5, 100 mM or 25 mM

NaCl, 10 mM CaCl2 or MgCl2, 0.2 mg.ml1 BSA, 0.5 mM DTT), and subsequently diluted to

250 pM with either Ca2+-buffer for binding experiments (50 mM Tris–HCl, pH 7.5, 100 mM

or 25 mM NaCl, 10 mM CaCl2, 0.2 mg.ml1 BSA, 0.5 mM DTT, 5 mM protocatechuic acid

(PCA), 100 nM protocatechuic dioxygenase (PCD) and saturated Trolox) or Mg2+-buffer for

cutting experiments (50 mM Tris-HCl, pH 7.5, 100 mM or 25 mM NaCl, 10 mM MgCl2, 0.2

mg.ml1 BSA, 0.5 mM DTT, 5 mM PCA, 100 nM PCD and saturated Trolox). Before each

experiment, the protein channel was further passivated with the RNP complex by flowing 0.5

ml over 30 minutes at 0.2 bar.

2.6.6 Data analysis

All data was exported as ‘.h5’ files and analysed in python using the ‘lumicks. pylake’ python

package and custom scripts. Images were extracted as .tiff files and either analysed with python

or using FIJI to extract intensity profiles and quantify fluorescence. For diffusion analysis,

a combination of custom python (https://github. com/singlemoleculegroup) and Igor Pro 8

(Wavemetrics) scripts has been used. Cas12a diffusion events were tracked and quantified using

the python single particle tracking algorithm, and resulting trajectories were further processed

in Igor Pro 8 to determine velocity trajectories and mean squared displacement plots.

116



2.7. TIRF SMFRET

2.7 TIRF smFRET

2.7.1 TIRF microscope

SmFRET experiments were performed on a home built prism-based total internal reflection

microscope, TIRM, built around and Olympus IX71 microscope with 532 nm excitation (Vor-

tran Stradus, US) and 542 nm long pass emission filter (Chroma 542LP ET). The acceptor

and donor emission is split with a beam splitter containing a 635 nm long pass dichroic mirror

(Chroma T635LPXR) and detected on an Andor iXon Ultra EMCCD camera.

2.7.2 Slides and fluorophore calibration

All the slides for FRET analysis were prepared in house from members of Rueda Lab. For

calibration of the mapping of the Cy3 and Cy5 channels for smFRET TIRF experiments, a

slide was prepared containing a low density of fluorescent beads with emission in both the Cy3

and Cy5 channels (FluoSpheres Carboxylate-Modified Microspheres, 0.2 µm, red fluorescence

(580/605), 2% w/v). An ultra-low fluorescence quartz slide was cleaned with ddH2O, methanol,

again with ddH2O and dried with N2. A single layer of double sided tape was used to create a 2

cm wide channel, with a clean coverslip attached on top. Diluted beads were incubated in the

channel for 15 minutes before sealing with epoxy glue. Before each smFRET TIRF experiment,

a short video was recorded with > 100 beads in the field of view and used to map the Cy3 and

Cy5 signals when extracting smFRET traces (Zhao and Rueda, 2009).

2.7.3 SmFRET experiments

Constructed slide chambers were passivated and functionalised by incubation with 0.2 mg.ml-1

BSA in T50 buffer (50 mM Tris-HCl, pH 7.0, 50 mM NaCl) for 10 minutes, followed by a

wash with T50 and incubation with Neutravidin (0.2 mg.ml-1 in T50 for 10 minutes. This was

washed out with T50 then replaced with imaging buffer (100 mM NaCl, 50 mM Tris-HCl pH 8,

1mM MgCl2, 0.2 mg.ml-1 BSA, 125 mM PCA, 10 µM PCD and saturating Trolox) ready for

sample injection. Cy3 labelled DNA for immobilisation was diluted to 10 pM before injection

into the slide chamber and incubated for 10 minutes before washing with imaging buffer. DNA

was imaged on TIRF microscope to check density before injection of RNP complex (200 µl, 10
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nM RNP in imaging buffer) and data collection.

2.7.4 Data acquisition and analysis

Videos were recorded with a 60 ms exposure time and 150 gain of 600x. Custom IDL scripts were

used for alignment mapping of the Cy3 and Cy5 channels, background subtraction, molecule

detection and extraction of single-molecule trajectories. Single-molecule trajectories were anal-

ysed using custom MATLAB or R scripts.
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Chapter 3

Effect of local DNA distortion on Cas9

off-target activity in cells

3.1 Introduction

Since the discovery of CRISPR-Cas9, and its implication for genome editing purposes, concerns

about Cas9 off-target activity have presented a barrier to therapeutic applications. Moreover,

despite the routine use of CRISPR-Cas technology, its efficiency and specificity cannot entirely

be predicted. This is a central challenge for the use of this technology both in basic research

and in clinical applications. Two major areas of research are focusing on the most relevant

information that would impact our ability to precisely engineer any region of the DNA, namely

how nucleotide mismatches impair Cas9 off-target binding and cleavage (Feng et al., 2021;

Listgarten et al., 2018), and why some genomic regions are associated with different on-target

editing efficiency (Knight et al., 2015; Verkuijl and Rots, 2019). This first part of my work

aims to achieve a better understanding on the extent of the effect of nucleotide mismatches on

Cas9 off-target binding and cleavage in cells, and how this is related to DNA tridimensional

conformation within the cellular context. My work follows an extensive study (Newton et al.,

2022, manuscript submitted to Molecular Cell), which includes single-molecule Cas9 activity

characterization on negatively supercoiled λ-DNA and next-generation sequencing to detect

negative supercoiling induced off-targets on cell-free DNA.
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3.2 Results

3.2.1 Proxy-CRISPR and Traffic Light Reporter System

To understand if Cas9 efficiency and specificity is directly dependent on perturbation of the

local DNA structure, I designed a strategy which combines a specific and local opening of the

dsDNA with an easy readout of Cas9 cleavage at a proximal target site. I started from previous

data, which showed that the binding of non-cleavage dCas9 complexes to sites proximal to the

intended cleavage site increases the cleavage efficiency of wtCas9 at the on-target site (Proxy-

CRISPR, Chen et al. 2017), although the mechanism underlying this increased efficiency is

still not well understood. In my study, I modified and adapted the Proxy-CRISPR system by

using a wtCas9 (instead of dCas9) in complex with a short gRNA (14-15 nt), which can still

guide Cas9 to the specific proximal sites but prevents any nuclease cleavage activity (Kiani

et al., 2015; Dagdas et al., 2017), therefore mimicking the effect achieved with the dCas9 in

the original Proxy-CRISPR system (Figure 3.1). The main advantage of using a short guide

is that it should prevent undesirable cutting event at the proximal site, which can occur in

case of “guide swapping” between dCas9 and wtCas9. In addition, the use of a wtCas9 for the

Proxy-CRISPR system allows to proceed with a single electroporation of two RNPs complexes,

one functioning as a Proxy-CRISPR and the other targeting the actual site, reducing the toxic

effects on cells caused by a sequential, double electroporation. To test Cas9 cleavage efficacy

and calculate the KO efficiency, I utilised the Traffic-Light DSB repair Reporter (TLR) system

(Materials and Methods, Certo et al. 2011) which enables single-cell quantitative detection of

Cas9 cutting activity through a fluorescent readout (Figure 3.1). Following cleavage by Cas9

at the target site in the TLR, the repair pathway by non-homologous end-joining (NHEJ)

results in a frame shift of an out-of-frame Red Fluorescent Protein (RFP) cassette, leading to

RFP re-expression (Figure 3.1). The percentage of RFP expressing cells, can be quantified by

fluorescence aided cell sorting (FACS) as a measure of Cas9 efficiency.
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Figure 3.1: Schematic of Proxy-CRISPR on the Traffic-Light Reporter (TLR). Cas9 is targeted
to the TLR site with a fully-matching gRNA generating a DSB. Repair of the break by NHEJ
generates a frameshift which places a monomeric RFP coding sequence in-frame, and a red
fluorescent signal allows for detection of Cas9 activity and gene disruption. When Cas9 is
complexed with a mismatched gRNA, mimicking the off-target activity, gene editing is not
detected. The local opening of the DNA double helix via Proxy-CRISPR system, enhances
Cas9 off-target activity, as shown from the fluorescent signal.
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3.2.2 Proximal DNA structure distortion enhances Cas9 off-target in

cells

3.2.2.1 System and Method design for TLR

I first validated the TLR system in U2OS-TLR cells (cell line engineered by AZ Cell engineering

team and available in house). Cas9 RNP was assembled in vitro with a fully matching gRNA,

previously tested in house (List of Reagents) targeting the TLR cassette, then electroporated

into the cells with 96-well Nucleofector™ Kit using the Amaxa™ 96-well Shuttle™ (Materials

and Methods). Cells were analysed by FACS, 72 hours after electroporation, confirming an

observed editing efficiency of 35% (Figure 3.2). Next, for the off-target study, I designed a

number of mismatched guides, containing from 1 up to 4 mismatches at different positions

(List of Reagents). Moreover, for the guides containing a single mismatch, I designed guides

variants with all the three possible type of mismatches at the same position (List of Reagents).

The efficiency of those guides was overall diminished compared to the fully-matched guide, and,

this was correlated to the position, the type and the number of mismatches, being the guides

with mismatches in the seed region or with an overall high number of mismatches, less or totally

not efficient (Figures 3.3,3.4). Contextually, I designed 7 guides to be tested as Proxy-CRISPR

(guides P1 to P7). In this assay, the design of the short gRNAs is mainly limited by the

presence of PAMs sequences and the distance from the actual cleavage target site. To extend

my analysis and be able to test more proxy-sites, I designed five guides, P1 to P5, which can

recognise a sequence flanked by the canonical NGG PAM and two more guides, P6 and P7,

which can recognise sequences flanked by a non-canonical PAM (ACG and AAG), shown to

have a relatively high efficiency among the non-canonical PAM (Hsu et al., 2013; Kleinstiver

et al., 2015). The distance of the short PROXY-gRNAs from the cleavage site ranges from 18 to

59 bp PAM to PAM, being positioned either upstream or downstream the cleavage site. In fact,

it is important to consider that if the two Cas9:gRNA complexes are too close to each other,

steric hindrance can compromise their activity and, at the same time, if the Proxy-CRISPR

binds too far away from the active Cas9, its effect on proximal DNA site can be also limited.

I then tested the short Proxy-gRNAs by electroporating U2OS-TLR cells – as described above

- and confirmed that those guides cannot cleave their targeting site (Figure 3.2 A).
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3.2.2.2 System and Method validation on TLR

I sequentially tested if the short guides can effectively function as Proxy-CRISPR and cause

an enhancement in the editing efficiency of the TLR-KO site. Briefly, RNPs were assembled in

vitro with the KO guide and the Proxy-guide separately, then electroporated simultaneously

into the cell with a single electroporation. After 72 hours, cells were collected and analysed

by FACS analysis for RFP expression quantification. To start with, I co-transfected the fully

matched guide or one of the guide with 1 mismatch (5A>C, Figure 3.2 B) together with the

short guides, one at a time. Results show that Proxy P1 outperforms among the 7 designed

short guides, being able to enhance the efficiency of the mismatched guide, which now almost

reaches the editing efficiency of the fully matching guide, going from 19% to 30% (Figure 3.2

B). P1 is 14 nucleotides long, and it recognises a sequence 37 bp upstream from the cleavage site,

which is flanked by a canonical NGG PAM. Altogether, this appears to be the best combination

of factors which can lead successful Proxy-CRISPR effect at the site of interest. Other short

guides, P4, P6 and P7, also enhanced the editing efficiency of the same mismatched guide

(Figure 3.2 B), therefore, as an additional test, I also tried to co-transfect those guides in

combination with P1, hoping that they could act synergically and increase the overall Proxy-

CRISPR effect (Figure 3.2 C). However, results show no enhancement of the Proxy-CRISPR

effect with the combination of two short guides since I obtain the same results given from P1

alone (Figure 3.2 C). Hence, I performed the next experiments by using P1 to study the Proxy-

CRISPR effect on Cas9 activity. Co-transfection of P1 with guides with a single mismatch at

different positions leads to a significant increase in editing efficiency of up to 2-fold for 12 out

of 15 guides tested (Figure 3.4). However, I cannot observe any meaningful increase in editing

efficiency for guides with more than one mismatches (Figure 3.3), with the exception of one

guide with 2 mismatches (5A>C, 8C>G, Figure 3.3). Interestingly, the efficiency of the fully-

matching guide is also not increased by the Proxy-CRISPR system (Figures 3.3, 3.4), probably

due to the fact that this guide is already performing at the highest possible efficiency for that

target site. Together these data demonstrate that in cells, the local DNA deformation caused

by the Proxy-CRISPR system can reduce Cas9 specificity by enabling an increase in mismatch

tolerance and this effect is dependent on the position and the type of mismatch.
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Figure 3.2: Proxy-CRISPR effect on TLR KO efficiency with a guide containing 1 mismatch.
(−) Negative control: wtCas9 only, without any guide. (+) Positive control: wtCas9 with the
fully matching guide. (A) Control: KO efficiency of Proxy-guides. wtCas9 was assembled in
vitro with each Proxy-guide separately, then electroporated into the cell and editing efficiency
quantified by FACS after 72 hours. (B) Proxy-CRISPR effect on the editing efficiency of a guide
with 1 mismatch (5A>C). wtCas9 was assembled with the mismatched KO guide and with each
Proxy-guide separately, then electroporated simultaneously with a single electroporation, one
Proxy-guide at the time. The editing efficiency of the mismatched guide was quantified by FACS
after 72 hours. Co-transfection with Proxy P1 leads to an enhanced efficiency up to 30%. (C)
Synergistic Proxy-CRISPR effect on the editing efficiency of a guide with 1 mismacth (5A>C).
wtCas9 was assembled with the mismatched KO guide and with each Proxy-guide separately,
then electroporated simultaneously with a single electroporation, with a combination of 2 Proxy-
guides at the time (n=3).
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Figure 3.3: Proxy-CRISPR effect on TLR KO efficiency with guides containing more than 1
mismatch. (−) Negative control: wtCas9 only, without any guide. (+) Positive control: wtCas9
with the fully matching guide. wtCas9 was assembled in vitro with each mismatched KO guide
(2, 3 or 4 mismatches, at the indicated position) and with P1-Proxy-guide separately, then
electroporated simultaneously with a single electroporation, one mismatched guide at the time.
The editing efficiency of each mismatched guide was quantified by FACS after 72 hours (n=3).
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Figure 3.4: Proxy-CRISPR effect on TLR KO efficiency with guides containing 1 mismatch at
different positions. (−) Negative control: wtCas9 only, without any guide. (+) Positive control:
wtCas9 with the fully matching guide. wtCas9 was assembled in vitro with each mismatched
KO guide (1 mismatch at the indicated position from the PAM) and with P1-Proxy-guide
separately, then electroporated simultaneously with a single electroporation, one mismatched
guide at the time. The editing efficiency of each mismatched guide was quantified by FACS
after 72 hours (n=3).
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3.2.2.3 System and Method validation on the endogenous target EMX1

In order to further confirm these results, I then tested this system on the endogenous target

EMX1. I designed 3 guides for gene KO and I first checked the guide efficiency (Figure 3.5) by

transfecting them via electroporation in U2OS cells, through the Neon Electroporator System

(Material and Methods). This time, in the absence of the TLR, the KO efficiency was calculated

via DNA genomic extraction (72 hours from electroporation), Sanger sequencing and TIDE

analysis, as previously described (Materials and Methods). Among the 3 designed guides (List

of Reagents), guide G3 outperformed over guides G1 and G2, editing the EMX1 target with

an efficiency of ∼80% (Figure 3.5). I then designed a total of 15 mismatched guides starting

from the G3 crRNA sequence, all containing one mismatch in the seed region (position 2, 5, 7,

8 and 11 from the PAM), and with all the possible type of mismatch at the same position. All

the mismatched guides showed a diminished editing efficiency compared to the fully matching

guide (Figure 3.6). I also designed 2 Proxy-guides (P1 and P2), both targeting a proximal site

upstream the KO target site and respectively 70 bp and 27 bp far from it (PAM to PAM). I

then tested P1 and P2, co-transfecting them separately with all the 15 mismatched guides one

at the time (Figure 3.6). Results show an overall enhancement in KO editing efficiency of 11

out of the 15 tested mismatched guides with both the Proxy-guides.
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Figure 3.5: EMX1 KO efficiency guide test. (−) Negative control: wtCas9 only, without any
guide. wtCas9 was assembled in vitro with each KO guide, then electroporated in U2OS cells
separately. Genomic DNA was extracted after 72 hours, sequenced and editing efficiency was
quantified by TIDE analysis (n=4).
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Figure 3.6: Proxy-CRISPR effect on EMX1 KO efficiency with guide containing 1 mismatch at
different positions. (−) Negative control: wtCas9 only, without any guide. (+) Positive control:
wtCas9 with the fully matching guide. wtCas9 was assembled in vitro with each mismatched
KO guide (1 mismatch at the indicated position from the PAM) and with 2 Proxy-guides
separately, then electroporated simultaneously with a single electroporation, one mismatched
guide at the time with each Proxy-guide. Genomic DNA was extracted after 72 hours, sequenced
and editing efficiency was quantified by TIDE analysis (Representative experiment).
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3.3 Discussion

In order to confirm in the cellular context the molecular mechanism of recent findings on the

effect of DNA distortion on Cas9 activity (Newton et al., 2022. Manuscript submitted to Molec-

ular Cell), here I designed and tested an approach that allows to measure off-targets effect in

cells in the presence of local distortion of DNA proximal to the on-target site. In Newton

et al., novel results, obtained in vitro via optical tweezers experiments, demonstrate that the

increment of negative supercoiling levels at the target DNA reduces the specificity of Cas9.

In the same study, a next-generation sequencing approach based on the previously described

CIRCLE-seq method (Tsai et al., 2017), has been used to test whether negative supercoiling

in DNA could induce Cas9 off-target cleavage on cell-free DNA. For those experiments, Cas9

was assembled with EMX1 targeting guide and incubated with negatively supercoiled genomic

DNA, obtained via gyrase treatment. Results reported over 13,000 off-target sites compared to

samples in the absence of gyrase.

With this work, I aimed to confirm this finding in cells. Here, I describe the use of an adapted

version of the Proxy-CRISPR system to recreate a local modification of the dsDNA structure

via Cas9 binding to test the effect on off-target activity. To simplify the method and at the

same time prevent undesirable cutting events at the proximal site, I describe for the first time

the use of wtCas9 in complex with short gRNAs (14-15 nt) to target the proximal site in a

Proxy-CRISPR approach. I tested this strategy both on an artificial reporter system (TLR)

and on an endogenous gene (EMX1). The artificial reporter is integrated in the genome of the

cell and therefore the results can be contextualised in an endogenous phenotype context. In

both cases, the results corroborate the work in vitro showing that the local distortion of DNA

affects Cas9 off-target activity specifically.

In my experiments, I find that the distortion caused by the Proxy-system, does not affect the

on-target activity of Cas9, which was already in part discussed in Chen et al. 2017, where the

Proxy system was first described. In that study, a dCas9 proximal binding was producing an

effect on the on-target editing only with some gRNAs, while with other gRNAs targeting the

same gene but at different loci, the Proxy-effect was diminished and insufficient. Together with

my findings, this observation suggest that the distortion of DNA has a significant effect on the

off-target recognition process specifically, while the on-target is less dependent or that other
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factors are involved.

Interestingly, these results are in line with the hypothesis that Cas9 specificity and off-target

discrimination can be better described by using a kinetic model wherein target cleavage is a

function of the energy cost of DNA melting versus the energy recovered through RNA-DNA

base pairing and cost of incorporation of mismatches. In such a model, DNA destabilisation

and distortion can be thought to tilt the energy landscape, favouring target cleavage even in

the presence of a significant energy cost from the accommodation of mismatches. Indeed, in my

experiments, depending on the number, the position and the type of mismatch, a local opening

of the double helix is proved to reduce Cas9 specificity by enabling an increased mismatches

tolerance. However, the correlation between editing efficiency and both the mismatch identity

and the mismatch position, further highlights the complexity of determining the underlying

rules governing Cas9 specificity.

Additionally, by analysing in detail the type of mismatches and base-pairs used in the TLR ex-

periments, and comparing them to the CIRCLE-seq data from Newton et al. (2022), we made

important observations. For example, substitutions at positions 8 and 9 resulting in a dG-U

base pairing (Figure 3.4, 8 C > U and 9 C > U) are very well tolerated, and this is in agreement

with recent structural studies of Cas9 complexes bound to mismatched targets, revealing that

wobble-base pairing and protonated wobble-base pairing are both well accommodated (Pacesa

et al., 2021). This is also confirmed in the CIRCLE-seq data, which shows, in absence of super-

coiling, that most mismatches involve the formation of wobble pairs (G-U/T or A-C). However,

this requirement seems to be relaxed when the DNA is negatively supercoiled or distorted,

and in my results, even the accommodation of purine-purine mismatches is observed. Indeed,

mismatches at positions 1, 8 and 9 in TLR, and position 11 in EMX1, resulting in rG-dG base

pairing, are some of the most highly tolerated (Figure 3.4).

Taken together, these findings elucidate the mechanism at the base of Cas9 off-target dis-

crimination, adding further proofs on the recent hypothesis that it is highly affected by DNA

topolology. This has to be considered and taken into account for future development of safer

and more efficient CRISPR-tools.
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Chapter 4

Effect of gene-wide DNA distortion on

Cas9 on-target activity in cells

4.1 Introduction

To investigate further the intracellular Cas9 behaviour, the following chapter describes a strat-

egy designed to study the impact of open chromatin in actively transcribed genes on Cas9

functionality, directly in the cellular context. Indeed, with regard to our knowledge on the

CRISPR system, the question remains open about how the genomic and chromatin contest af-

fects and dictates Cas9 binding and cleavage events (Daer et al., 2017; Verkuijl and Rots, 2019).

In the previous chapter, I show that a local DNA distortion can highly affect and increase Cas9

off-target activity. However, I also observe that Cas9 on-target activity does not seem to be

affected when using the Proxy-CRISPR system (Figure 3.4, 3.6). Hence, I designed a method

to analyse Cas9 nuclease activity on epigenetically “open” or “closed” genes, and study if and

how active transcription influences the on-target activity specifically. Indeed, based on the

evidence that non- or low- expressed genes are in many cases characterized by closed chromatin

(heterochromatin) features along with both their promoter and coding regions (Grewal and

Moazed, 2003), and Cas9 has less accessibility at those sites (Daer et al., 2017), I hypothesize

the KO efficiency can be enhanced by forcing gene expression. I, therefore, decided to com-

bine both CRISPRa (for gene upregulation) and CRISPRn (nuclease active) tools to test if the

overexpression of a selected target gene leads to enhanced Cas9 KO efficiency.



CHAPTER 4. EFFECT OF GENE-WIDE DNA DISTORTION ON CAS9 ON-TARGET
ACTIVITY IN CELLS

4.2 Results

4.2.1 Correlation between gene expression level and gene KO effi-

ciency

I designed a gene-wide approach and developed a method to open the chromatin structure at

the promoter site, using CRISPRa tools, and to test the modulation of Cas9 on-target activity

on that target-gene. By forcing the endogenous expression of epigenetically silenced targets

that are poorly accessible to Cas9 nuclease, the whole gene chromatin should be remodelled in

a process necessary for the gene transcription to happen. This strategy would allow study of the

effect of chromatin remodelling on Cas9 activity directly in cells. To this end, I initially selected

low expressed or silenced target genes that show low Cas9 editing efficiency. For this analysis,

I consulted data from two available databases. I first examined the single-cell RNA sequencing

dataset accessible through the Human Protein Atlas (https://www.proteinatlas.org/), which

is based on a meta-analysis of the literature on single-cell RNA sequencing and single-cell

databases that include healthy human tissue. This includes single-cell transcriptomics data for

25 tissues and peripheral blood mononuclear cells (PBMCs) – for a total of 69 different cell

lines – and datasets retrieved from the Single Cell Expression Atlas, the Human Cell Atlas,

the Gene Expression Omnibus, the Allen Brain Map, and the European Genome-phenome

Archive. I then also analysed the gene expression level through Cancer Cell Line Encyclopedia

(CCLE) data using the DepMap portal (https://depmap.org/portal/), which contains data

from CRISPR knockout screens from project Achilles, as well as genomic characterization data

from the CCLE project. This dataset is based on CCLE RNAseq gene expression data for 1019

cell lines. To identify genes with different expression levels in at least two cell lines, I looked

over the RNA level per cell line of each potential target, starting from some targets which were

already in study in house and cell lines available in house (Table 4.1). A selected target gene

will show i) different expression patterns in different cell lines, ii) correlation between expression

level and Cas9 nuclease activity, and iii) will be suitable to overexpression using CRISPRa. As

a control, I also chose a gene that has similar expression levels across the cell lines (SRP14,

Table 4.1).
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Table 4.1: Selected target genes for the study.

Gene Cell line Expression level - Protein
Atlas (nTPM)

Expression level - 22Q1
Public (nTPM)

CXCR4

A549 0.3 1.2
JURKAT 323.6 337

MCF7 1.5 42.2
HEK293 6.9 0.0
RH-30 62.6 51.9

SH-SY5Y 26.1 207

SRP14

A549 163.7 216.7
JURKAT 297.7 256

MCF7 204.5 290
HEK293 230.3 359.5
RH-30 176.8 221.3

SH-SY5Y 255.0 439.5

MET

A549 115.3 89.8
JURKAT 0.2 1.2

MCF7 5.0 7.8
HEK293 23.4 59.7
RH-30 95.3 30

SH-SY5Y 0.0 2

ASCL1

A549 0.0 1.1
JURKAT 0.0 0.0

MCF7 0.0 5.6
HEK293 0.0 0.0
RH-30 0.0 0.0

SH-SY5Y 29.0 10.5

Where nTPM: normalized Transcipt Per Milion
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To test the correlation between gene expression level and gene KO efficiency in the cell lines

available in house (A549, MCF7, HEK293 and SH-SY5Y) I designed and tested 1-4 gRNAs

for each gene (Table 4.1, List of Reagents for sequences). To first analyze the guides efficiency

and the gene-specific KO efficiency in the cell lines, the RNP complexes (Cas9:gRNA) were

assembled in vitro with each guide and transfected into the cells via electroporation through

the Neon Transfection System (Materials and Methods). Cells were then cultured for 48 hours,

genomic DNA extracted, and PCR amplification performed for the specific expected cutting

site (Materials and Methods). After sequencing, Cas9 KO efficiency was calculated by TIDE

analysis (Materials and Methods). From the results, SRP14, which is highly expressed at a

similar level in A549, MCF7, and HEK293 cell lines (Table 4.1) is cut by Cas9, with the 2

designed guides, with similar and relatively high editing efficiency (e.g., G2: 36% to 53%) in

all the 3 cell lines tested (Table 4.2, Figure 4.1). On the other side, the lineage-specific gene

CXCR4 is lowly expressed in A549 and MCF7, while it is highly expressed in Jurkat cells (Table

4.1). The editing results on this target gene show indeed a correlation between the expression

level and the gene-editing efficiency; by using the same gRNA (G2, Table 4.2), I obtain only

12.6% editing efficiency in A549 and 4% editing efficiency in MCF7, while I obtain up to 66.2%

editing efficiency in Jurkat cells (Figure 4.1). An additional example is MET, which shows

medium or high expression levels in HEK293 and A549 cells where I detect 62.3% and 56.5%

KO efficiency (Table 4.2, Figure 4.1). According to the consulted dataset, MET is low expressed

in SH-SY5Y cells, and here I can detect a drop in the KO efficiency to 2% by using the same

gRNA (G2, Table 1.2). Nonetheless, during the KO tests, I found a gRNA performing with

high editing efficiency (65.8%) for ASCL1 target site in HEK293 cells (G1, Table 1.2), although

this gene is not highly expressed in this specific cell line. I then questioned whether the gene

overexpression would have an additional effect on its KO efficiency, and I decided to further

test the CRISPRa system on this target in this cell line. It is also worth noticing that several

guides for each gene were designed (Table 4.2). However, some guides (e.g. G1, G3, and G4

for CXCR4) have poor KO efficiency even in the presence of high gene expression, suggesting

that guide design is a key factor in gene-editing strategy.
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Table 4.2: Correlation between gene expression level and KO efficiency

Gene
target

tested
gRNA

Cell line Gene expression
level

KO efficiency
(%)

TIDE R2

value

CXCR4

G1 A549 0 2.6 0.98
JURKAT ++++ 5.9 0.8

G2
A549 0 12.7 0.97

JURKAT ++++ 66.2 0.86
MCF7 + 4.1 0.98

G3 A549 0 1.3 0.99
JURKAT ++++ 1.3 0.98

G4 A549 0 1.1 0.99
JURKAT ++++ 1.3 0.99

MET

G1 A549 ++ 11.4 0.79
HEK293 + 9.5 0.85

G2
A549 ++ 45.9 0.8

HEK293 + 54.8 0.79
SH-SY5Y 0 2 0.79

G3 A549 ++ 49.8 0.97
HEK293 + 66.7 0.95

SRP14

G1
A549 ++ 24 0.99

HEK293 ++ 52 0.96
MCF7 ++ 55 0.8

G2
A549 ++ 36.4 0.9

HEK293 ++ 52.3 0.95
MCF7 ++ 57 0.87

ASCL1 G1 SH-SY5Y ++ - -
HEK293 0 65.8 0.88
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Figure 4.1: Correlation between gene target expression level and KO efficiency in different cell
lines. RNPs were assembled in vitro with selected guides (Table 4.2: G2 for MET, G2 for
CXCR4 and G2 for SRP14) and electroporated separately in selected cell lines via the Neon
Electroporator system (Materials and Methods). Cells were collected after 48 hours, and the
genomic DNA was extracted and sequenced. KO editing efficiency for each gene, in each cell
line, was calculated via TIDE analysis. Each dot represents the KO efficiency (%) of a selected
gene target, in each cell line, correlated to the level of expression in the log scale of that target
in that cell line (according to Human Protein Atlas dataset).
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4.2.2 CRISPRa cell line generation and gene expression upregulation

4.2.2.1 CRISPRa system and cell line generation

For those genes described above, which showed a correlation between expression level and

cutting efficiency, I applied CRISPRa to modulate expression and test if increased expression

would result in increased gene KO efficiency. To this extent, two types of CRISPRa systems

were used:

• dCas9-VPR: consists of dCas9 fused to the tripartite activation factors VP64-p65-Rta

(VPR) (Wiegand et al., 2015). The VP64-p65-Rta-dCas9 activator is created by modify-

ing an existing dCas9 activator, in which a VP64 transcriptional activator is joined to the

C terminus of dCas9. In the dCas9-VPR protein, the transcription factors p65 and Rta

are added to the C terminus of dCas9-Vp64 resulting in increased expression of targeted

genes.

• dCas9-pp7/PCP-PH: consists of a CRISPRa RNA scaffold recruitment system which uses

the dCas9 and gRNA modified with the addition of pp7 hairpin aptamers. These aptamers

recruit the viral RNA binding protein (RBP) PCP, which is fused to the transcriptional

activator domains p65 and HSF1 (PH), to generate the fusion protein PCP-PH and

increase target gene expression (Martella et al., 2019; Zalatan et al., 2015).

Based on their availability in house, I could select 3 cell lines to test the CRISPRa systems

(A549, MCF7 and HEK293).

For CXCR4 overexpression, I first generated an A549 cell line inserting a dCas9-VPR system

in the cell genome via lentivirus transduction (Materials and Methods). The lentiviral vector

containing dCas9-VPR used in this work (List of Reagents) is provided with a mCherry cas-

sette for sorting and enrichment of positively transduced cells, and Figure 4.2 shows the FACS

setting and sorting of mCherry-positive A549 cells. I obtained ∼27% of positively transduced

cells which were sorted, cultured and expanded. Next, I performed a second transduction with

a lentivirus containing the sequence of a single CRISPRa guide, targeting CXCR4 promoter

(See List of Reagents for guide sequences). This time, the used lentivector expresses a Blue

Fluorescence Protein (BFP) for sorting and Figure 4.3 shows FACS setting and sorting results,

where ∼86% of cells were sorted as BFP positive.
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For CXCR4 target, I also tested a MCF7 cell line, available in house, containing the same dCas9-

VPR system but doxycycline-inducible. In this case, dCas9-VPR expression is controlled and

can only occur upon treatment with Doxycycline (Materials and Methods). The expression of

the same single CRISPRa gRNA used in A549 cells is obtained via lentiviral transduction and

positively transduced MCF7 cells were previously sorted in house.

Differently, for MET upregulation I decided to test the CRISPRa activation in HEK293 cells

available in house (clone 10C10), where this target gene is expressed at medium level (Table

4.1) and resulted to be already partially accessible to Cas9, according to the previous KO ex-

periment (Table 4.2, Figure 4.1). In fact, it is possible that in this context, the overexpression

effect on the editing efficiency would be enhanced compared to a cell line in which the gene is

totally silenced, such as SH-SY5Y. In this case, the HEK293 (clone 10C10) cell line constitu-

tively expresses the dCas9-pp7/PCP-PH CRISPRa system, and I used a pool of 3 CRISPRa

gRNAs for MET promoter, delivered via plasmid transfection mediated by FuGENE Transfec-

tion reagent (Materials and Methods).

In addition, I tested CRISPRa activation of ASCL1 gene in the same HEK293 cell line, by

delivering a single CRISPRa guide via FuGENE-mediated plasmid transfection (Materials and

Methods).
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Figure 4.2: A549-dCas9-VPR cell line sorting. A549 cells were transduced with a lentivector
containing the dCas9-VPR gene and mCherry fluorescent cassette. Cells were cultured for 72
hours and then sorted via FACS. Left: mCherry positive gating plot vs Forward Scatter (FSC)
Area, used to sort the positively transduced cells. Right: Table showing population percentage
of the final sorting: P1 indicates the population of mCherry positive cells sorted from the initial
pool, and it is 26.72% of the total % of Parental cells.

Figure 4.3: A549-dCas9-VPR-CRISPRa cell line sorting. A549 cells sorted in Figure 1.4 were
cultured and re-infected with a lentivector containing CXCR4-CRISPRa guide sequence and
a Blue Fluorescent Protein (BFP) cassette. Cells were cultured for 72 hours and then sorted
via FACS. Left: mCherry positive gating plot vs Forward Scatter (FSC) Area, used to sort the
positively transduced cells with dCas9-VPR lentivector: 95.5% cells were sorted as mCherry
positive (P1). BFP (V450-A) positive gating plot, used to sort the positively transduced cells
with CRISPRa guide lentivector: 85.9% of cells were sorted as BFP positive (P4). Right: Table
showing population percentage of the final sorting.

145



CHAPTER 4. EFFECT OF GENE-WIDE DNA DISTORTION ON CAS9 ON-TARGET
ACTIVITY IN CELLS

4.2.2.2 Gene expression upregulation

After CXCR4-CRISPRa-gRNA transduction and cell sorting, A549 and MCF7 were collected

and qPCR analysis (Materials and Methods) was performed to test if the dCas9-VPR system

with the designed CRISPRa-gRNA would induce CXCR4 over-expression. Total RNA was

extracted from A549 cells while MCF7 cells were prior treated with Doxycycline to actually

induce dCas9-VPR expression (Materials and Method). Total RNA was extracted from MCF7

after 48 hours of Doxycycline induction. For A549 cells, the fold change was calculated by

comparing CXCR4 expression in cells transduced with CRISPRa-gRNA lentivector to the non-

transduced cells while for MCF7 cells, the fold change was calculated by comparing CXCR4

expression in cells treated with Doxycycline versus untreated cells. The results in A549 cells

show an upregulation of CXCR4 expression of 2.5-fold change compared to the parental line,

while I detect a 5-fold higher expression in MCF7 cells (Figure 4.4 A).

For HEK293-EXPI dCas9-pp7/PCP-PH (10C10 clone), cells were cultured for 72 hours after

plasmid transfection, and then total RNA was extracted for qPCR analysis (Materials and

Methods). The expression level fold change was calculated by comparing MET and ASCL1

expression in cells transfected with CRISPRa-gRNAs to cells transfected with a Non-Targeting

CRISPRa-gRNA (which has no complementary sequence in the human genome). Results show

a 3-fold change up-regulation of MET compared to the control and an up-regulation of about

500-fold change in the case of ASCL1 (Figure 4.4 C). In general, those results confirm that I

can enhance the expression of the selected target genes by using the CRISPRa tool, although

I find the extent of this effect to be extremely cell and target-dependent.
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Figure 4.4: Target gene expression after CRISPRa upregulation. (A) CXCR4 expression fold
change upon CRISRPa in A549 and MCF7. Total RNA was extracted from FACS-sorted A549
cells, 48 hours after lentivirus infection, and CXCR4 gene expression was calculated by qPCR
analysis. Total RNA was extracted from MCF7 cells, 48 hours after Doxycycline induction
and CXCR4 gene expression was calculated by qPCR analysis. CXCR4 overexpression upon
CRISPRa was calculated by comparing the gene expression level to non-transduced cells (A549)
or non-induced cells (MCF7). (B) MET expression fold change upon CRISPRa in HEK293-
EXPI. HEK293-EXPI with a constitutive expression of dCas9-pp7/PCP-PH (10C10 clone) were
transfected with a single CRISPRa guide for MET promoter, delivered via plasmid transfection
mediated by FuGENE Transfection reagent. Gene overexpression was calculated by qPCR
analysis, comparing the gene expression level to cells transfected with a non-targeting guide.
(C) ASCL1 expression fold change upon CRISPRa in HEK293-EXPI (10C10 clone). A pool
of 3 CRISPRa gRNAs for ASCL1 promoter, was delivered via plasmid transfection mediated
by FuGENE Transfection reagent. Gene overexpression was calculated by qPCR analysis,
comparing the gene expression level to cells transfected with a non-targeting guide.
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4.2.3 CRISPRa upregulation shows a minimal effect on the on-target

editing efficiency

RNP electroporation was performed to induce the KO 48 hours after CRISPRa activation.

Briefly, the Cas9-gRNA complex was assembled in vitro using the same KO guide tested in

Figure 4.1, then added to the cell suspension and transfected into the cells via electroporation

through the Neon Transfection System (Materials and Methods). Cells were harvested after 72

hours, the genomic DNA was extracted and PCR amplification was performed for the specific

expected cutting site (Materials and Methods). After sequencing, cutting efficiency was calcu-

lated using TIDE analysis (Materials and Methods).

CXCR4 KO efficiency does not result in a significant enhancement at the on-target site after

CRISPRa activation. In fact, the 2.5-fold change upregulation detected in A549 (Figure 4.4

A) does not allow for a greater editing efficiency, which remains around ∼5% before and after

CRISPRa (Figure 4.5 A). Similarly, the 5-fold change CXCR4 upregulation detected in MCF7

cells (Figure 4.4 A) does not induce a significant effect on the on-target KO efficiency, which is

enhanced of ∼2% upon CRISPRa (Figure 4.5 A). Likewise, the enhancement of MET editing

efficiency detected in HEK293 cells upon CRISPRa activation is only about 2.5% (Figure 4.5

B). For ASCL1 in HEK293 cells, as a result of the 500-fold change CRISPRa upregularion

(Figure 4.4 C), I can detect a 10% increase in KO efficiency of the gene (Figure 4.5 C).

It is possible to speculate that a combination of factors is involved in the variability of these

results, which definitely requires a deeper and broader analysis in terms of upregulation and

KO efficiency of a statistically relevant number of genes across several cell lines. However, it

is reasonable to think that, in a silenced or low expressed gene, even by forcing a promoter

“opening”, more factors are involved locally at different sites along the gene body (chromatin

remodelling factors, histones post-translational modifications, DNA accessibility and three-

dimensional DNA conformational change) which can impact Cas9 nuclease activity at different

levels and which can add an additional degree of variability to the system. Despite the fact

that this limited gene selection cannot be conclusive in terms of a genome-wide application, I

envisage that multi-omics data analysis, in particular high-quality data for chromatin accessi-

bility landscape for specific gene targets, will be pivotal in the identification of the best site for

the CRISPRn system. In this regard, the guide design approach may need to be adapted and
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precisely adjusted for each target and cell line.

Figure 4.5: KO editing efficiency upon CRISPRa gene overexpression. RNP complexes were
assembled in vitro and electroporated into the cells 48 hours after CRISPRa activation, via the
Neon Electroporator system. Cells were then cultured for 48 hours. The genomic DNA was
extracted and sequenced, and KO editing efficiency was calculated via TIDE analysis (Materials
and Methods). (A) CXCR4 KO efficiency in A549 and MCF7 cells before and after CRISPRa-
induced upregulation. (B) MET KO efficiency and (C) ASCL1 KO efficiency in HEK293 cells
before and after CRISPRa-induced upregulation.

149



CHAPTER 4. EFFECT OF GENE-WIDE DNA DISTORTION ON CAS9 ON-TARGET
ACTIVITY IN CELLS

4.3 Discussion

Here, I describe a strategy based on the combination of CRISPRa (activation) and CRISPRn

(nuclease active) tools to recreate a chromatin opening of silenced or low expressed genes and

test Cas9 editing efficiency at the selected targets. In this work, I used a combination of com-

putational and experimental approaches to select specific target genes, considering different

aspects such as gene expression level in different cell lines, the correlation between the expres-

sion level and Cas9 cutting activity on that target, and the possibility to up-regulate the gene

by CRISPRa system. Taking into consideration that Cas9 has been proved to be less efficient

at silenced genes (Daer et al., 2017; Verkuijl and Rots, 2019), probably due to the diminished

accessibility of the closed-chromatin, with this strategy I aimed to investigate this aspect and

possibly improve editing efficiency by increasing Cas9 accessibility. I show results on CXCR4,

MET, and ASCL1 target genes. Cell lines that constitutively express dCas9-VPR (or which

have an inducible expression of dCas9-VPR) or with a PCP-PH recruitment system through

a modified gRNA, have been used to induce the upregulation of the selected genes using the

CRISPRa tool. CXCR4 and MET gene expression result in a modest upregulation (2.5-5 fold

change) compared to the control (Figure 4.4 A, B), while ASCL1 expression is enhanced of

about 500 fold change (Figure 4.4 C). Cas9 KO efficiency on CXCR4 and MET do not show

a significant enhancement at the on-target site upon gene upregulation (Figure 4.5 A,B); this

could be related to the low upregulation upon CRISPRa. On the other hand, CRISPRa on

ASCL1 gives a much higher gene upregulation and, in this case, Cas9 KO efficiency is improved

compared to the control. However, the enhancement in KO efficiency (10%) is still quite modest

(Figure 4.5 C).

Here it is noteworthy that, by using dCas9 fused with transcriptional activators or recruited

via modified gRNA, CRISPRa allows for gene expression upregulation which triggers an overall

chromatin remodelling process involving the whole gene body, for the gene expression to take

place. Within this process, CRISPRa is supposed to act both on the chromatin status of the

target gene, leading to nucleosomes sliding or eviction and to changes in the histones post-

translational modifications, and on the DNA confromation, creating DNA loops, and distorting

("opening") the helix structure at different sites, due to interaction of multiple DNA-binding

proteins involved in the transcription process (Li et al., 2007). In my results I cannot detect any
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significant effect on Cas9 on-target activity; however, this was also true for the Proxy-system

discussed in Chapter 3. It is reasonable to think that CRISPRa could potentially have a higher

effect on Cas9 off-target activity, rather than on the on-target, which can be investigated by

using mismatched KO guides.

It should be also mentioned that there could be competition between Cas9 and dCas9 when si-

multaneously expressed in this system for the two different gRNAs (one targeting the promoter

region for CRISPRa activation and one targeting the coding region for KO). This competi-

tion can result in reduced Cas9 activity at the cutting site or DSBs in the promoter region of

the gene. The strategy to separate CRISPRa activation and CRISPRn in two sequential steps

should limit the competition effect. However, this possibility still needs to be considered. Even-

tually, this limitation can be overcome by using a short guide for CRISPRa and thus avoiding

DSBs occurring at the promoter site.

Additionally, since the CRISPRn efficiency at the KO site is highly dependent on the chro-

matin envirorment, and the chromatin compactness can vary considerably from genomic site to

genomic site and from cell type to cell type, the chromatin status and accessibility at specific

local site along the whole gene body can be investigated with a variety of technologies, such as

Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE-seq, Giresi et al. 2007), DNase

hypersensitive region sequencing (DNase-seq, Buenrostro et al. 2013), Assay for Transposase-

Accessible Chromatin sequencing (ATAC-seq, Boyle et al. 2008) and Nicking Enzyme assisted

sequencing (NicE-seq, Ponnaluri et al. 2017). This information can be used to implement the

design of the gRNA.

Altogether, these are useful considerations for the refinement of the described method to obtain

additional information about CRISPR activity and genomic context dependency.

151



BIBLIOGRAPHY

Bibliography

A. P. Boyle, S. Davis, H. P. Shulha, P. Meltzer, E. H. Margulies, Z. Weng, T. S. Furey, and G. E.

Crawford. High-Resolution Mapping and Characterization of Open Chromatin across the

Genome. Cell, 132(2):311–322, 1 2008. ISSN 0092-8674. doi: 10.1016/J.CELL.2007.12.014.

J. D. Buenrostro, P. G. Giresi, L. C. Zaba, H. Y. Chang, and W. J. Greenleaf. Transpo-

sition of native chromatin for fast and sensitive epigenomic profiling of open chromatin,

DNA-binding proteins and nucleosome position. Nature Methods 2013 10:12, 10(12):1213–

1218, 10 2013. ISSN 1548-7105. doi: 10.1038/nmeth.2688. URL https://www.nature.com/

articles/nmeth.2688.

R. M. Daer, J. P. Cutts, D. A. Brafman, and K. A. Haynes. The Impact of Chromatin Dynamics

on Cas9-Mediated Genome Editing in Human Cells. ACS Synthetic Biology, 6(3):428–438, 3

2017. ISSN 21615063. doi: 10.1021/acssynbio.5b00299.

P. G. Giresi, J. Kim, R. M. McDaniell, V. R. Iyer, and J. D. Lieb. FAIRE (Formaldehyde-

Assisted Isolation of Regulatory Elements) isolates active regulatory elements from human

chromatin. Genome Research, 17(6):877, 6 2007. ISSN 10889051. doi: 10.1101/GR.5533506.

URL /pmc/articles/PMC1891346//pmc/articles/PMC1891346/?report=abstracthttps:

//www.ncbi.nlm.nih.gov/pmc/articles/PMC1891346/.

S. I. Grewal and D. Moazed. Heterochromatin and epigenetic control of gene expression. Science,

301(5634):798–802, 2003. ISSN 00368075. doi: 10.1126/science.1086887.

B. Li, M. Carey, and J. L. Workman. The Role of Chromatin during Transcription.

Cell, 128(4):707–719, 2 2007. ISSN 0092-8674. doi: 10.1016/J.CELL.2007.01.015.

URL http://www.cell.com/article/S0092867407001092/fulltexthttp://www.cell.

com/article/S0092867407001092/abstracthttps://www.cell.com/cell/abstract/

S0092-8674(07)00109-2.

A. Martella, M. Firth, B. J. Taylor, A. Göppert, E. M. Cuomo, R. G. Roth, A. J. Dickson,

and D. I. Fisher. Systematic Evaluation of CRISPRa and CRISPRi Modalities Enables

Development of a Multiplexed, Orthogonal Gene Activation and Repression System. ACS

Synthetic Biology, 8(9):1998–2006, 2019. ISSN 21615063. doi: 10.1021/acssynbio.8b00527.

152

https://www.nature.com/articles/nmeth.2688
https://www.nature.com/articles/nmeth.2688
/pmc/articles/PMC1891346/ /pmc/articles/PMC1891346/?report=abstract https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1891346/
/pmc/articles/PMC1891346/ /pmc/articles/PMC1891346/?report=abstract https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1891346/
http://www.cell.com/article/S0092867407001092/fulltext http://www.cell.com/article/S0092867407001092/abstract https://www.cell.com/cell/abstract/S0092-8674(07)00109-2
http://www.cell.com/article/S0092867407001092/fulltext http://www.cell.com/article/S0092867407001092/abstract https://www.cell.com/cell/abstract/S0092-8674(07)00109-2
http://www.cell.com/article/S0092867407001092/fulltext http://www.cell.com/article/S0092867407001092/abstract https://www.cell.com/cell/abstract/S0092-8674(07)00109-2


BIBLIOGRAPHY

V. K. Ponnaluri, G. Zhang, P. O. Estève, G. Spracklin, S. Sian, S. y. Xu, T. Benoukraf,

and S. Pradhan. NicE-seq: High resolution open chromatin profiling. Genome Biology,

18(1):1–15, 6 2017. ISSN 1474760X. doi: 10.1186/S13059-017-1247-6/FIGURES/7. URL

https://genomebiology.biomedcentral.com/articles/10.1186/s13059-017-1247-6.

S. A. Verkuijl and M. G. Rots. The influence of eukaryotic chromatin state on CRISPR–Cas9

editing efficiencies, 2 2019. ISSN 18790429.

D. J. Wiegand, D. Ter-ovanesyan, J. L. Braff, and N. Davidsohn. Highly-efficient Cas9-mediated

transcriptional programming. 12(4):326–328, 2015. doi: 10.1038/nmeth.3312.Highly-efficient.

J. G. Zalatan, M. E. Lee, Almeida, Ricardo, Gilbert, Luke A., H. Whitehead, M. La Russa,

J. C. Tsai, J. S. Weissman, J. E. Dueber, L. S. Qi, and W. A. Lim. Engineering com-

plex synthetic transcriptional programs with CRISPR RNA scaffolds. cell, 23(1):1–7, 2015.

ISSN 15378276. doi: 10.1038/jid.2014.371. URL https://www.ncbi.nlm.nih.gov/pmc/

articles/PMC2688697/pdf/nihms-110443.pdf.

153

https://genomebiology.biomedcentral.com/articles/10.1186/s13059-017-1247-6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2688697/pdf/nihms-110443.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2688697/pdf/nihms-110443.pdf


BIBLIOGRAPHY

154



Chapter 5

Cas12a characterization at single-molecule

level

5.1 Introduction

Facilitated by the advancement across multiple disciplines such as bioinformatics, structural

biology and high-throughput sequencing, the discoveries and engineering of various innovative

CRISPR-Cas systems are rapidly expanding the CRISPR toolbox. As anticipated, Cas12a has

surfaced as a promising alternative over the well-known SpCas9 for genomic applications and

diagnostics, showing several advantages such as fewer off-target effects in cells (Kleinstiver et al.,

2016; Kim et al., 2016) and staggered cleavage (Zetsche et al., 2015; Strohkendl et al., 2018). Up

to date, the key mechanistic details of Cas12a specificity and dynamics must be understood in

regard to DNA interaction at specific sites, off-target site discrimination and target recognition

and cleavage. In the following chapter, I describe my work on Cas12a nuclease-DNA interaction

and how the mechanical distortion of dsDNA affects the nuclease activity, therefore extending

my investigation about this specific aspect to a second and relevant CRISPR-Cas system. To

this end, I used a single-molecule optical tweezers assay (Newton et al., 2019) combined with

confocal microscopy, enabling real-time observation of single-molecule Cas12a mechanism of

action.

This work has been published in Physical Chemistry Chemical Physics (PCCP) Journal (Losito

et al., 2021).
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5.2 Results

5.2.1 Cas12a stably binds the on target site with high affinity

To monitor the interaction of Cas12a with DNA in real time and at single-molecule resolution, I

used a combination of optical tweezers with confocal fluorescence microscopy and microfluidics

(Materials and Methods). Cas12a complexes were assembled with a 5’-Cy3-labeled crRNA,

unlabelled tracrRNA, and catalytically active wtCas12 from Acidaminococcus sp. (IDT) (Figure

5.1 A). The crRNA sequence was selected to targets Cas12a to a unique site at 33.5 kb on λ-

DNA, in proximity of a TTTG-PAM (List of Reagents). This site is asymmetrically positioned,

enabling the orientation of the DNA to be determined if on-target binding is observed; this is

important as the DNA can be tethered between the beads in either orientation. Experiments

were performed using a microfluidic flow cell shown in Figure 5.1A. First, two streptavidin

coated polystyrene beads (4.84 µm) are trapped and a single piece of biotinylated λ-DNA is

caught in between them. Next, the DNA is moved to the buffer only channel where a force-

extension curve is recorded from 0-65 pN to confirm the presence of only a single piece of intact

DNA (Materials and Methods). For these experiments the DNA is torsionally unconstrained,

it is tethered by biotin-streptavidin interactions on only one strand at each end, resulting in

the characteristic overstretching plateau at 65 pN (Materials and Methods). The DNA is then

moved into the channel containing the labelled Cas12a complex and held at 5 pN (Figure 5.1

B), which is a sufficient force to extend the DNA to its contour length (16 µm), and allow

confocal imaging, but does not alter the base pairing of the two strands. For the microfluidic

setting, I used two channels to flow the labelled RNP complex in two different buffer condition,

one containing Ca2+ and the other containing Mg2+ (Figure 5.1 A, Materials and Methods).

This allows to always use an active protein but to prevent the DNA cleavage in the Ca2+ buffer

channel, and thus to study the protein binding, or to allow the cleavage activity when moving

in the Mg2+ containing buffer. In the presence of labelled RNP complex, in Ca2+ buffer, a

single binding event is observed at the expected on-target location which remains stable for

several minutes (Figure 5.1 B), consistent with previous observations that Cas12a complex

binds target DNA with very high affinity. No binding is observed with Cy3-crRNA alone

(Figure 5.2), confirming that such events represent stable binding of the holoenzyme complex.
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Figure 5.1: C-trap set up and Cas12 on-target binding analysis. (A) Biotinylated λ-DNA
tethered between optically trapped beads, with bound Cy3-labelled Cas12a RNP complex (top).
Microfluidics (bottom): (1) beads channel; (2) DNA channel; (3) buffer-only channel; (4)
Cas12a in Ca2+-buffer; (5) Cas12a in Mg2+-buffer. (B) 2D-confocal image of λ-DNA at 5 pN
with a single Cy3-Cas12a complex bound at expected target site (33.5 kb, arrow) in Ca2+ -
buffer. Kymograph shows Cas12a stably bound on target for several minutes. Genomic location
analysis confirms on-target binding. Scalebars = 2 µm and 2 min.
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Figure 5.2: Control: Kymographs recorded in the presence of Cy3-labelled crRNA only, without
Cas12a. Kymographs of force-stretched λ-DNA (5-50 pN) in the presence of 1 nM labelled-
gRNA only (no Cas12a), showing that guide alone does not bind the DNA (unlabelled). Scale
Bars = 2 µm, 2 s.
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5.2.2 Cas12a specifically cleaves the on-target but force hinders cleav-

age

Next, I tested whether Cas12a is active on force-clamped-DNA by studying the protein-DNA

interaction in the Mg2+-buffer channel (Figure 5.3 A). From previous study it is known that

fluorescent labelling does not affect activity in control bulk assays (Singh et al., 2018). A single

Cas12a complex bounds its specific target, as expected, and cleavage is observed at 20 s as a

drop in the force between the beads and a displacement of the force-clamped bead (Figure 5.3

A). I approximate the cleavage rate constant (kcleave = 0.021 ± 0.001 s−1) by measuring the

dwell time at the target site from initial binding to cleavage and I repeated the measurements

at forces ranging from 2 to 7 pN (Figures 5.3 B, 5.4). Results show that the dwell time

between binding and cutting increases linearly with force, and the corresponding rate constants

decreases exponentially, indicating that force hinders cleavage (Figure 5.3 B). Indeed, at 10

pN or higher, I could not observe cleavage within the 800 s experimental window. In order to

obtain mechanistic information about the force dependency of the cleavage activity, I fitted the

dwell times to the Bell–Evans equation (Evans, 2003; Mora et al., 2020) (Figure 5.3 B).

kcleave(F ) = kcleave(0)e
− Fx‡

kBT (5.1)

Where F is the force used to tether the DNA, kB is the Boltzmann constant, T is the tem-

perature, and x‡ is the distance to the transition state. From the intercept of the curve to the

logarithmic scale kcleave values, I could calculate the zero-force cleavage rate constant kcleave(0)

= 0.08 ± 0.01 s−1, which is consistent with prior bulk measurements (Murugan et al., 2020;

Strohkendl et al., 2018). Additionally, from the slope of the curve, I calculated the distance

to the transition state x‡ = 1.8 ± 0.3 nm. This indicates a large, rate limiting conforma-

tional change between binding and complete cleavage and it is possible to hypothesize that

this is consistent with the expected movement of the REC domain bringing the TS towards

the cleavage site in RuvC. Interestingly, these domains are 2 nm apart in the various published

structures (Dong et al., 2016; Gao et al., 2016; Stella et al., 2017; Swarts and Jinek, 2019; Ya-
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mano et al., 2016). This conformational change is also in agreement with prior single-molecule

FRET experiments and molecular dynamics calculations (Stella et al., 2018; Saha et al., 2020).

Figure 5.3: Cas12a on-target cleavge analysis and force correlation.(A) Kymograph of force
clamped λ-DNA (3 pN) in 10 mM Mg2+ and 100 mM Na+ with Cas12a bound on target.
Cleavage is observed at 20 s as fluorescence loss (arrow), displacement of the trapped bead, and
drop in the force (bottom). Scale bars = 2 µm, 2 s. (B) Cleavage rate constant as a function of
force (average and standard error of the mean (s.e.m.), n ≥ 17 each), and fit to the Bell–Evans
equation (line).
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Figure 5.4: Distributions of dwell times between target binding and cutting as a function of
force, and average dwell time and standard error of the mean, as indicated. The rate constant
kcleave (Figure 5.3 B) was approximated as the inverse of the average dwell time at each force.
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5.2.3 Cas12a diffuses on dsDNA to locate its target and search mech-

anism involves hopping

Next, I further investigated on the target search mechanism of Cas12a. Indeed, in agreement

with prior single-molecule observation (Jeon et al., 2018), my results show Cas12a undergoing

random and bidirectional diffusion while interacting with the dsDNA. This mechanism is com-

pletely different from Cas9, which instead quickly run off from the DNA if the complementarity

with the sgRNA is not encountered. In my hands, in approximately half of the traces (n =

26/50), I can observe the Cas12a complex binding away from the target site, then diffusing

until the correct on-target site is located (Figure 5.5). When diffusing, the complex can pass

the target site multiple times before binding it tightly (Figure 5.5). This can be likely due to

Cas12a being unable of binding the target solidly until the PAM Interacting Domain (PID)

recognizes the PAM sequence. Therefore, 1D diffusion is probably the main unique Cas12a

mechanism for target location, together with a second mechanism, similar to Cas9 behaviour,

which involves 3D random collision to the target site (Figure 5.6 B).

Figure 5.5: The full event from Cas12a target search to cleavage. Kymograph of force-clamped
λ-DNA (4 pN) in 10 mM Mg2 and 100 mM Na+, showing the full event of Cas12a target search
via 1D diffusion mechanism, on-target binding (star) and cleavage (arrow). Vertical scale bars
= 2 µm.
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Next, to characterise the diffusional behaviour of the Cas12a complex, I collaborated with

Quentin Smith, from the Rueda Lab, for the extraction of diffusion trajectories from the kymo-

graphs, using a combination of custom python (https://github.com/ singlemoleculegroup) and

IgorPro 8 (Wavemetrics) scripts. By tracking and quantifying Cas12a diffusion events using

the python single particle tracking algorithm and further processing the trajectories in Igor

Pro 8, we could calculate their Mean Square Displacement (MSD). First, I recorded a num-

ber of trajectories, in buffer containing 100 mM Na+, of both static molecules, bound to the

target, and diffusing complexes (Figure 5.7 A). The trajectories show that diffusing complexes

can travel thousands of base pairs in just a few seconds, with average speed of ∼1 kbp per

second compared with the static, target-bound molecules (Figure 5.7 C, D). The slope of the

initial linear rise of the MSD curves yields the diffusion coefficient, D100 = (1.6 ± 0.9) x 106

bp2s−1 (Figure 5.7 C). Next, I recorded several trajectories at lower ionic strength (25 mM

Na+) (Figure 5.7 B), and measured the relative diffusion coefficient (Figure 5.7 C, D). Indeed,

the comparison of those values at different ionic strength, can give information about the mode

of the diffusion mechanism, understanding if the enzyme is sliding or hopping. Since protein

affinity to non-specific DNA is primarily determined by electrostatic interactions, varying the

salt concentration in the experiments can modulate these interactions and allows to discrim-

inate between the hopping and sliding models. If hopping is the underlying mechanism of

translocation of the protein on DNA, then, at higher salt concentrations, the protein spends

more time in solution, resulting in an increase in the measured diffusion coefficient. However,

in the sliding mechanism, due to the continuous contact of the protein with DNA, the diffu-

sion coefficient is independent of salt concentration (Tafvizi et al., 2011). My data show that

the diffusion coefficient decreases by an order of magnitude with lower ionic strength (D25 =

(1.7 ± 0.5) x 105 bp2s−1) (Figure 5.7 E), consistent with Cas12a hopping on the DNA, also in

agreement with the previous single-molecule observations (Jeon et al., 2018).
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Figure 5.6: Cas12a diffuses on DNA to locate its target. (A) Kymograph of force-clamped
λ-DNA (4 pN) in 10 mM Mg2+ and 100 mM Na+ with a diffusing Cas12a complex undergoing
1D diffusion to locate the on-target site. The complex diffuses twice past the target site (star)
before binding tightly. (B) Kymograph of force-clamped λ-DNA (10 pN) in 10 mM Ca2+
showing a diffusing complex and a stable bound one at the on-target site, occupied after a 3D
collision mechanism. Scale bars = 2 µm, 2 s.
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Figure 5.7: Cas12a diffusion analysis. (A) Trajectories of target bound (grey) and diffusing of
Cas12a complex in 10 mM Ca2+ and 100 mM Na+. (B) Trajectories of target bound (grey)
and diffusing of Cas12a complex in 10 mM Ca2+ and 25 mM (blue) Na+. (C) Mean-square
displacement analysis and diffusion coefficients of trajectories in at 25 (blue) and 100 mM (red)
Na+. (D) Cumulative displacement analysis of trajectories in (B) at 25 (blue) and 100 mM
(red) Na+, and average diffusion velocities. (E) Diffusion coefficients in 25 and 100 mM Na+
(average and s.e.m., n = 20 each)
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5.2.4 DNA stretching induces off-target binding and decreases the

diffusion coefficient

Finally, I investigated how increasing the tension on the DNA affects Cas12a binding activity.

Similarly to what has been already shown with Cas9 (Newton et al., 2019), using the labelled

RNP complex, I obtain a single on-target binding event at low forces, 2-5 pN. However, when I

start stretching the dsDNA with higher forces (< 25 pN), I can detect additional binding events

at off-target locations, with molecules diffusing randomly on the stretched DNA. Increasing the

force at ≥ 25 pN, results in additional stable binding events at off-target locations (Figure

5.7 A). To quantify this, I determined the number of off-target binding events per 10 000 bp

as a function of force (Figure 5.8 B). The number of off-target bound complexes increases

sigmoidally, which can be fit to the Hill-equation:

θ = θmax
[RNP ]n

Kd
n + [RNP ]n

(5.2)

Were θ is the measured binding events, θmax is the maximum binding event on λ-DNA, n

is the Hill coefficient, Kd is the dissociation constant and [RNP] indicates the concentration of

the Cas12:guide complex. The fitting with experimental measurements, yield a saturation of

2.9 ± 1.4 complexes bound per 10 000 bp, and a mid-point force of 37 ± 15 pN. Interestingly, I

also observed that, as the force increased to 30 pN, the diffusion coefficient decreases by 30-fold

(D = (0.5 ± 0.2) x 105 bp2s−1, Figure 5.8 C) . It is reasonable to think that the bound Cas12a

complexes eventually cease to diffuse and remain bound to their initial (off-target) binding site

on the DNA, comparable to the behaviour of Cas9 (Newton et al., 2019).
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Figure 5.8: DNA streatching induces Cas12a off-target binding. (A) Kymographs of force
stretched λ-DNA (15-50 pN) in 10 mM Ca2+ and 100 mM Na+, showing Cas12a bound on
target (star) and off targets. Scale bars = 2 µm, 2 s. (B) Number of molecules bound per
10 000 bp as a function of force (average and s.e.m., n = 7 each), and fit to the Hill equation
(line). (C) Cas12a complex diffusion coefficients at 5 and 30 pN (average and s.e.m., n = 20
each).
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5.3 Discussion

In recent years, Cas12a has emerged as a salient alternative for genome editing applications

to Cas9, particularly since it exhibits fewer off-target effects in cells and staggered cleavage

which can be advantageous for Homologous Direct Repair mechanism to occur at the DSB

site over Non Homologous End Joining. While Cas12a has already been investigated by some

single-molecule studies (Jeon et al., 2018), the mechanistic and dynamic aspects of DNA inter-

action, target search and cleavage, and off-target binding remain poorly characterized. With

the aim of elucidating those mechanisms and extending my investigation about the effect of

DNA distortion on Cas nucleases activity, I performed a single molecule study using correla-

tive single-molecule optical tweezers with fluorescent detection. Results show that the complex

binds primarily away from the target on the DNA and diffuses randomly and bidirectionally

until it engages with its target (Figures 5.5, 5.9). Target recognition likely requires the PID to

recognize the PAM sequence as it diffuses over it, which can entail several attempts (Figures

5.5, 5.9). Once bound at the target site, the duplex is melted, the R-loop formed, and cleavage

is observed within seconds (Figures 5.5, 5.9). Stretching the DNA with force hinders cleavage,

which reveals a large amplitude (∼1.8 nm) rate-limiting conformational change. This confor-

mational change could involve a “closing” of the enzyme to bring the TS in REC domain into

the active site in RuvC, and is consistent with known structures (Dong et al., 2016; Gao et al.,

2016; Yamano et al., 2016; Swarts and Jinek, 2018; Stella et al., 2017) and prior observations

(Stella et al., 2017; Saha et al., 2020). Diffusion analysis supports a search mechanism that

involves hopping on the DNA, as previously proposed Jeon et al. (2018). The observed slow

diffusion at higher forces, is consistent with the idea that Cas12a probes the DNA sequence

at every hop. Since DNA stretching facilitates melting and R-loop formation, it is possible to

speculate that mechanically distorting the DNA increases the dwell time at every “hop”, thereby

decreasing the observed diffusion coefficient, which in turn results in frequent off-target Cas12a

binding in a force-dependent fashion. Interestingly, I also observe that off-target binding in-

creases markedly at higher forces (>20 pN), similarly to Cas9 behaviour (Newton et al., 2019).

This observation is consistent with the idea that force stretching lowers the DNA melting bar-

rier and facilitates R-loop formation, even in the presence of multiple mismatches. However,

Cas12a exhibits fewer off-target effects in vivo. The force-induced cleavage inhibition shown
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here implies that those off-target bound complexes do not cleave, which will possibly have a

low impact for off-target activity in vivo. In physiological environments, negatively supercoiled

DNA, which is also underwound, may experience similar off-target binding, but it is also un-

likely to be cleaved. Previous single-molecule studies (Newton et al., 2019) have indicated that

Cas9 can be affected by mechanical perturbations, and here I additionally provide new insights

of this particular aspect for Cas12a mechanism. Indeed, in this context, I can detect an op-

posing effect of DNA unwinding on off-target binding and cleavage, which can elucidate the

mechanistic basis of its specificity.
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Figure 5.9: Proposed model for Cas12a target search and cleavage mechanisms. Cas12a binds
DNA at a random location and undergoes 1D diffusion to locate its target. The PID recognizes
the target’s PAM sequence, which triggers a cascade of conformational changes to unwind the
DNA duplex and form the R-loop. The NTS interacts with the RuvC domain triggering the
first cleavage event. A rate limiting conformational change brings the TS into the RuvC active
site enabling staggered TS cleavage. The DSB is complete and Cas12a is recycled for another
round of catalysis.
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Chapter 6

AZ-Cas9 characterization at single

molecule level

6.1 Introduction

A recent addition to the CRISPR toolbox is a new Cas9 ortholog (MH0245Cas9), here referred

to as AZ-Cas9. Currently structural and functional studies to determine AZ-Cas9 activity

and specificity are undergoing. Here I discuss my work and contribution to the mechanistic

characterization at the single-molecule level of AZ-Cas9. This part of my project is under

AstraZeneca disclosure regulation. The information available about the new Cas nuclease

discovery can be found within the description of the patent n. WO/2019/099943: “Compositions

and methods for improving the efficacy of Cas9-based knock-in strategies”.
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6.2 AZ-Cas9 introduction

“AZ-Cas9” is a novel Cas9 ortholog (MH0245Cas9) identified in the sequenced gut metagenome

and it derives from a bacterial species having a Type II-B CRISPR system (patent available

online n. WO2019099943). MH0245Cas9 protein has been engineered by applying nuclear

localization signals (NLS) to prevent its degradation and to force its nuclear localization in

mammalian cells. As shown in Figure 6.1 A (from the patent), AZ-Cas9 is capable of cleaving

a DNA fragment containing the target site in vitro. Sanger sequencing analysis of the cleaved

products shows that AZ-Cas9 generates 5’ overhangs in vitro (Figure 6.1 B, from the patent).

Furthermore, it has been proved that AZ-Cas9 is also functional in the HEK293 human cell line

(Figure 6.1 C, from the patent), generating staggered ends cut. Altogether, those experimental

results suggests that AZ-Cas9 probably shares the same mechanism of cleavage of FnCas9 (from

Francisella Novicida) since they both cause staggered ends cut; however, the analysis of Cas

nucleases phylogenetic tree indicates that FnCas9 and AZ-Cas9 are fairly divergent.

The sequence of the gRNA scaffold from AZ-Cas9 has been characterized and a predicted con-

formation is shown in Figure 6.2. Interestingly, differences in the 3D structure of the AZ-Cas9

gRNA scaffold have been detected in comparison to other Cas nucleases gRNAs (patent n.

WO2019099943). AZ-Cas9 gRNA shows a complex secondary structure, which will need to be

confirmed by structural analysis, and positions 9-26 are predicted to form an extra stem loop,

absent in SpCas9, FnCas9 or Cas12a (Figure 6.2). First attempts of guide engineering have

been made in AZ to decrease the guide size and increase its activity. The last and most efficient

version so far, is composed of an 83 nt long tracrRNA (whereby it is 93 nt long for SpCas9

gRNA) and a 22 nt long crRNA, 2 nt longer than SpCas9 (see List of Reagents for sequence

details).

The preferred PAM sequence for AZ-Cas9 has also been investigated by using a pooled library

of 64 plasmids, which covers various PAM sequence combinations and a target cleavage site. Re-

sults show that, although being able to recognize the “NGG” PAM, AZ-Cas9 has a less stringent

preference for this canonical PAM sequence compared to SpCas9 (patent n. WO2019099943).
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Figure 6.1: AZ-Cas9 cleavage assay. (A) Gel electrophoresis after in vitro cleavage assay, per-
formed with SpCas9 and AZ-Cas9 assembled with their relative gRNAs. (B) Sanger sequencing
analysis of cleaved fragment from (A) showing that AZ-Cas9 generates 5’ overhangs in vitro.
(C) Gel electrophoresis of genomic DNA at the cut site, after cleavage performed in HEK293
cells with SpCas9 and AZ-Cas9. Figures from patent n. WO2019099943.

Figure 6.2: Structure of AZ-Cas9 gRNA scaffold. Comparison of 3D structures of FnCas9 and
AZ-Cas9, which shows an extra stem loop (position 9-26) totally absent in both SpCas9 and
Cas12a too. Figure from patent n. WO2019099943.
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6.3 Single Molecule Results

6.3.1 AZ-Cas9 in vitro cleavage assay with fluorescent gRNA

I decided to investigate the interaction of AZ-Cas9 on λ-DNA, and, since the recognized PAM

is the canonical NGG PAM, also recognized from SpCas9, the crRNA sequence was selected to

target the unique site “λ2” already used for previous SpCas9 single molecule analysis (Newton

et al., 2019; Sternberg et al., 2014). The crRNA complementary to λ2 site was ordered, puri-

fied and labelled in house with Cy3-fluorescent dye (Materials and Methods). The tracrRNA,

which also differs in terms of sequence from tracrRNA for SpCas9 and Cas12a, was provided

by AZ. In preparation for the single molecule studies, I firstly performed an in vitro cleavage

experiment (Material and Methods) to confirm that the labelling of the guide does not affect

the cleavage activity (Figure 6.3). I used a Cy3-labelled 90 nt long dsDNA oligo containing

λ2 target sequence (List of Reagents), and I incubated the dsDNA with the active RNP, pre-

viously assembled in vitro with the Cy3-labelled crRNA (Materials and Methods), at 37 °C. I

then stopped the reaction at distinct time points and analysed the cleavage products via gel

electrophoresis (Material and Methods). After 1 minute the cleavage reaction is at 50% and

after 5 minutes it is almost completed (Figure 6.3). I then concluded that the labelling does

not affect the nuclease activity in vitro.
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Figure 6.3: AZ-Cas9 in vitro cleavage assay. Cy3-labelled λ2-crRNA and tracrRNA were
resuspended in a 1:1 ratio in annealing buffer (100 mM NaCl, 50 mM Tris-HCl pH 8), heating
to 90 °C for 2 minutes, and cooled at room temperature for 15 minutes. The resulting sgRNA
was then complexed with purified AZ-Cas9, at a final concentration of 1 µM. 10 nM of labelled
Cy3-labelled-dsDNA oligo containing the λ2 target sequence, were incubated with 100 nM
RNP at 37 °C x 30 minutes total, in Digest Buffer (100 mM TRIS-HCl pH 7.5, KCl 500
mM, 25% glycerol, 5mM DTT, 50 mM MgCl2). Every 5 minutes, the reaction was stopped
with Quenching Solution (0.5 M EDTA pH 8). Cleavage products were then analysed via gel
electrophoresis in 1% Agarose gel, and imaged with 532 nm laser for Cy3 excitation. Lane 1:
Cy3-labelled-dsDNA only. Lane 2: Cy3-labelled λ2-sgRNA only. Lanes 3-8: cleaved products
at the indicated time points.
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6.3.2 AZ-Cas9 stably binds the on target site with high affinity

Similarly to Cas12a analysis (Chapter 5), I used the C-trap microscope to study the interaction

of AZ-Cas9 with DNA in real time and at single-molecule resolution (Materials and method).

To assemble the RNP complex, unlabelled tracrRNA was first annealed with a 5’-Cy3-labeled

crRNA targeting λ2 site, and the gRNA was then complexed with catalytically active AZ-Cas9

(Figure 6.4 A). λ2 site is located at ∼18 kb along the length of λ-DNA (∼48.5 kb). I performed

the C-trap experiments using the microfluidic flow cell with the same set-up previously shown

for Cas12a analysis (Figure 6.4 B), with channels 4 and 5 specifically containing buffer with Ca2+

or Mg2+only (Figure 6.4 B) to be able to study separately the binding and the cleavage activity

of the nuclease. Streptavidin-coated polystyrene beads (4.84 µm) and torsionally unconstrained

biotinylated λ-DNA were used for the analysis (Material and Methods). Initially, I stretched

the DNA to its contour length by using a force of 5 pN, in the presence of 250 pM labelled

RNP complex in Ca2+ buffer, which was the RNP concentration used for Cas12a experiments.

Under these conditions and RNP concentration I could barely detect any binding event. I then

increased the RNP concentration and started to see single binding events at the expected on-

target location with 20 nM RNP, a 100x times higher concentration than Cas12a and 2x higher

than SpCas9 used in previous single molecule studies (Newton et al., 2019). This can be related

to the PAM-recognition process and limitations, observed with the previously described in vitro

plasmid cleavage assay, which showed less AZ-Cas9 affinity for the NGG-PAM. However, in my

experiments, once the protein binds the on-target site, the binding is stable for minutes (Figure

6.4 C). I can then confirm that AZ-Cas9 is able to locate the on-target site and stably bind to

it with high affinity, but, an excess of protein is required for the binding to occur, particularly

when compared to Cas12a. Additionally, I can also observe a single mode of AZ-Cas9 binding,

occurring via 3 dimensional collision at the target site and never diffusing on the dsDNA. This

is the first observation which gives us information about the target search mechanism of this

new Cas9 variant.
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Figure 6.4: C-trap set up AZ-Cas9 on-target binding analysis. (A) Schematic of biotinylated λ-
DNA tethered between two optically trapped beads, with bound Cy3-labelled AZ-Cas9 complex
(B) C-trap microscope microfluidics : (1) beads channel; (2) DNA channel; (3) buffer-only
channel; (4) AZ-Cas9 in Ca2+-buffer; (5) Az-Cas9 in Mg2+ - buffer. (C) Kymograph of λ-DNA
held at 5 pN in the presence of 20 nM Cy3-labelled RNP, in Ca2+ - buffer. A single AZ-Cas9
complex is shown stably bound at the on target for minutes. Genomic location analysis confirms
the expected on-target at 18 kb. Scalebar = 2 s.
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6.3.3 DNA stretching induces AZ-Cas9 off-target binding but with a

fast dissociation rate

Next, I investigated how increasing the tension on the DNA affects AZ-Cas9 binding activity.

When I increase the force of DNA stretching, AZ-Cas9 behaves as previously shown for Sp-

Cas9 and Cas12a. As expected, the distortion of DNA due to mechanical stretching, favours

additional binding events at off-target locations (Figure 6.5 A). To quantify this, I determined

the number of off-target binding events per 10.000 bp as a function of force and I can detect a

linear dependency (Figure6.5 B). Indeed, I found that the number of off-target binding events

increase linearly with the force applied to stretch the dsDNA (Figure 6.5 B). According to

my measurements, I can detect a maximum of ∼2 complexes bound per 10 000 bp, which is

comparable to the previous study on Cas12a (Chapter 5, Figure 5.8 B). To investigate further

on the specificity properties of this new variant and to understand the force dependence of the

off-target binding kinetics, I measured the dwell times for >200 off-target binding events of

the AZ-Cas9 RNP complex, in Ca2+ buffer, across λ-DNA held at 50 pN (Figure 6.5 A), and

constructed a dwell-time histogram (Figure 6.5 C). The resulting cumulative probability distri-

butions (Figure 6.5 D) revealed a fast and a slow population of off-target dissociation events.

This was also previously shown for SpCas9 (Newton et al., 2019), and it is possible to speculate

that both SpCas9 and AZ-Cas9 share an off-target binding kinetics which is happening with a

two binding mode: a transient (short-lived) and a meta-stable (longer-lived) mode. However,

for SpCas9, the average dwell time of binding events were respectively Tfast = 9.0 ± 0.6 s and

Tslow = 61 ± 8 s (mean ± s.e.m.), and it was shown that the slow mode becomes dominant at

higher forces (Newton et al., 2019). Interestingly, by comparing those results with my analysis

on AZ-Cas9, I overall see much short lived off-target binding kinetic. Indeed, at high forces (50

pN), the off-target dwell time of both the transient and the stable events, are 10 time shorter

than SpCas9, with a Tfast = 1.5 ± 0.1 s, and the Tslow = 6.4 ± 0.7 s (mean ± s.e.m.). This

fast dissociation kinetic at the off-target sites can be at the base of AZ-Cas9 high-specificity

properties.
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Figure 6.5: Force induces off-target binding of AZ-Cas9 but with a fast dissociation rate. (A)
Kymograph of λ-DNA in the presence of 20 nM Cy3- λ2-RNP:AZ-Cas9 complex (green signal)
held at 50 pN, in 10 mM Ca2+ and 100 mM Na+. Many off-target binding events at different
sites are observed. (B) Number of molecules bound per 10 000 bp as a function of force
(average and s.e.m., n ≥ 7 each), and fit to the a linear (line). (C) Dwell time histogram and
(D) cumulative probability of distribution for off-target binding events of λ2-crRNA induced
at 50 pN.
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Interestingly, I can detect same off-target locations appearing to be bound multiple times,

suggesting an underlying sequence-dependence of the induced sites. To further test this obser-

vation, a single DNA molecule was pulled and held at 40 pN for 300 s and I time-binned the

kymographs using 20 s windows. I obtained 13 intensity-plot traces (Figure 6.6) which I used

to map the inter-beads distance to the λ-DNA sequence. The resulting time-binned intensity

plot (Figure 6.6) shows a consistent peak around 18 kbp which I identify as the on-target site

(Figure 6.6, red star) and a few off-target sites which appear consistently along the kymograph

(Figure 6.6, grey dashed lines). Intriguingly, some of these off-target sites on λ-DNA were

previously detected to be bound by λ2-crRNA:SpCas9 complex (Newton et al., 2019), such

as peaks n1, n3 and n7 (Figure 6.6). The crRNA sequence used for AZ-Cas9 is identical to

the one used for SpCas9, with the exception of 2 extra nucleotides, therefore, this correspon-

dence in some of the preferred off-target sites between the two nucleases is probably dictated

by the guide sequence itself. To confirm the sequence dependency of these off-target sites, I

next compared the experimental results with the position of predicted mismatched sites. I used

the Cas-OFFinder software, available online (http://www.rgenome.net/cas-offinder/), to check

for off-target prediction. By using the λ2-22 nt crRNA sequence as input and inquiring for

5’-NRG-3’ PAM availability (with R = A or G), the software found 11 possible off-target sites,

with a total of 8 or 9 nucleotides mismatches (Table 6.1). These sites were compared to the

experimental data for the λ2-crRNA:AZ-Cas9 complex binding sites on DNA stretched at 40

pN (Figure 6.6). Almost all the predicted off-target sites, had a corresponding binding peak in

the experimental data, even if, due to the resolution of the density-binned plot, it is difficult to

discern from possible off-target sequences which are close to each other (e.g. positions 1129 -

1107). Those data demonstrate that these force-induced off-target events are non-random but

crRNA sequence-dependent, suggesting they are in part mediated by base pairing between the

DNA and crRNA. These sites and the sequences showed in Table 6.1 can possibly be selected

and used for further off-target kinetic analysis.
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Figure 6.6: AZ-Ca9 off-target position analysis. Time-binned intensity plot AZ-Cas9 binding
at 40 pN, mapped to λ-DNA, showing genomic positions of force-induced off-target binding.
On-target site is indicated by a red star and red dashed line. Off-target sites which appear to
be bound multiple times are indicated by grey dashed lines. Each trace represents 20 s of a 300
s total kymograph. A reference number has been assigned to each off-target site to be related
to a predicted off-target sequence (Table 6.1).
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Table 6.1: Predicted AZ-Cas9 off-target sites for λ2 crRNA sequence.

cRNA DNA Position
(bp)

mis-
matches

direction off-
target
ref. n.

CAGTGATAAGTGG CAGTGATAAGTGG 18068 0 + ∗
AATGCCATGNRG AATGCCATGTGG

CAGTGATAAGTGG CAGTaATtAcgGt 5001 9 + 2
AATGCCATGNRG gcTGCgcTGGAG

CAGTGATAAGTGG AaTGgccgGTGG 8362 8 + 3
AATGCCATGNRG cATGtCATGCAG

CAGTGATAAGTGG CAGTGAggAGaa 6601 9 + 3
AATGCCATGNRG tAAcatCAcGCAG

CAGTGATAAGTGG CcGgGATAAcacG 1129 9 + 1
AATGCCATGNRG ctcaCCATGAAG

CAGTGATAAGTGG CgGgGATAAcTtc 10435 9 - 4
AATGCCATGNRG AtTcCCgTcCGG

CAGTGATAAGTGG CgGTGcTtttTGc 1107 9 - 1
AATGCCATGNRG cATaCCAcGGGG

CAGTGATAAGTGG tAcTGATgtGatG 43977 9 + 8
AATGCCATGNRG gcTGCtATGGGG

CAGTGATAAGTGG CgtTGATAAGTc 38460 9 + 7
AATGCCATGNRG GcAgatCAgcAGG

CAGTGATAAGTGG CccTtATtgGgGGt 45166 9 + 8
AATGCCATGNRG AaGaCATGAAG

CAGTGATAAGTGG tAtcGAagAGTGc 42961 9 + 8
AATGCCATGNRG AAgGCgATcAAG

CAGTGATAAGTGG agGTttTAcGcaGA 38841 9 - 7
AATGCCATGNRG ATGgCAaGCAG
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6.3.4 AZ-Cas9 cleavage rate suggests high-fidelity properties

Next, I tested whether the AZ-Cas9 complex could cleave force-stretched λ-DNA in Mg2+

containing buffer and how force affects the cleavage activity. At low forces (6 pN, Figure 6.7)

the AZ-Cas9 was observed bound to its specific on-target site, as expected, and cleavage was

detected after ∼300 s as a drop in the force between the beads and a displacement of the force-

clamped bead (Figure 6.7 A). This result confirms that the AZ-Cas9 complex is active under

these experimental conditions. To investigate further on the cleavage kinetics, I measured the

dwell time at the target site from initial binding to cleavage, at different forces (5 to 30 pN)

(Figure 6.7 B). Interestingly, I observed an inverse correlation compared to Cas12a behaviour

since (Chapter 5, Section 5.2.2), as in this case, force seems to favour the cleavage. In order

to obtain further mechanistic information about the force dependency of the cleavage activity,

I calculated the rate constant kcleave at each force as the inverse of the average dwell time

from binding to cut. I then fit the kcleave values to the Bell-Evans equation (Evans 2003; Mora

et al. 2020, Equation 5.1, Chapter 5, Section 5.2.2). From the intercept of the curve to the

logarithmic scale kcleave values (figure 6.7 C), I could calculate the zero-force cleavage rate

constant kcleave(0) = 0.003 ± 0.01 s−1, which is one order of magnitude slower than Cas12a

kcleave(0) (0.08 ± 0.01 s−1), previously calculated in similar experimental condition (Chapter 5,

Section 5.2.2). Interestingly, previous kinetic analysis performed on high-fidelity Cas9 variants,

HypaCas9 and Cas9-HF1, showed a dramatic decrease in the observed decay rate for cleavage of

on-target DNA substrates of about 21- to 35-fold compared to SpCas9 (0.028 s−1 for HypaCas9

and 0.047 s−1 for Cas9-HF1 vs 1 s−1 for SpCas9) (Liu et al., 2020). In that study, it was

proposed that HypaCas9 and Cas9-HF1 gain discrimination mainly through further slowing of

the rate of DNA cleavage with off-target DNA, which shifts kinetic partitioning to favour release

rather than cleavage of the bound DNA. For SpCas9, the conformational change is rate-limiting

and determines specificity because R-loop formation is largely irreversible and is followed by

fast DNA cleavage (Gong et al., 2018). According to these first measurements on AZ-Cas9

cleavage at the on-target site, I can speculate that this variant shares a similar mechanism

with the other higher-fidelity variants, showing slower rates of DNA cleavage, which then will

allow for release of the off-target substrate from the enzyme before the irreversible cleavage

reaction. I hypothesise that this new variant can perform with high-fidelity properties, which
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are presumably achieved by dramatically increasing the rate of dissociation of mismatched

nucleotides, further enhanced by the mechanical distortion and opening of the dsDNA, in

addition to decreasing the rate of catalysis.

Figure 6.7: AZ-Cas9 rate cleavage analysis. (A) Kymograph of force clamped λ-DNA held at
6 pN in the presence of 20 nM Cy3-λ2-crRNA:AZ-Cas9, in 10 mM Mg2+ and 100 mM Na+. A
single RNP complex molecule is show bound at the expected target site. Cleavage is observed
at 300 s as fluorescence loss (white arrow), displacement of the trapped bead, and drop in the
force (bottom). (B) Average dwell time and standard error of the mean, at forces ranging from
5 to 50 pN. The rate constant kcleave was approximated as the inverse of the average dwell
time at each force (n ≥ 6 each) (C) Cleavage rate constant as a function of force (average and
standard error of the mean), and fit to the Bell-Evans equation (line).
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6.3.5 FRET analysis for R-loop formation at the on-target

To further investigate the on-target binding mechanism and monitor the R-loop formation step,

I used a previously described single-molecule FRET assay (Rueda et al., 2017) (Figure 6.8). A

dsDNA oligo containing the on-target λ2 sequence was labelled in house with Cy3 (Material

and Methods) and immobilised on the slide surface, via biotin-streptavidin interaction (Ma-

terials and Methods). AZ-Cas9 was assembled in vitro with a Cy5-labelled sgRNA targeting

the λ2 site (Figure 6.8 A). Upon addition of the Cy5-RNP complex, the Cas binding at the

target site, results in a FRET signal between the Cy3 (donor) and Cy5 (acceptor). In this

assay, full R-loop formation upon binding to the on-target site, results in stable high FRET

state (∼1 FRET, Figure 6.8 B), which was detected in the majority of the single molecule

trajectories (79%, n=61/77). In 27 of the 77 traces analysed, it was possible to detect a tran-

sient intermediate state ( ∼0.6 FRET, Figure 6.8 B, black arrow), with an average dwell time

in the range of ms. Based on previous studies on SpCas9, I assigned these trajectories to a

possible initial binding in an open conformation (∼0.6 FRET, arrow) followed by zipping into a

full heteroduplex conformation (∼1 FRET). A time-binned FRET histogram of 77 trajectories

with the fully matching crRNA shows that the complex predominantly exists in the fully het-

eroduplex conformation (Figure 6.9 B), consistent with the tight binding previously observed.

However, the histogram reveals the presence of another intermediate state (∼0.3 FRET) which

can be probably due to the RNP transiently exploring different states while interrogating for

the guide sequence complementary. This is also confirmed by a cumulative density plot, which

mainly shows the transient intermediate (∼0.6 FRET) (Figure 6.9 A). As previously suggested,

by performing this type of analysis with oligo target DNA containing the identified potential

off-targets sequences (Table 6.1), differences in R-loop formation mechanism and dynamic can

be elucidated and used to acquire new information about AZ-Cas specificity. Indeed, in the

presence of mismatches, a decrease in the high-FRET population could be expected, with a

consequent broadening of the intermediate-FRET distribution. This would possibly indicate

that, at the off-target sites, the formation of the high-FRET conformation is hindered, as well

as the cleavage.
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Figure 6.8: smFRET assay for AZ-Cas9 on-target binding analysis. (A) Schematic of smFRET
AZ-Cas9 binding and R-loop formation experiments. Target DNA, labelled with Cy3 (green)
on the target strand, is immobilised on the microscope slide. Binding and R-loop formation of
AZ-Cas9 complex labelled with Cy5 (red) results in FRET. Target site is coloured in orange
(B) Example single-molecule trajectory for Cy5-RNP complex binding to the Cy3 labelled λ2
on-target site (top). Corresponding calculated FRET trajectory (bottom). On-target binding
results in high-FRET state. A fast intermediate step, corresponding to the dsDNA opening
upon R-loop formation, is detectable (black arrow).

Figure 6.9: Cumulative Density Plot and FRET histogram (A) Cumulative Density Plot and
(B) Time-binned FRET histogram of all binding events (n = 77) detected for AZ-Cas9 in
complex with the fully matching crRNA, fit with a multiple-Gaussian (line).
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6.4 Discussion

A new Cas9 ortholog, here referred to as AZ-Cas9, has been identified in the sequenced gut

metagenome and engineered by the AstraZeneca Discovery Science team to be used as a gene-

editing tool in mammalian cells. Preliminary in vitro and in cellulo analysis showed that AZ-

Cas9 can interact with an NGG PAM, recognize 22-nt long target sites, and generate staggered

ends upon cleavage. By using the previously described single-molecule assay, I investigated

the dynamics of AZ-Cas9 interaction with dsDNA, its on-target search mechanism and R-

loop formation, on-target cleavage activity, and off-target discrimination. The experiments

here described demonstrate that the complex recognizes the on-target sequence through a 3D

collision mechanism and, similarly to SpCas9, it never diffuses on the dsDNA. In this regard, it

is worth mentioning that the analysis of the trajectories recorded within the C-trap microscope

are subjected and limited to the resolution of the tracking algorithm. Indeed, the fluorescence

intensity peaks tracking along the kymographs occurs at the level of 100 or 50 nm sized pixels,

which correspond to ∼ 300-150 bp. The algorithm used in these analysis fits the pixel intensity

values into a Gaussian curve, which further increase the resolution to values smaller than the

pixel size. Moreover, an apparent diffusion of the protein can be detected as a consequence of

the system itself not being fully static, since the DNA is tethered between the beads and it has

its own elasticity, and tracking inaccuracy can exist due to fluorescence background. Hence, by

looking at static traces, it is not possible to completely understand if the protein is stably and

tightly bound or if it is moving of a few nucleotides. However, the trajectories recorded with

AZ-Cas9 definitely exclude a 1D search mechanism similar to Cas12a (which travels ∼1 kbp

per second) and it is the first observation giving us information about the mode of AZ-Cas9

target search dynamic. Once the on-target binding is established upon PAM recognition, the

R-loop is formed and, in the absence of Mg2+, the complex can remain bound for minutes.

Nonetheless, the binding measurements show a lower binding efficiency at the on-target site

compared to SpCas9, since a higher protein concentration is needed. This dynamic could be

correlated to the PAM-recognition process, but further analysis of the PAM-binding process

are required. Stretching the DNA with force leads to the detection of increased off-target

binding events, similarly to SpCas9 and Cas12a behaviour (Newton et al. 2019, Chapter 5).

Once again, this corroborates the hypothesis that force-induced DNA stretching facilitates Cas
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nucleases binding in the presence of mismatches, by lowering the DNA melting energy barrier.

Intriguingly, by measuring the dwell time of >200 off-target biding events on dsDNA stretched

at 50 pN, I detected a dissociation constant which is 10 times faster than previously reported

for SpCas9 (Newton et al., 2019). In addition, I was able to calculate the kcleave(0) of AZ-Cas9

at the on-target site and I found that this rate is in line with previous in vitro calculations

done on High-Fidelity Cas nucleases (Liu et al., 2020). These results suggest that AZ-Cas9 can

perform with high-fidelity accuracy, although further in vitro and in vivo analyses, together

with structural studies, are required to confirm this hypothesis.
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Chapter 7

Concluding Remarks

7.1 Summary

In this thesis, I combine cell-based assays and single-molecule techniques to study the effect of

DNA distortion on Cas nucleases. In Chapter 3, I describe a cellular strategy which proves that

a local DNA distortion, proximal to the cleavage site, causes an enhancement of Cas9 off-target

activity. I use an adapted version of the previously described Proxy-CRISPR system, to target

a wtCas9, complexed with a short sgRNA, to a site proximal to the intended KO site. The short

guide is able to direct Cas9, allowing for binding but preventing cleavage. I demonstrate that

the presence of Proxy-CRISPR affects Cas9 specificity at a nearby target site; in fact, multiple

KO guides, with different types of mismatches in different positions, perform with higher editing

efficiency when co-transfected with the Proxy-CRISPR. In my work, I demonstrate this effect

both on an artificial reporter system (TLR), integrated into the genome of the cells, and on

an endogenous target (EMX1). An effect similar to the one caused by the Proxy-CRISPR on

the DNA conformation may occur naturally on the eukaryotic DNA at different stages of the

cell cycle, caused by endogenous processes, such as transcription, epigenetic modification, DNA

repair, recombination and supercoiling. In Chapter 4, I discuss a second method designed to

look at DNA during transcription, when a gene-wide “DNA opening” occurs. Specifically, I

act on the promoter of silenced or low expressed genes to investigate the effect on Cas9 on-

target activity. In my experiments, I use CRISPRa tools for upregulation of gene transcription,

either by using cell lines which expresses the fusion dCas9-VPR activation system or by using

modified gRNA to recruit activators. Although limited to a selected number of gene targets
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and cell lines, my data shows high variability in the CRISPRa effect on gene expression, with

a weak effect on Cas9 on-target editing efficiency. Whereas Cas9 has been proved to have

diminished accessibility at genes embedded in a closed-chromatin environment, here I find that

this effect is highly dependent on the target gene itself, the cell line used, and the design

of sgRNAs. The last two chapters describe single-molecule approaches for mechanistic and

functional characterization of two different CRISPR systems. In Chapter 5 I focus on Cas12a

activity on λ-DNA, and I report important information about the target search mechanism,

the cleavage kinetics and how these are affected by force-induced DNA stretching. By using

correlative single-molecule optical tweezers with fluorescent detection I show that Cas12a can

bind away from the target on the DNA and, differently from Cas9, diffuses randomly and

bidirectionally until it recognises its target. Furthermore, I show that Cas12a search mechanism

involves hopping on the DNA. Stretching the DNA with force hinders cleavage, revealing a large

amplitude rate-limiting conformational change, which can be correlated to a “closing” process of

the enzyme to bring the target strand into the active nuclease RuvC site. Finally, in Chapter 6,

I describe my contribution to the functional characterization of a new Cas9 variant, AZ-Cas9,

and I uncover new details about its activity on DNA. I prove that, similarly to SpCas9, the

main search mechanism of AZ-Cas9 occurs via 3D collision on the DNA and that once the on-

target is recognized, the R-loop is quickly formed, and the binding is stable. AZ-Cas9 off-target

binding activity is also affected by force-induced DNA stretching, but my findings also suggest

possible high-fidelity properties.
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7.2 Future directions

The first part of this work highlights how it is extremely important to understand the highly

variable specificity of Cas9 depending on the DNA structure and the genomic context, partic-

ularly when considering the therapeutic application. Up to date, the prediction of potential

off-target activity in cellular assays mainly relies on guides-sequence screening; however, this

may not properly predict the potential for off-target activity across all the cell types and genomic

states present in an entire organism. Moreover, the findings discussed in Chapter 3 which show

how non-canonical wobble base pairing and purine-purine mismatches can be highly tolerated

in the Proxy-TLR experiments, suggest that future prediction algorithms should incorporate

these factors to better predict potential off-target sites. In both the Proxy results on the TLR

and on EMX1, Cas9 editing efficiency is found to be distinctly dependent on the mismatch

identity and also the position of the mismatch within the guide. Interestingly, in the Proxy and

CRISPRa assays, Cas9 on-target activity seems to be less affected, but genome-wide and high

throughput analysis could be performed to better understand the effect of genomic context and

gene expression on Cas9 on-target binding and cleavage mechanisms. Altogether, this high-

lights the complexity of the rules governing Cas9 specificity and calls attention to the need for

additional work to precisely define how the sequence requirements are altered in the context of

DNA distortion. Additionally, as discussed, these results can be correlated to a mechanism of a

tilt in the energy landscape at the base of Cas9 specificity, which is altered by the target DNA

structure. This is thought to affect the threshold of the conformational checkpoint required

for Cas9 cleavage, which is controlled by a sequence-mediated inspection but here appears to

be also dependent on the target DNA conformation. In this perspective, using kinetic models

which could take into account the tilting caused by supercoiling or mechanical stretching, would

probably lead to a more accurate off-target prediction. Finally, it is interesting to contextualize

those findings in the light of the endogenous Cas nucleases activity, within the natural bacterial

immune system, considering that the CRISPR system evolved in the presence of a highly neg-

atively supercoiled genome. It is possible to speculate that this system adapted an increased

tolerance for mismatches to allow for the degradation of invasive virus genomes, even with

imperfect sequence matching, which is helpful to prevent their single-base mutations. These

considerations raise the intriguing possibility that in the endogenous context the CRISPR sys-
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tems may be able to accommodate a higher number of mismatches than previously considered.

On the other hand, the single-molecule characterization performed in this study on Cas12a and

AZ-Cas9 enlighten their mechanism and dynamics, opening new perspectives on their applica-

tion as gene-editing tools. Particularly, although we observe a similar mechanism between Cas9

and Cas12a, in regards to the increased off-target binding activity induced by DNA stretch-

ing, the force-induced cleavage inhibition shown for Cas12a implies that those off-target bound

complexes do not possibly cleave, which will have minimal implications for off-target activity in

vivo. Together with other advantages, such as the ability to recognise a different T-rich PAM,

and to produce staggered-ends cut, this crucial quality raises the potential for Cas12a-based

methods application. At the same time, the observation on AZ-Cas9 rate cleavage, found here

to be comparable to other high-fidelity Cas proteins, emphasises the requirement to expand

the characterization of this new variant. Further experiments are needed to confirm AZ-Cas9

high specificity in cells and this may promote the addition of an important component to the

CRISPR systems comprehensiveness. Although the development and the ease of SpCas9-based

systems led to their rapid adoption in a great range of applications, the extensive effort to dis-

cover and engineer new Cas proteins is being extremely successful and it is actively contributing

to the exceptional CRISPR evolution.
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8 List of Reagents

Table 8.1: Cell line used in this study

Cell line name Basal medium Supplement Cell type

A549 F12-NutMix 10% FCS Lung cancer
1% Glutamax

HEK293-EXPI
(10C10clone)

DMEM 10% FCS Embryonic Kidney
1% Glutamax

HEK293 DMEM 10% FCS Embryonic Kidney
1% Glutamax

HEK293T DMEM 10% FCS Embryonic Kidney
1% Glutamax Highly transfectable

JURKAT
RPMI 10% FCS Immortalized

1% Glutamax T lymphocyte
10mM Hepes

MCF7 RPMI w/o 10% FCS Breast cancer
Phenol 1% Glutamax

RH-30
RPMI 10% FCS Pediatric

1% Glutamax rhabdomyosarcoma
10mM Hepes

SH-SY5Y
RPMI 10% FCS Neuroblastoma

1% Glutamax
10mM Hepes

U2OS Traffic
Light-Reporter

McCoy’s 10% FCS Sarcoma
Modified 5A 1% Glutamax
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Table 8.2: Cell line used in this study for CRISPRa system activation

Cell line name Features Source
A549-lenti-dCas9-VPR Constitutive expression of

dCas9-VPR
Generated in this study by
lentiviral infection of A549
WT and sorted by FACS

analysis.
A549-lenti-dCas9-VPR+
CXCR4 CRISPRa

Constitutive expression of
dCas9-VPR and sgRNA for

CRISPRa activation of
CXCR4 gene

Generated in this study by
lentiviral infection of

A549-lenti-dCas9-VPR and
sorted by FACS analysis.

MCF7-inducible-dCas9 Inducible expression of
dCas9-VPR by

Doxycycline treatment

AZ cell bank

MCF7-inducible-dCas9+
CXCR4 CRISPRa guide

Inducible expression of
dCas9-VPR by

Doxycycline treatment and
constitutive expression of

sgRNA for CRISPRa
activation of CXCR4 gene

Generated in this study by
lentiviral infection of

MCF7-inducible-dCas9 and
sorted by FACS analysis.

HEK293-EXPI(10C10
clone)

Constitutive expression of
dCas9-PCP-PH system

AZ cell bank

Table 8.3: Vectors used in this study

Vector Dimension Note
pKLV2-U6gRNA5(BbsI)-
PGKpuro2ABFP-ScarLess

10110 bp CRISPR gRNA expression vector with
an improved scaffold and puro/BFP
markers

pKLV2-EF1a-dCas9-
VPR-mCherry-(pKLV2-
EF1aCas9FZt2aBsdW)

15176 bp dCas9-VPR expression vector with
BsdR/mCherry markers.

Table 8.4: Oligonucleotide for cloning into pKLV2 vector series

GTGGAAAGGACGAAACACCG -gRNA sequence- GTTTAAGAGCTATGCTGGAA
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Table 8.5: Target sequence for crRNA used in this study

Gene target CRISPRn guide (5’> 3’) CRISPRa guide (5’> 3’)

ASCL1
AGAGCCCTCGTCCGACGAGT
CGTTGGGGACGTGCTCCCGA CGGGAGAAAGGAACGGGAGG
GACTTGTGACCGCCCCCTGA

SRP14 TTTCCAGAAGTGCCGGACGT TTTCTCGCATGTGACGACCCCGTCGCCGCGATGGTGTTGT

CXCR4

CAACCACCCACAAGTCATTG

TCTGGGAGGTCCTGTCCGGCTCTCTTCTGGTAACCCATGACC
GCTTCTACCCCAATGACTTG
GTTCCAGTTTCAGCACATCA

MET
GCCCCCGCTGTGCTTGCACC TGGCAGGGCAGCGCGCGTGT
CCTCGTGCTCCTGTTTACCT TGGTCGCCTGGCGGTGCCTC
GACAAATGTGTGCGATCGG CAGCCGGGCATCGGCGCGCG

Table 8.6: TaqMan gene probes used in this study

Gene target Gene probe Supplier
CXCR4 Assay ID: Hs00607978-s1

(Cat. n. 4331182)
ThermoFisher

MET Assay ID: Hs01565584-m1
(Cat. n. 4453320)

ThermoFisher

SRP14 Assay ID: Hs03043834-g1
(Cat. n. 4448892)

ThermoFisher

ASCL1 Assay ID: Hs00269932-m1
(Cat. n. 4331182)

ThermoFisher

S18 Assay ID: Hs99999901-s1
(Cat. n. 4448489)

ThermoFisher

Table 8.7: Target sequence for Proxy-crRNA used on TLR or EMX1

Guide name Sequence (5’>3’) PAM Distance
from the on
target PAM

to PAM
(bp)

Guide
orientation
with respect

to the
on-target

guide
Proxy TLR-P1 CACGGGCAGCTTGC NGG 37 Upstream
Proxy TLR-P2 GACGAGGGTGGGCC NGG 19 Upstream
Proxy TLR-P3 TGACGAGGGTGGGCC NGG 18 Upstream
Proxy TLR-P3 TCCGCCATGCCCGA NGG 63 Downstream
Proxy TLR-P4 CTGGACGTAGCCTT NGG 59 Downstream
Proxy TLR-P5 TCTGATAAAAGCAGC ACG 46 Downstream
Proxy TLR-P6 AGCACGACTTCTTC AAG 34 Downstream
Proxy EX-P1 GCCCAGGTGAAGGTG NGG 71 Upstream
Proxy EX-P2 GGCAGAAGCTGGAGG NGG 28 Upstream
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Table 8.8: Target sequence for TLR-crRNA used for KO

Guide
name

Sequence (5’>3’) n. mis-
macthes

Position of
the

mismatches
from the

PAM

TL-G0 AGCACTGCACGCCGTAGGTC 0 -
TL-G1 AGCACTGCACGCCGTAGGTG 1 1
TL-G1j AGCACTGCACGCCGTAGGTA 1 1
TL-G1k AGCACTGCACGCCGTAGGTT 1 1
TL-G1b AGCACTGCACGCCGTCGGTC 1 5
TL-G1n AGCACTGCACGCCGTGGGTC 1 5
TL-G1o AGCACTGCACGCCGTTGGTC 1 5
TL-G1c AGCACTGCACGCCTTAGGTC 1 7
TL-G1d AGCACTGCACGCCATAGGTC 1 7
TL-G1p AGCACTGCACGCCCTAGGTC 1 7
TL-G1e AGCACTGCACGCTGTAGGTC 1 8
TL-G1f AGCACTGCACGCGGTAGGTC 1 8
TL-G1q AGCACTGCACGCAGTAGGTC 1 8
TL-G1g AGCACTGCACGTCGTAGGTC 1 9
TL-G1h AGCACTGCACGGCGTAGGTC 1 9
TL-G1r AGCACTGCACGACGTAGGTC 1 9
TL-G2 AGCACTGCACGCCGTAGTTG 2 1,2
TL-G2b AGCACTGCACGCCGTCGGTG 2 1,5
TL-G2c AGCACTGCACGCTGTCGGTC 2 5,8
TL-G2d AGCACTGCACGCGGTCGGTC 2 5,8
TL-G2e AGCACTGCACGTGGTAGGTC 2 8,9
TL-G2f AGCACTGCACGGAGTAGGTC 2 8,9
TL-G2g AGCACTGCACGTCTTAGGTC 2 7,9
TL-G2h AGCACTGCACGGCATAGGTC 2 7,9
TL-G2i AGCACTGCACGCTATAGGTC 2 7,8
TL-G2l AGCACTGCACGCGTTAGGTC 2 7,8
TL-G3 AGCACTGCACGCCGTCGTTG 3 1,3,5
TL-G4 AGCACTGCACGCCTTCGTTG 4 1,3,5,7
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Table 8.9: Target sequence for EMX1-crRNA used for KO

Guide
name

Sequence (5’>3’) n. mis-
macthes

Position of
the

mismatches
from the

PAM

EX-KO1 CAAACGGCAGAAGCTGGAGG 0 -
EX-KO2 AGGGCTCCCATCACATCAAC 0 -
EX-KO3 GAGTCCGAGCAGAAGAAGAA 0 -
EX-3-1 GAGTCCGAGCAGAAGAAGCA 1 2
EX-3-1b GAGTCCGAGCAGAAGTAGAA 1 5
EX-3-1c GAGTCCGAGCAGATGAAGAA 1 7
EX-3-1d GAGTCCGAGCAGTAGAAGAA 1 8
EX-3-1e GAGTCCGAGCAGAAGAAGTA 1 2
EX-3-1f GAGTCCGAGCAGAAGAAGGA 1 2
EX-3-1g GAGTCCGAGCAGAAGGAGAA 1 5
EX-3-1h GAGTCCGAGCAGAAGCAGAA 1 5
EX-3-1i GAGTCCGAGCAGACGAAGAA 1 7
EX-3-1j GAGTCCGAGCAGAGGAAGAA 1 7
EX-3-1k GAGTCCGAGCAGCAGAAGAA 1 8
EX-3-1l GAGTCCGAGCAGGAGAAGAA 1 8
EX-3-1m GAGTCCGAGTAGAAGAAGAA 1 9
EX-3-1n GAGTCCGAGGAGAAGAAGAA 1 9
EX-3-1o GAGTCCGAGAAGAAGAAGAA 1 9

Table 8.10: Oligo for crRNA used in the single-molecule experiments

Oligo
name

Sequence (5’>3’)

Cas12a on-
target

AAUUUCUACUCU/AmC6T/GUAGAUATTCAGATGAT
ATGACTATCAAGG

AZ-Cas9
on-target
(λ2)

/5AmC12/CAGTGATAAGTGGAATGCCATGGUUUCAGU
UAUUCGUGA

Table 8.11: DNA oligo used for AZ-Cas9 in vitro cleavage assay

Oligo
name

Sequence (5’>3’) note

DNA λ2
target

CATGCGTACACGCGTTTGTACACCACATGGCATTC
CACTTATCACTTGGACACCACACCTCCTGGTCGCG

/iAmMC6T/CCTATAGTTTGTTTCCTGAGT

used for
AZ-Cas9 in

vitro cleavage
DNA
biot-λ2
target

/5Biosg/TTTTTTCCCTCGTGACCACCCACATGGC
ATTCCACTTATCACTGAG/iAmMC6T/CCGCTACC

used for
AZ-Cas9

FRET assay
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Table 8.12: List of primers for KO region amplification for each sgRNA

Guide name Primers Sequence (5’>3’)
ASCL1-G1 FWD :AACTTCAGCGGCTTTGGCTA

REV :TCCTTTTCTCCCCCTCCCAA
ASCL1-G2
ASCL1-G3

FWD :TTTTGCTCCCACTCTAAGAAGTC
REV :GAGTTCAAGTCGTTGGAGTAGTT

SPR14-G1 FWD :ATTGTTACCAGAAGCAACCTAGG
REV :AAGACAATGGAAGTCTAGTAGCG

SPR14-G2 FWD :TGCTTACACTTCTTCAAGGTGAT
REV :AAATCGTACGCTGCTATCAAAAC

CXCR4-G1
CXCR4-G2

FWD :AGGTTTTAAATTTGGCTCCAAGG
REV :TAGCCCACTACTTCAGAATTTCC

CXCR4-G3
CXCR4-G4

FWD :AGGTTTTAAATTTGGCTCCAAGG
REV :TAGCCCACTACTTCAGAATTTCC

MET-G1 FWD :AGTCATGTCCAACCGCACAA
REV :AAAGGACTTTGGCTCCCAGG

MET-G2 FWD :AGTCATGTCCAACCGCACAA
REV :AAAGGACTTTGGCTCCCAGG

MET-G3 FWD :TCAGACAGGGCACAATGTCC
REV :CATGGCAGGGATCACCAGTT
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