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Abstract  
 
 The human genome is constantly exposed to endogenous and exogenous sources of 

DNA damage that pose a threat to genomic stability. Hence, cells have evolved an intricate 

network of mechanisms specialised in the repair of several lesions, called the DNA damage 

response. 
The discovery of Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR) and its associated endonuclease Cas9 has revolusionised genome editing and 

opened new therapeutic opportunities. CRISPR-Cas9 mediated genome editing relies on the 

generation of a targeted DNA double-strand break (DSB) in a precise region of the genome, 

directed by a single-guide RNA (sgRNA) and harnesses the cells endogenous DNA repair 

machinery for its repair. In the last decade, the rapidly evolving CRISPR field has expanded 

the genome editing toolbox with the aim of making this technology more efficient, precise and 

less reliant on potentially deleterious DSBs. Notwithstanding, most CRISPR-Cas9-based 

approaches heavily rely on the DNA damage response. 
In this thesis, we have studied the DNA repair mechanisms that underlie CRISPR-

based genome editing technologies in human cells. First we studied the mutagenic repair of 

Cas9-induced DSBs (Project 1), where we discovered that non-homologous end-joining, the 

pathway previously thought to be the repair mechanism dealing with such lesions, is entirely 

dispensable and can be fully compensated for by an alternative pathway that generates 

distinct DNA repair signatures. Next (Project 2), we studied the DNA repair requirements of a 

recent CRISPR technology, called prime editing. Prime editing is a versatile and precise 

technology that allows for the installation of any type of edit in the genome, without the 

generation of DSBs. We identified an inhibitory role of the DNA mismatch repair (MMR) 

pathway for prime editing, which occurs through MMR directly binding to sites of prime editing 

and excising the desired edit. Additionally, MMR abrogation was shown to improve prime 

editing efficiency and fidelity, across different endogenous loci and types of edits, in multiple 

cell lines. 

 Overall, these studies advance our knowledge on the DNA repair requirements of 

CRISPR-based genome editing approaches, providing new ways to further advance the 

technology. Studies like ours are also important for the implementation of CRISPR in the 

clinical setting, which ultimately relies on a safe navigation of the DNA repair decision process: 

from damage to desired editing outcome, with minimal side-effects.  
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Zusammenfassung 
 

Das menschliche Genom ist ständig endogenen und exogenen Quellen von DNA-

Schäden ausgesetzt, die eine Bedrohung für die Stabilität des Genoms darstellen. Daher 

haben die Zellen ein kompliziertes Netz von Mechanismen entwickelt, die auf die Reparatur 

verschiedener Läsionen spezialisiert sind und als DNA-Schadensantwort bezeichnet werden. 

Die Entdeckung von Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) 

und der dazugehörigen Endonuklease Cas9 hat die Genom-Editierung revolutioniert und neue 

therapeutische Möglichkeiten eröffnet. CRISPR-Cas9 basierte Genommanipulation basiert 

auf der Erzeugung eines DNA-Doppelstrangbruchs (DSB) in einer präzisen Region des 

Genoms, die durch eine Single-Guide-RNA (sgRNA) gesteuert wird. Die zelleigene DNA-

Reparaturmaschinerie wird für die Behebung des Schadens genutzt. In den letzten zehn 

Jahren hat das sich rasch entwickelnde CRISPR-Feld den Werkzeugkasten für die Genom-

Editierung mit dem Ziel erweitert, diese Technologie effizienter, präziser und weniger 

abhängig von potenziell schädlichen DSBs zu machen. Dennoch sind die meisten CRISPR-

Cas9-basierten Ansätze stark auf die DNA-Schadensreaktion angewiesen. 

In dieser Arbeit haben wir die DNA-Reparaturmechanismen untersucht, die den 

CRISPR-basierten Genom-Editierungstechnologien in menschlichen Zellen zugrunde liegen. 

Zunächst untersuchten wir die mutagene Reparatur von Cas9-induzierten DSBs (Projekt 1); 

dabei stellten wir fest, dass der bisherige postulierte Reparaturmechanismus solcher Läsionen 

(non-homologous end joining, NHEJ) überflüssig ist und durch einen alternativen Weg, der 

unterschiedliche DNA-Reparatursignaturen erzeugt, vollständig kompensiert werden kann. 

Als nächstes (Projekt 2) untersuchten wir die DNA-Reparaturanforderungen einer neuen 

CRISPR-Technologie, dem so genannten Prime Editing. Prime Editing ist eine vielseitige und 

präzise Technologie, mit der jede Art von Schnitt im Genom vorgenommen werden kann, ohne 

dass dabei DSBs entstehen. Wir haben eine hemmende Rolle des DNA-Mismatch-Repair-

Wegs (MMR) für das Prime-Editing identifiziert, die dadurch entsteht, dass MMR direkt an die 

Stellen des Prime-Editings bindet und den gewünschten Schnitt herausschneidet. Darüber 

hinaus konnte gezeigt werden, dass die Ausschaltung der MMR in mehreren Zelllinien die 

Effizienz und Zuverlässigkeit des Prime Editing in verschiedenen endogenen Loci und Arten 

von Edits verbessert. 

 Insgesamt erweitern diese Studien unser Wissen über die Anforderungen von 

CRISPR-basierten Genome Editing-Ansätzen an die zellulären DNA-Reparaturmechanismen 

und bieten neue Möglichkeiten, die Technologie weiter zu verbessern. Studien wie unsere 

sind auch wichtig für die Umsetzung von CRISPR in der klinischen Praxis, die letztlich auf 

eine sichere Navigation durch den DNA-Reparatur-Entscheidungsbaum angewiesen ist: von 

der Läsion zum gewünschten Editing-Ergebnis, mit minimalen Nebenprodukten.  
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Chapter I – Introduction 
 
1. DNA Damage Repair & Genome Stability 
 
1.1 DNA Damage 
 

The human genome is constantly exposed to endogenous and exogenous sources of 

damage that threaten genomic stability. The complex lesions that arise from this exposure to 

damage can lead to genome aberrations, mutations and ultimately cell death (Jackson & 

Bartek, 2009).  

Examples of endogenous sources of damage are DNA mismatches introduced during 

DNA replication, alkylation of bases, or DNA double-strand breaks (DSBs) caused by abortive 

activity of topoisomerases. Reactive-oxygen species (ROS) are also important sources of 

endogenous DNA damage, arising as by-products of cellular metabolism (Cadet & Richard 

Wagner, 2013).  

The most prevalent environmental DNA-damaging agent is the ultraviolet (UV) 

radiation. Despite absorbance of this radiation by the ozone layer, residual levels can still 

induce up to 105 DNA lesions per cell, per day (Hoeijmakers, 2009). DNA damaging chemicals 

(widely used for chemotherapeutics), ionizing radiation (IR) and tobacco products are other 

examples of exogenous sources of DNA damage. DNA damaging agents produce distinct 

types of damage, but most of them induce a predominant lesion. Understanding the correlation 

between damage and damaging agent is essential for the comprehension of the mechanisms 

by which our genome is guarded (Table 1).  

 

1.2 The DNA Damage Response (DDR) 
 

Cells have evolved an intricate network of mechanisms to detect, signal and repair 

DNA lesions. These mechanisms are collective called the DNA damage response (DDR). 

Defective DDR renders cells exquisitely sensitive to DNA damaging agents and causes 

several human illnesses with distinct clinical features (Table 1).  

The broad diversity of DNA lesions requires the intervention of widely diverse DNA 

repair mechanisms (Table 1) that are mostly conserved across organisms. Some types of 

damage can be directly repaired by the excision of the lesion. However, most of the lesions 

are subjected to a sequential process, catalysed by a complex set of factors which comprise 

sensors, transducers, mediators and effectors. Sensors detect and signal the DNA lesions, 

leading to the recruitment of other proteins to the site of damage. Some of these recruited 

factors are transducers, which amplify the DNA damage signal, whereas others are 

considered mediators, since they act on mediating the interactions between different proteins. 
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The last group of proteins, the effectors, can act in the direct repair of the DNA. An example 

of those would be polymerases, that directly fill the gap between two broken ends. Additionally, 

other effectors act on the regulation of essential cellular mechanisms that have an impact on 

DNA repair, such as cell cycle, apoptosis, gene expression and metabolism. This multifaceted 

interplay highlights the complexity of the DDR, as a unique and complex network that 

cooperates with widely different pathways within the cell.   

 

1.2.1 Direct Repair (DR) 
 

Direct Repair is the simplest mechanism of DNA repair, since it involves the direct 

reversal of the lesion without a major sequential catalytic cascade. DR often requires the 

action of a single, specialised, enzyme that excises the lesion, leading to error-free repair of 

the DNA. One notorious example is the repair of DNA methylation at the oxygen in position 6 

of guanine (O6-methylguanine), which is induced by some chemotherapeutic agents, such as 

temozolomide or dacarbazine (Mitchell & Dolan, 1993). O6-methylguanine can be directly 

repaired by the protein O6-methylguanine DNA methyltransferase (MGMT) (Kaina et al, 2007) 

(Figure 1A). Unrepaired O6-methylguanine is mutagenic since, during DNA replication, it pairs 

with thymine instead of cytosine, generating G:C > A:T base substitutions. Hence, in MGMT 

deficient cells, the persistent O6-methylguanine alerts a second DNA repair pathway – the 

mismatch repair (MMR) pathway – which exclusively detects the mispaired thymine 

reinsertion, excising it. The exhaustive cycles of thymine reinsertion and excision result in 

extensive DNA end-resection and, ultimately, apoptosis. Temozolomide and similar 

chemotherapeutics are therefore most effective in cells with low levels of MGMT and intact 

MMR (Thomas et al, 2017).  

 

1.2.2 Mismatch Repair (MMR) 
The DNA Mismatch Repair pathway (MMR) recognises errors that have been usually 

introduced during replication, causing either the incorporation of a wrong nucleotide, or small 

insertions or deletions (indels) (Figure 1B). Therefore, MMR inactivation in human cells has 

been widely associated with increased mutation rates, genome instability and cancer onset 

(Jiricny, 2006). These cancers exhibit a hyper-mutable phenotype, called microsatellite 

instability (MSI) 

In human cells, MutS complexes recognise the mismatches. The MutS"!#$%&'()*!+,!

-(.(/$01%(/! 2$/%(0!34 MSH2 (MutS homolog 2) and MSH6 (MutS homolog 6) recognises 

single-base mismatches. The MutS5!#$%&'()!6789:;789<= (MutS homolog 3) recognises 

small indels (<10 bp) (Li, 2008). These heterodimers scan the DNA for errors, playing a critical 
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role in the recognition and initiation of repair. The detection of a lesion is associated with an 

ATP-dependent conformational change of the complex, leading to the recruitment of MutL 

complexes, which are the downstream processors: the MLH1 (MutL homolog 1) - MLH3 (MutL 

homolog 3) heterodimer that also requires intervention of the endonuclease PMS2. PMS2, in 

the presence of Replication Factor C (RFC) and Proliferating Cell Nuclear Antigen (PCNA), 

nicks the DNA flanking the mismatch, generating entry points for the exonuclease EXO1 to 

degrade the strand containing the mismatch. Replication Protein A (RPA) coats the single-

stranded DNA molecule and polymerases Pol-ε and Pol-δ then fill the missing nucleotides. 

After the re-synthesis of DNA, the remaining nick is sealed by DNA Ligase I (LIG1), resulting 

in an error-free repair of the lesion.  

 

 
Figure 1: The Direct Repair (DR) and Mismatch Repair (MMR) pathways. A) Recognition and repair 
of DNA damage by the DR pathway. O6-methylguanine (O6meG) is recognized and removed by the 
enzyme MGMT. High expression levels of MGMT are commonly found in cancer and inhibitors are in 
development. If the damage is not repaired, the persistent O6meG alerts the MMR pathway, which 
excises the mispaired thymine in the newly synthesised strand. This ultimately leads to apoptosis.  B) 
The MMR pathway recognises mismatches of 1bp (by MSH2-MSH6), or deletions and insertions (by 
MSH2-MSH3). Repair of the lesion requires the action of MLH1, MLH3, PMS2, Endonuclease 1 
(EXO1), FEN1, PCNA, LIG1 among others. MMR is strand-specific, only correcting the daughter strand. 
Importantly, mutations in MMR-associated factors are frequently linked to cancer. Figure reprinted and 
adapted with permission from Springer Nature Reviews Cancer (DNA repair dysregulation from cancer 
driver to therapeutic target, Curtin NJ (2012)). 
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1.2.3 Base Excision Repair (BER) 
 

The Base Excision Repair (BER) pathway corrects replication-independent lesions 

which can be either single-base damage (short patch (SP) - BER) or damage of a few (2-13) 

bases (long patch (LP) - BER) (Figure 2A). The most common lesions repaired by BER are 

spontaneous deaminations, oxidations (produced by ROS) or alkylations (by SAM). The 

oxidation of guanine at position 8 (8-oxoG) is one of the most common forms of base oxidation 

repaired by BER. 8-oxoG is mutagenic, since it mispairs with thymine leading to G:C > A:T 

mutations. 8-oxoG is found increased in cancer tissues, highlighting the relevance of BER in 

repairing such lesions (Wiseman & Halliwell, 1996). 

To initiate BER, damaged bases are removed by specialised glycosylases (for 

example, the 8-oxoG DNA glycosylase OGG1), forming abasic sites. Although each 

glycosylase is specialised for the excision of a specific type of damaged base, they also act in 

a redudant manner. MUTYH (Kairupan & Scott, 2007) and NEIL1 (Hazra et al, 2002) are other 

DNA glycosylases that act in the repair of distinct oxidised lesions. After the excision, BER 

endonucleases, such as APE1, induce a nick in the DNA, generating a DNA single-strand 

break (SSB). This incision is then repaired by either SP- of LP-BER. In SP-BER, the single 

nucleotide is replaced by Pol-ß and the gap is filled by Ligase III (LIG3). LP-BER occurs by 

the excision of at least 2-13 nucleotides and DNA synthesis is catalysed by Pol-ß or by Pol-

>?@!6A+B#C##1!(.!+'*!DEEE=F!Re-joining of the DNA ends is then mediated by Ligase I (LIG1). 

LP-BER is also dependent on factors such as PCNA, Flap endonuclease 1 (FEN1) and the 9-

1-1 clamp complex (Rad9-Hus1-Rad1). Other factors, such as Poly(ADP-ribose) polymerase 

1 (PARP1) and XRCC1 (X-ray cross-complementing protein 1) facilitate repair, by recruiting 

repair enzymes and providing the scaffold for SP- and LP-BER. 

 

1.2.4 Nucleotide Excision Repair (NER) 
 

Nucleotide Excision Repair (NER) is a highly versatile repair pathway that deals with 

a broad range of structurally distinct helix-distorting adducts on DNA. This pathway is thought 

to be solely responsible, in humans, for repairing UV-induced lesions that commonly take the 

form of cyclobutane-pyrimidine dimers (CPDs), where the most frequent are T-T cyclobutane 

dimers, or 6-4 pyrimidine-pyrimidone photoproducts (6-4PPs) (Marteijn et al, 2014). Moreover, 

NER is known to remove bulky adducts caused by smoking-related carcinogens (for example, 

benzo[a]pyrene diol epoxide) (Nouspikel, 2009). NER is therefore a fundamental pathway that 

guards the genome against environmental mutagens.  

NER can be divided into two distinct sub-pathways that only differ in how they 

recognise the lesion: transcription-coupled NER (TC-NER) and global-genome NER (GG-

NER) (Figure 2B). TC-NER exclusively repairs DNA adducts that have been introduced 
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during DNA transcription (Bukowska & Karwowski, 2018). Damage is recognised during 

transcription elongation by RNA polymerase II, upon stalling at sites of lesion in the template 

strand. Upon stalling, Cockayne syndrome WD repeat protein A (CSA) and B (CSB) are 

recruited to bind to the lesion. Contrary to TC-NER, GG-NER repairs helix distortions that arise 

independently of transcription. This is performed by binding of a complex comprised of 

Xeroderma pigmentosum complementing group C (XPC), RAD23B, DNA damage-binding 

protein (DDB) and XPE. After the recognition step, TC- and GG-NER converge. The 

transcription factor II H (TFIIH) unwinds the DNA, through its helicase activity, and permits the 

binding of the pre-incision complex comprised of XPA and RPA. The damage, now in the form 

of an oligonucleotide, is then excised by the complex ERCC1 (excision repair cross-

complementation group 1) - XPF (5’-end incision) and XPG (3’-end incision). PCNA mediates 

DNA re-synthesis, catalysed by Pol-ε, Pol-δ and Pol-κ, and ligation is performed by DNA ligase 

III (LIG3).  

Mutations in the NER pathway are associated with several disorders, such as 

Xeroderma pigmentosum (XP), Cockayne syndrome (CS), UV-sensitive syndrome (UVSS) 

and Trichothiodystrophy (TTD). This diseases have distinct clinical manisfestations, but they 

share an enhanced sensitivity to sunlight exposure and neurological abnormalities. XP is 

characterised by elevated risk of skin cancer, whereas CS is characterised by progeria 

syndrome and TTD by cutaneous abnormalities (Bukowska & Karwowski, 2018). Currently, 

there are no available treatments for NER-deficient disorders.   



DNA Repair & CRISPR-Cas9-Mediated Genome Editing                        Ferreira da Silva, J. 

 6 

 
Figure 2: The Base Excision Repair (BER) and Nucleotide Excision Repair (NER) pathways. A) 
The BER pathway repairs damaged bases, through their excision by specialised glycosylases (such as 
OGG1 and NEIL1). The resulting abasic site is hydrolysed by the endonuclease APE1, generating a 
ssDNA nick that is then repaired by short-patch BER (1 nucleotide) or long-patch BER (2-13 
nucleotides). In short patch repair, the nucleotide is replaced by Pol- ß and the gap is joined by LIG3. 
For long path repair, PCNA and FEN1 are required for the end-processing. The gap is filled by Pol-ß or 
by Pol-ε/δ and joined by LIG1. PARP1 and XRCC1 are important scaffold factors. B) The NER pathway 
can be sub-divided into TC-NER and GG-NER. TC-NER recognises DNA lesions during DNA 
transcription, upon RNA polymerase II stalling. It then recruits CSA and CSB. In GG-NER, lesion 
recognition happens through XPC, DDB, RAD23B and XPE binding. Both pathways converge in the 
unwinding of the DNA by TFIIH and binding of XPA and RPA. Excision of the damaged oligonucleotide 
occurs through ERCC1-XPF and XPG. The gap is filled by Pol-ε, Pol-δ and Pol-κ, and ligation is 
mediated by LIG3. Figure reprinted and adapted with permission from Springer Nature Reviews Cancer 
(DNA repair dysregulation from cancer driver to therapeutic target, Curtin NJ (2012)). 
 

1.2.5 Translesion synthesis (TLS) 
 
 Translesion synthesis (TLS) can be considered more of a DNA damage tolerance 

mechanism, rather than a DNA repair pathway (Goodman & Roger, 2013). TLS relies on 

polymerases that are not stalled upon DNA lesions, such as thymine dimers or abasic sites. 

These polymerases have lower fidelity than normal DNA replication polymerases, hence 

errors can occur during this process. (Goodman & Roger, 2013). Nonetheless, TLS is 

important for some processes, such as providing a template for the repair of the DNA double-
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strand breaks (DSBs) that are generated after the excision of interstrand-crosslinks (ICLs), as 

discussed in the next section.  

 

1.2.6 Fanconi Anaemia (FA) repair pathway 
 
 The Fanconi Anaemia pathway is named after the rare monogenetic disease that 

arises when the body is not able to repair interstrand-crosslinks (ICLs). ICLs create a covalent 

bond between opposite strands of the DNA, blocking cellular essential processes, such as 

replication and transcription. If not repaired, ICLs can lead to replication fork collapse and 

apoptosis. 

 The main ICL-inducing drugs are bifunctional alkylating agents (nitrogen mustards), 

mitomycin C (MMC) and platinum compounds, such as cisplatin. Due to their high toxicity, 

most of these compounds are used as chemotherapeutic agents. ICLs can also be induced 

endogenously by by-products of lipid peroxidation (aldehydes and malonaldehydes) or ethanol 

metabolism (acetaldehyde and formaldehyde) (Garaycoechea et al, 2018; Noll et al, 2006). 

Fanconi Anaemia, originally described by Guido Fanconi in 1927, is characterised by 

bone marrow failure, cancer predisposition (mostly leukaemia) and congenital abnormalities 

covering a broad range of affected organs (Garaycoechea & Patel, 2014). Fanconi Anaemia 

arises from the loss of one FA or FA-associated protein.  

ICLs are recognised by the Fanconi Anaemia Complementation Group (FANC)M, 

during S-phase, when replication forks are stalled. This leads to the recruitment of the FA-

core complex, which consists of 10 proteins including FANCC and FANCL. FANCL, through 

its ubiquitin ligase activity, activates the downstream effector complex formed by FANCI and 

FANCD2 (FANCI-D2) (Kottemann & Smogorzewska, 2013). Upon activation of FANCI-D2, 

repair factors from other pathways are recruited, which cleave the nucleotides flanking the ICL 

and remove the crosslink from one of the two DNA strands (unhooking). TLS then occurs over 

the strand from where the crosslink was removed (Klein Douwel et al, 2014). Upon ligation, 

an heteroduplex is formed which serves as template for the homologous recombination (HR) 

pathway, which will be described later (section 1.2.7.2), to perform templated error-free repair 

of the crosslink, allowing cell division to proceed.  

 

1.2.7 Double-Strand Break Repair (DSBR) 
 
 DSBs (double-strand breaks) are highly cytotoxic lesions that lead to the topological 

separation of two DNA ends. Studies show that approximately 50 DSBs per cells arise 

endogenously, per day (Vilenchik & Knudson, 2003). Therapeutically induced DSBs can 

directly result from the action of topoisomerase inhibitors (such as etoposide or doxorubicine), 

or ionizing radiation (IR). Moreover, processes of DSBR play fundamental roles in important 
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cellular processes, such as meiosis or the generation of immune-receptor diversity (Jackson 

& Bartek, 2009). For this reason, cells have evolved dynamic and complex mechanisms to 

detect and repair this type of lesions.  

 The competition between end-joining and templated repair pathways is a key aspect 

of DSBR. Pioneering studies in the yeast Saccharomyces cerevisiae have helped elucidate 

this mechanism in humans. However, contrary to what is observed in yeast, DSBR in humans 

depends on a broader diversity of factors and end-joining pathways are favoured over 

templated repair pathways (Dicarlo et al, 2013; Mao et al, 2009).  

 End-joining pathways, such as non-homologous end joining (NHEJ) and 

microhomology-mediated end joining (MMEJ), repair the DSB by directly re-ligating the broken 

DNA ends. Templated repair is achieved through the action of the homologous-recombination 

(HR) pathway or single-strand annealing (SSA) (Figure 3). End-joining pathways are error-

prone, introducing insertions and deletions (indels) in the DNA, whereas templated repair is 

error-free. Human cells upregulate end-joining pathways over templated repair through 

several mechanisms. One key aspect in the competition between end-joining and template-

repair is cell cycle. NHEJ is active throughout all cell cycle phases, predominating in G0 and 

G1 (Shrivastav et al, 2008), whereas, HR is favoured when a sister chromatid is present, in 

G2/S (Chang et al, 2017). The processing of DSB ends, through end resection, is another 

main factor that dictates pathway choice. Unprocessed DSBs, with blunt ends, generally 

undergo repair through NHEJ, whereas 5’-3’ resection of DNA ends directs repair towards HR, 

SSA, or MMEJ (Figure 3).  

 DSBs are recognised by the MRE11-RAD50-NBS1 (MRN) complex. MRE11 is an 

exonuclease that performs the initial steps of DNA end-resection. RAD50 binds the two DNA 

ends, holding them together, and NBS1 recruits the ataxia-telangiectasia mutated (ATM) 

PI3K-family kinase (Ciccia & Elledge, 2010). Upon activation by auto-phosphorylation, ATM 

recruits and phosphorylates other factors that are important for the repair of the lesion. One 

of these substrates is the histone variant H2AX which, upon phosphorylation (becoming 

γH2AX), acts as an important signalling marker for DSBs. Other important proteins recruited 

to DSBs at this stage of repair are the p53-binding protein 1 (53BP1) and breast cancer 1 

(BRCA1). 53BP1 is a positive regulator of NHEJ, by binding to the DNA ends and inhibiting 

end-resection (Daley & Sung, 2014). 53BP1 and BRCA1 compete with each other for repair 

pathway choice, with BRCA1 favouring HR (Feng et al, 2015). 
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Non-Homologous End-Joining (NHEJ) 
 

In humans, NHEJ is the default pathway by which DSBs are repaired, being active 

throughout all phases of the cell cycle. NHEJ directly re-joins the broken DNA ends with 

minimal end-processing, approximately 30 minutes after break induction (Mao et al, 2009). 

 NHEJ is promoted by 53BP1, which prevents end-resection and other pathways that 

rely on this step. For a long time, the mechanism by which 53BP1 shields DNA-ends was not 

completely understood. This changed with the discovery of the shieldin-complex (Gupta et al, 

2018; Noordermeer et al, 2018; Dev et al, 2018), composed of SHLD1, SHLD2 (FAM35A), 

SHLD3 (CTC-534A2.2) and REV7. The shieldin-complex binds to DSB sites in a 53BP1- and 

RIF1-dependent manner. SHLD2 subunits bind to ssDNA, restricting DNA-end-resection and 

antagonising HR by blocking the binding of BRCA2 and RAD51.  

 Once the DSB has been committed to NHEJ-mediated repair, the Ku70-Ku80 

heterodimer (encoded by the XRCC6 and XRCC5 genes, respectively) binds to the broken 

DNA ends, which leads to the recruitment and activation of the DNA-dependent protein kinase 

catalytic subunit (DNAPK-cs), forming DNA-PK. DNA-PK recruits a complex assembled 

between Ligase IV (LIG4), X-ray cross complementing protein 4 (XRCC4) and the XRCC4-

like factor, XLF. This complex is responsible for the ligation of the two DNA broken ends 

(Figure 3).  

 
Homologous Recombination (HR) 
 
 HR is slower than NHEJ, requiring seven or more hours to complete (Mao et al, 2009; 

Liang et al, 1998). HR requires extensive end-resection of approximately 1 kb or more, which 

is achieved after the short resection by MRN, through the action of the exonuclease 1 (EXO1), 

Bloom RecQ helicase (BLM) and Dna2-nuclease-helicase, DNA2. The processing of these 

DNA ends generates long stretches of ssDNA that expose regions of homology between the 

resected DNA and the template (usually a sister chromatid) (Figure 3). BRCA1 mediates the 

recruitment of RPA, that is responsible for the binding and stabilisation of the ssDNA (Chen & 

Wold, 2014). This induces an S/G2 cell cycle arrest that is mediated by the phosphorylation 

of checkpoint kinase 1 (CHK1), as well as RAD51 activation (Jensen et al, 2010). RAD51 

conducts the homology search for a repair template. Pol-δ mediated extension of the gap and 

ligation of DNA ends is mainly achieved by LIG1.  

 

Single-Strand Annealing (SSA)  
 

SSA has been described as a sub-type of HR. This pathway requires regions of 

homology exceeding 200 bp in mammals and 20 bp in yeast (Ren et al, 2014; Liskay, R. M., 

Letsou, A. & Stachelek, 1987). SSA relies on RAD52, instead of RAD51, which binds to the 
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resected RPA-coated ssDNA (Figure 3). SSA generates flaps in the DNA that are resolved 

by the ERCC1-XPF nuclease complex and the filling of the DNA gaps is performed by 

unknown players, highlighting how unexplored this pathway is. SSA is conceptually closer to 

MMEJ rather than HR, but it generates larger deletions than MMEJ.  

 
Microhomology-Mediated End-Joining (MMEJ) 
 

MMEJ, also known as alternative end-joining (alt-EJ), is a recently discovered pathway 

to repair DSBs sharing characteristics with templated repair (both HR and SSA) and NHEJ. 

Similar to HR and SSA, MMEJ requires an initial, although shorter, end-resection step, 

exposing 5-25 bp regions of microhomology that flank the DSB. However, like NHEJ, MMEJ 

repairs the DSB without requiring a repair template, leading to an error-prone outcome (Seol 

et al, 2018). DNA flaps after resection are removed by the endonuclease complex ERCC1-

XPF and DNA polymerase θ (POLQ) fills the gap (Figure 3). The break is sealed by LIG1 or 

LIG3. PARP1 is also required for MMEJ, by inhibiting Ku binding and therefore competing with 

the NHEJ pathway.  

 
Figure 3: Double-Strand Break (DSB) Repair Pathway Choice. DSBs can be repaired by non-
homologous end-joining (NHEJ), alternative end-joining (a-EJ or MMEJ), single-strand annealing (SSA) 
or homologous recombination (HR). 53BP1 acts as a positive regulator of NHEJ, inhibiting end-
resection. NHEJ does not require extensive end-resection and the DNA ends are protected by the 
Ku70-Ku80 heterodimer. Ligation is performed by LIG4, stabilized by the XRCC4-XLF complex. CtIP 
and MRN are involved in extensive 5’-3’ end resection, generating stretches of ssDNA. A-EJ requires 
<25 bp microhomology and it depends on PARP1 and Polθ. SSA requires >20 bp of microhomology 
regions and is dependent on RAD52 and the XPF-ERCC1 complex. EXO1 and BLM provide the 
addition end-resection that is necessary for HR to occur. RPA binds to ssDNA for protection. RAD51-
mediated strand exchange, in combination with BRCA1 and BRCA2, promotes error-free repair by HR. 
Figure reprinted with permission from Springer Nature Reviews Molecular Cell Biology (Non-
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homologous DNA end joining and alternative pathways to double-strand break repair, Chang H, et al 
(2017)). 
 
 

1.3 DDR & Human Disease 

The relevance of the DDR to maintain genome integrity and stability is highlighted by the 

diversity of severe diseases that arise in humans following its impairment (Table 1). 

 

1.3.1 Cancer 
 

 An intrinsic characteristic of cancer development is genome instability (Stratton et al, 

2009). Additionally, most cancer treatments rely on the generation of DNA damage 

(Hoeijmakers, 2001). Therefore, it is common to observe germline polymorphisms or 

mutations in DDR genes predisposing to cancer. Additionally, somatic mutation or epigenetic 

silencing of DDR genes contribute to tumour development and subsequent malignant 

progression. In fact, current knowledge suggests that DDR defects are positively selected in 

cancer cells, as a way to tolerate oncogene-induced replication stress (Pearl et al, 2015). An 

example already mentioned is the predisposition to cancer (mostly colorectal and endometrial 

carcinomas) observed in MMR deficient tumours. Loss of some elements of one DNA repair 

pathway might be compensated by another pathway, posing both challenges and 

opportunities for cancer therapy, as explored in section 2.1.   

 

1.3.2 Heritable Human Diseases of Genetic Instability 
 
 Several human diseases are caused by genomic instability triggered by expansions 

and contractions of unstable DNA sequences. The repetitive nature of these sequences 

frequently cause aberrant secondary structures in the DNA (Jackson & Bartek, 2009). If there 

is an impairment in the DDR, these structures cannot be resolved, leading to diseases that 

commonly present with neuromuscular and neurodegenerative abnormalities. Notable 

examples of such disorders are fragile X syndrome (expanded CGG repeats in the FMR1 

gene), Friedrich’s ataxia (expanded GAA repeats in the FXN gene), spinocerebellar ataxias 

(expanded CAG repeats in various genes) and Huntington’s disease (expanded CAG repeat 

in the HTT gene). 

 

1.3.3 Neurodegenerative Disorders 
 
 Neurons exhibit high levels of ROS production, which can be damaging for DNA 

(Weissman et al, 2007). Additionally, neurons are heavily dependent on transcription, a 

process that is blocked by oxidative lesions in the DNA.  Consistent with the role of the BER 
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pathway in the repair of oxidative damage, mutations in this pathway are associated with 

neurodegenerative disorders, including ataxias, Alzheimer’s, Huntington’s and Parkinson’s 

diseases (Jackson & Bartek, 2009).  

 Moreover, by being arrested in G0, neurons are not able to repair DNA DSBs by 

templated repair mechanisms (such as HR). These cells mostly rely on the error-prone NHEJ 

pathway, which contributes to genomic instability. This limitation in cell division also explains 

the potential accumulation of permanently damaged neurons. The DDR dependencies of 

neuronal cells can potentially explain the neurodegeneration that is observed in diseases 

caused by defects in genes associated with DSBR and TC-NER, such as ataxias and 

Cockayne syndrome (CS), respectively.  

 

1.3.4 Ageing 
 
 Ageing is, in part, a consequence of the accumulation of DNA damage, being the result 

of a combined accumulation of DNA lesions over time and an associated decline in the ability 

to repair them. The link between DNA repair and ageing is further supported by the fact that 

patients with inherited disorders in DDR genes often display features of progeria (accelerated 

ageing). 

An example of a disease that manifests in progeria is Hutchinson-Gilford Progeria 

Syndrome (HGPS). HGPS is a rare syndrome with dramatic consequences. Individuals 

suffering from this disease develop severe growth abnormalities within two years after birth. 

HGPS patients display features of progeria and generally die of atherosclerosis and 

cardiovascular complications. HGPS is caused by a de novo heterozygous mutation (G608G) 

in exon 11 of the LMNA gene, which activates a cryptic splice site in this gene. This mutation 

leads to the production and accumulation of a permanently farnesylated and 

carboxymethylated version of the LMNA protein, called progerin. Progerin accumulates in the 

nuclei of cells, disrupting nuclear architecture and causing genomic instability which leads to 

premature senescence (Gonzalo & Kreienkamp, 2015). Moreover, HGPS has been shown to 

be associated defective DSB repair, with mouse and human fibroblasts displaying higher 

levels of DSBs, as measured by GH2AX levels. (Scaffidi & Misteli, 2006; Liu et al, 2005). 

Overall, this evidence highlight that the underlying genome instability observed in progerin 

syndromes, such as HGPS, often involve impairment of the DDR. Genome editing has 

recently been shown to be a promising therapeutic approach for HGPS, as described on later 

chapters. 
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1.3.5 Cardiovascular Disease and Metabolic Syndrome 
 

Several studies suggest a link between the DDR and cardiovascular disease (Mercer 

et al, 2007). The pro-apoptotic action of p53 can become detrimental in the setting of 

atherosclerosis and, subsequently, lead to stroke or heart attack. Moreover, enhanced DNA 

damage and its signalling has been characterised in artherosclerosis. An example of this is a 

recent a study describing the involvement of the NHEJ protein DNA-PK in atherosclerosis 

development. DNA-PK activity was shown to increase with atherosclerosis progression, 

playing an important role in the repair of DNA damage observed in the vessel wall (Haemmig 

et al, 2020). 

Overall, this and other interactions highlight the role that the DDR plays in modulating 

metabolic and cardiovascular mechanisms, with relevance to human disease. The interesting 

correlation between DDR and metabolism is, however, still largely unexplored.  

 
1.3.6 Immune Deficiencies 
 
 Fundamental processes for a functional innate immune response rely on DDR 

mechanisms, particularly those of DSBR. These processes generate the immune-receptor 

diversity that allows an effective recognition and clearance against antigens and pathogens 

(Litman et al, 2007). Therefore, defects in factors involved in DSBR are frequently associated 

with immune deficiencies. That is the case, for example, for NHEJ mutations that have been 

linked to immunodeficiencies (Jackson & Bartek, 2009). Additionally, patients with ataxia 

telangiectasia (ATM /ATR mutations), or Nijmegen breakage syndrome (NBS1 mutations) 

show impaired immunity, which manifests in recurrent infections.  
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Table 1: Summary of DDR mechanism and respective type of damage, prime lesions, key factors and 
associated diseases 
 

 
 

2. Exploiting the DDR Knowledge to Treat Human Disease 
 

2.1 Cancer Therapy 
 
 Chemotherapy and radiotherapy are two of the most common forms of cancer 

treatment. They function by generating DNA damage that exceeds the tumour cell capacity 

for repair. Among others mechanisms, these agents work by either blocking topoisomerases 

on the DNA (e.g. etoposide and doxorubicin), alkylating bases (e.g. temozolomide) or by 

inducing ICLs (e.g. cisplatin). Even though chemotherapy and radiotherapy affect the normal 

tissue to a certain degree, they are often more efficient in damaging the tumour tissue, 

reflecting the frequency of DDR impairment in cancer cells and the higher rates of proliferation 

that make them more vulnerable to DNA damage.  
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On the other hand, DNA repair is also frequently associated with cancer therapy 

resistance, since upregulated DNA repair pathways can cause resistance to DNA-damaging 

chemotherapeutic agents. For this reason, DNA repair inhibitors have the potential to sensitize 

tumour cells to therapy (Curtin, 2012). Currently, there are a number of compounds directly 

targeting the DDR under clinical evaluation for cancer therapy. These compounds target cell 

cycle-regulating kinases that are induced by DNA replication stress or damage (CHK1 and 

WEE1, for example), enzymes involved in BER (such as the apurinic-apyrimidinic 

endonuclease 1, APEX1), DR (such as MGMT), DSBR (DNA-PK, POLQ) or telomere 

maintenance (such as the telomerase reverse transcriptase, TERT) (Pearl et al, 2015). 

The initial rationale for the design of drugs that target DDR-enzymes was to use them 

as potentiators, inhibiting the mechanisms that repair the damage caused by radio and 

chemotherapy in cancer cells. However, these inhibitors soon became stand-alone therapies, 

by targeting the DDR mechanisms that are essential for the cancer cells to survive. This gave 

rise to the concept of synthetic lethality. Synthetic lethality can be defined as a type of 

interaction in which the combined loss of function of two genes leads to cell death, whereas 

loss of function of only one of these genes does not impair cell viability (Figure 4).  

The best example of a synthetic lethal interaction being exploited in the clinical setting 

is the one observed between PARP1, a key factor in the repair of SSBs, and the HR factors 

BRCA1 and BRCA2. PARP1 inhibition is not lethal to normal cells, but highly cytotoxic to cells 

that have defective HR (Fong et al, 2009; Ding et al, 2016 ). This is because PARP inhibition 

results in the trapping of the PARP-DNA complex at replication forks, causing the conversion 

of SSBs into DSBs, that need to be effectively repaired by HR. In BRCA-deficient cells, since 

HR is not functional, these DSBs are not repaired in an error-free manner, contributing to 

genome instability and apoptosis of the cancer cell. 

 The most clinically advanced PARP1 inhibitor is olaparib (also known as AZD-2281), 

which has been approved for use in multiple cancer types associated with germline BRCA 

mutations (Caulfield et al, 2019). Several other PARP inhibitors have completed clinical trials 

to determine their application for cancer treatment (Jiang et al, 2019). Since HR defects are 

observed in several cancer types, such as breast, ovarian, prostate and pancreatic cancer, 

PARP1 inhibitors have a broad applicability.  

Overall, among other avenues, personalised cancer therapy can be achieved by 

understanding the DDR fingerprint of a cancer cell and how it differs from the one of a normal 

cell. This allows for the exploitation of vulnerabilities and the subsequent design of intelligent, 

tailored therapies and more sensitive early malignancy detection methods.  
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Figure 4: Illustration of the concept of synthetic lethality. Normal cells respond to DNA damage by 
activating specialised pathways (A or B). There might also be an inappropriate pathway C that, upon 
activation from the damage, leads to cell death. This pathway is inactivated in normal cells. If normal 
cells are treated with an inhibitor for pathway B, they are still able to deal with the damage, through 
activation of pathway A. In a tumour cell where pathway A suffered a silent mutation, survival relies 
exclusively on pathway B. If an inhibitor for pathway B is applied, the tumour cell recurs to pathway C, 
which leads to cell death. Figure reprinted with permission from Springer Nature Reviews Cancer (DNA 
repair dysregulation from cancer driver to therapeutic target, Curtin NJ (2012). 
 

2.2 Gene Therapy 
 
 Correcting gene disfunction at the DNA level is a promising approach to treat many 

human diseases, including genetic diseases and cancer. Substantial advances in the field of 

human genome editing have been recently achieved, through approaches that harness the 

potential of the DDR. This will be further explored in the next sections.    

 
3. Genome Editing: Bridging DDR & Human Disease 
 
3.1 A Historic Perspective of Genome Editing 
 
 Since the discovery of the DNA double helix, in 1953 (Watson & Crick, 1953), several 

technologies have advanced with the intend of reading and altering genome sequences and 

gene-expression patterns in cells and organisms. The advent of genomic sequencing and the 

generation of whole-genome sequencing data have been fundamental for the advances in the 

genome editing field. The study of endogenous DNA repair pathways in several model 

organisms throughout the years has highlighted the existence of mechanisms that are 

involved in the repair of DNA DSBs. This knowledge led to the realisation that inducing DSBs 

at specific regions of the genome is a valuable strategy for targeted genome engineering.   

 Early genome editing approaches explored the utility of base-pairing for site-specific 

genome modification. These included oligonucleotides coupled to chemical cleavage (Strobel 
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& Dervan, 1990, 1991)  self-splicing introns (Yang et al, 1996), or RNA (Sullenger & Cech, 

1994). However, these methods were never considered robust approaches for genome 

engineering.   

During the early 2000’s, endonucleases became increasingly useful tools to target 

specific regions of the genome. First, zinc finger-mediated DNA binding domains, coupled with 

the nuclease domain of the restriction enzyme FokI, were exploited for editing of DNA 

sequences. Zinc finger nucleases (ZFNs) work by delivering a site-specific DNA DSB to the 

genome, that is in turn repaired by the endogenous DNA repair machinery of the cell, either 

in an error-prone (by end-joining pathways), or error-free manner (by templated-mediated 

repair pathways) (Hossain et al, 2015). The widespread adoption of ZFNs was however 

hampered by difficulties inherent to the design of such proteins. For this reason, transcription 

activator-like effector nucleases (TALENs), which were easier to manipulate than ZFNs, were 

more widely used. TALENs occur naturally in bacteria and, like ZFNs, induce a targeted DSB 

mediated by FokI. TALENs were shown, among other applications, to efficiently inactivate the 

HIV receptor CCR5 in somatic cells (Miller et al, 2011) and engineer T-cells for the treatment 

of childhood B-cell leukaemia (Qasim et al, 2017).  

Despite these advancements, technical challenges hampered the widespread 

implementation of these nuclease-based genome editing technologies. This was only solved 

in the early-2000s with the discovery of a system that truly revolutionised not only genome 

editing, but the entire field of molecular biology.  

 

3.2 CRISPR-Cas systems 
 
 CRISPRs (Clustered Regularly Interspaced Short Palindromic Repeats) were first 

described in 1987, as a series of short repeats, interspaced by short undescribed spacer 

sequences in the genome of E.coli (Ishino et al, 1987). It was later discovered that the spacer 

sequences have extrachromosomal origin and that CRISPRs are present in several bacteria 

and archae (Bolotin et al, 2005; Mojica et al, 2005; Pourcel et al, 2005). The observation that 

CRISPRs are transcribed into RNA and that Cas (CRISPR-associated) genes encode proteins 

with nuclease and helicase functions, led to the postulation that CRISPR-Cas systems act as 

an antiviral defence mechanism in prokaryotes. These systems would have been conserved 

across prokaryotic species and selected to provide acquired resistance (Barrangou et al, 

2007), by using an anti-sense RNA as a memory signature of past virus infections (Brouns et 

al, 2008).  

 CRISPR-Cas systems have been classified into three major types (type I, II and III) 

and 12 subtypes, given their genetic and functional differences (Barrangou & Marraffini, 2014). 

Overall, CRISPR-Cas-mediated adaptive immunity functions through three steps (Figure 5):  
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1) Adaptation: new spacers are copied from foreign nucleic acids and integrated into the 

CRISPR locus; 

2) CRISPR RNA (crRNA) biogenesis: CRISPR arrays are transcribed and processed into 

small interfering crRNAs; 

3) Targeting: cleavage of foreign nucleic acids by Cas proteins is directed at DNA 

sequences complementary to the crRNA spacer sequence. 

 

Several studies conducted in Streptococcus thermophilus have shown that most areas of 

the viral genome can be targeted, including non-coding sequences (Barrangou & Marraffini, 

2014). However, there is a danger that CRISPR systems can target host sequences. 

Therefore, CRISPRs must recognise and distinguish ‘self’ from ‘non-self’. The sequence in 

the exogenous nucleic acid that corresponds to the CRISPR spacer has been named the 

protospacer sequence and is flanked by a highly conserved motif, called protospacer adjacent 

motif (PAM) (Mojica et al, 2009). PAMs have been identified in several type I and type II 

systems, but not for type-III CRISPR systems (Barrangou & Marraffini, 2014). Interestingly, 

viruses frequently mutate PAM motifs, as a way to escape CRISPR immunity, highlighting the 

relevance of these conserved sequences (Sun et al, 2013). 

Another difference that is observed between the three CRISPR systems is the different 

cas gene content. Type I and III are closer to each other, as both systems rely on Cas6 to 

cleave the repeat sequences of the crRNA precursor, to generate small crRNAs. This 

cleavage typically occurs 8 bp upstream of the 5’-end. Targeting is mediated by a large, multi-

subunit ribonucleoprotein complex. In type-I systems, the targeting complex is called Cascade 

(CRISPR-associated complex for antiviral defence) (Brouns et al, 2008) and, in E.coli, it is 

formed by Cse1, Cse2, Cas7, Cas5 and Cas6e subunits. Cleavage of the nucleic acid is 

performed by Cas3, which is not a member of the Cascade complex, characterised in 

Streptococcus thermophilus  (Sinkunas et al, 2013). Two sequences are essential for 

cleavage to happen, the PAM sequence (AAG motif, immediately upstream of the 

protospacer) and the ‘seed’ sequence (6-8 bp within the crRNA, strictly complementary to the 

target sequence) (Semenova et al, 2011). The CRISPR type-III system also uses a large 

ribonucleoprotein targeting complex, with the subunit Cas10 harbouring its catalytic activity 

(Doudna & Charpentier, 2014).  

In contrast to type-I and III, type-II CRISPR systems require minimal Cas machinery for 

immunity (Jinek et al, 2012). This property laid the foundation for the use of CRISPR-Cas 

systems as useful tools for genome editing. 
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3.3 Functionality of the CRISPR-Cas9 System  
 

In type-II CRISPR systems, a trans-activating crRNA (tracrRNA) is essential for crRNA 

maturation by ribonucleoprotein III and Cas9. This is a small RNA trans-encoded upstream of 

the CRISPR-Cas locus (Figure 5). In 2012, a landmark study that conferred the 2020 

Chemistry Nobel Prize to Emmanuel Charpentier and Jennifer Doudna was published, 

describing an application of the CRISPR-Cas9 system in genome engineering (Jinek et al, 

2012). In this study, by using Streptococcus pyogenes (S.pyogenes) as model, the authors 

showed the mature crRNA and the tracrRNA can be engineered into an RNA complex that 

directs the endonuclease Cas9 to a particular region of the genome, where it induces a precise 

DSB. This RNA structure, called single-guide RNA (sgRNA), retains both the crRNA 20 bp 

sequence which allows base pairing to the DNA target site and a duplex RNA structure that 

binds to Cas9. (Figure 5). 

Cas9 is a large multifunctional protein with two independent nuclease domains, HNH 

and RuvC-like, and an "-helix-region with an Arginine-rich bridge helix, called the REC 

domain. The HNH nuclease domain cleaves the strand complementary to the 20 bp crRNA 

sequence, whereas the RuvC-like domain cleaves the opposite strand. The combined catalytic 

activity of these two Cas9 domains is what induces a DNA DSB. Both the base pairing to the 

crRNA sequence and the recognition of a PAM sequence (NGG, at the 3’-end of the 

protospacer) are essential for efficient DNA targeting by the sgRNA:Cas9 complex (Figure 5) 

(Jinek et al, 2012; Gasiunas et al, 2012). 

The engineering of the sgRNA created a unique and revolutionary way to harness the 

CRISPR-Cas9 system to program DSBs at any sequence of interest with an adjacent PAM 

motif. Contrary to ZFNs and TALENs, the CRISPR-Cas9 system only requires minimal 

engineering, making it an easy and cost-effective technology to target DNA sequences 

precisely and efficiently.  
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Figure 5: Schematics of the CRISPR-Cas (type II) system. In the adaptation phase, foreign genetic 
material, from a bacteriophage, is integrated into the CRISPR locus in a form of spacer, between repeat 
sequences. The CRISPR locus also contains a tracrRNA and Cas genes. This array is subsequently 
transcribed into the pre-crRNA, that gets further processed into crRNA which anneals with the mature 
tracrRNA. This complex is recognized by the protein Cas9 (in the targeting phase) that targets the 
foreign DNA complementary to the crRNA sequence. The protospacer adjacent motif (PAM) sequence, 
3’ to the crRNA-complementary sequence in the foreign DNA, is responsible for Cas9 recognition and 
binding. Targeted DNA is then cleaved by the endonuclease activity of Cas9, through the formation of 
a double-strand break. Bacteria and archae use this system to acquire memory of past virus infections 
and cleave the foreign genetic material. 
 

3.4 Cas Diversity 
 
 Cas9 is an endonuclease exclusively associated with CRISPR type-II systems. 

Despite sharing similar domain architecture (HNH, RuvC-like and REC  domains), there is a 

high structural diversity of Cas9 proteins (Hsu et al, 2014). Furthermore, Cas9 variations have 

been engineered, allowing the expansion of the CRISPR-Cas9 toolbox (further discussed in 

section 3.7). Mutations in either the HNH (H840A), or the RuvC-like domain (D10A), generate 

variants of Cas9 with ssDNA cleavage capacity, called nickase Cas9 (nCas9). nCas9 H840A 

cleaves the non-target strand, whereas nCas9 D10A cleaves the target strand. Additionally, 

simultaneous mutating both domains results in an RNA-guided DNA binding protein that is 

catalytically ‘dead’ (dCas9) (Jinek et al, 2012; Gasiunas et al, 2012).  
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Biochemical studies have reported that Cas9 recognises DNA target sites by bending 

the DNA strand at each PAM, flipping the base pairs out of the DNA duplex and toward the 

sgRNA, for sequence interrogation (Cofsky et al, 2021). Moreover, Cas9 has been shown, in 

vitro, to remain bound to the cut DNA for hours (Brinkman et al, 2018), but only for minutes in 

vivo suggesting that Cas9 is rapidly displaced from chromatin. The mechanisms that trigger 

Cas9 to leave the cut DNA are not yet completely understood, but there is evidence suggesting 

that the histone chaperone FACT might have an important role (Wang et al, 2019).  

 Another CRISPR RNA-guided endonuclease that has been applied to genome editing 

is Cas12a (also known as Cpf1) (Zetsche et al, 2015). In contrast to Cas9, Cas12a generates 

a staggered cut, which can be particularly useful for applications that require DNA integration 

in a particular orientation. 

 More recently, naturally RNA-targeting endonucleases, such as Cas13, have been 

described and used for applications that include RNA editing, as discussed in section 3.7.  

 
3.5 The PAM Motif: Cas9 Search Mechanism and Target Binding 
 
 Besides allowing the distinction between ‘self’ and ‘non-self’, PAM recognition 

activates Cas9 to alter its conformation, from target binding to cleavage (Sternberg et al, 

2014). Single-molecule studies have shown that the Cas9-sgRNA complex first associates 

with the PAM, allowing Cas9 to induce the DNA strand separation. The PAM motif lies within 

a base-paired structure (Anders et al, 2014), which indicates that DNA melting starts at the 

level of PAM recognition, resulting in directional R-loop formation (DNA:RNA hybrid and the 

associated non-template ssDNA), expanding towards the distal end of the protospacer 

sequence (Figure 5). 

 There is a high diversity and complexity of PAM motifs. The 5’-NGG PAM motif from 

S. pyogenes Cas9 (SpCas9) allows the targeting, on average, of every 8-12 bp in the human 

genome (Hsu et al, 2013).  

 Importantly, PAM engineering studies have created Cas9 variants with broader and 

more flexible PAM motifs. In 2018, David Liu and colleagues (Hu et al, 2018a) applied 

continuous evolution to generate and select for Cas9 mutants with broader PAM compatibility, 

obtaining xCas9, a Cas9 variant cleaving multiple PAMs at a higher efficiency than SpCas9. 

Since the generation and characterisation of xCas9, other PAM-flexible Cas9 variants have 

been engineered and, more recently, a ‘PAMless’ Cas9 (SpRY) has been developed, through 

protein rational design (Walton et al, 2020). Generally, this flexibility comes at the cost of lower 

DNA-cleavage activity (Legut et al, 2020). Nonetheless, these tools can be extremely useful 

for other genome-engineering applications for which stricter Cas9 positioning is required, such 

as single base editing, as discussed later on (section 3.7.3).  
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3.6 Applications of CRISPR-Cas9-Mediated Genome Engineering 
 
 By utilising a ‘humanised’ version of Cas9, coupled with custom-designed sgRNAs, 

CRISPR-Cas9 has proven to be an efficient method to edit genomes (Jinek et al, 2012; Cong 

et al, 2013; Mali et al, 2013). Cas9-induced DSBs induce the endogenous DNA repair 

machinery of the cell, leading to gene disruption, or knock-out (KO), mostly through the NHEJ 

pathway, or gene replacement (by HR). Multiplexing (i.e. the use of multiple sgRNAs 

simultaneously) was also shown to be possible (Cong et al, 2013; Mali et al, 2013), offering a 

promising approach to study polygenic diseases.  

Moreover, as a genome-engineering tool, CRISPR-Cas9 offers promising applications 

for agricultural research. CRISPR-Cas9-mediated editing has been used in crops, such as 

wheat and rice, revealing to be a powerful method to produce variants that are disease-

protected (Doudna & Charpentier, 2014).  

 Importantly, the efficient levels of genome editing achieved by the CRISPR-Cas9 

system allow the perturbation of many targets in parallel, making it possible to conduct 

functional genome-scale screens, in an unbiased and high-throughput manner. Genome-wide 

or focused lentiviral sgRNA libraries can be designed to introduce loss-of-function mutations 

into different genes, in each cell (Wang et al, 2014; Shalem et al, 2014; Sanjana et al, 2014; 

Doench et al, 2016). These phenotypes can then be positively or negatively selected, allowing 

the simultaneous interrogation of multiple perturbations, using a broad range of readouts, such 

as cell fitness (Shalem et al, 2014; Wang et al, 2014), fluorescence-activated cell sorting 

(FACS) (Parnas et al, 2015; Brockmann et al, 2017; Park et al, 2017), RNA-sequencing (Dixit 

et al, 2016; Jaitin et al, 2016; Datlinger et al, 2017; Replogle et al, 2020) or microscopy 

(Feldman et al, 2019). For the past years, functional CRISPR screens have been found to be 

powerful and widely versatile approaches that have significantly increased our knowledge of 

biological systems.  

 Finally, CRISPR-Cas9-mediated genome engineering offers great therapeutic 

potential for the correction of human diseases. This will be discussed in detail in later chapters. 

 

3.7 Emerging CRISPR-Based Technologies for Genome Engineering 
 
 The cleavage of the DNA by Cas9 induces genome editing, following repair by either 

end-joining or templated-mediated repair pathways. However, it is the intrinsic 

programmability of this system that makes this technology so unique. Alternatives to cleavage-

induced editing have been developed to expand the CRISPR-Cas9 toolbox. Additionally, 

fusing Cas9 variants with effector proteins has the potential to achieve a wider variety and 

specificity of genomic alterations.  
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3.7.1 Transcriptional Control by CRISPR interference (CRISPRi) and activation 
(CRISPRa)  
 
 Transcription regulation is exquisitely complex in eukaryotes. Genes are controlled by 

activating and repressing transcription factors that act in regulatory elements spanning large 

regions of the genome. Further levels of regulation include epigenetic modifications or histone 

acetylation and methylation. The lack of tools for targeting transcription and epigenetic 

modifiers to specific regions of the genome has been a long-standing challenge. 

In 2013, dCas9 was fused to effector proteins with opposing gene regulatory functions, 

in order to create a flexible RNA-guided platform to modulate transcription (Qi et al, 2013; 

Gilbert et al, 2013). The most effective domains fused with dCas9 for CRISPR interference 

(CRISPRi) and CRISPR activation (CRISPRa) are the heterochromatin inducer KRAB 

(Krüppel-associated box) and the transcriptional activator VP64 (which consists of four copies 

of the herpes simplex VP16 activation domain), respectively (Figure 6). Both CRISPRi and 

CRISPRa have been proven to be effective approaches to respectively up- or down-regulate 

gene transcription in human cells.  

Since the advent of CRISPRi/a, the technology has proved its value as a robust 

platform to modulate transcription at a genome-wide level, showing high reproducibility and 

efficiency, with low off-targets. More recently, a CRISPRi-based approach has been 

developed to titrate expression of human genes. This approach is based on sgRNAs 

containing mismatches to their target site, allowing differential knock-down of gene 

expression. Mismatched sgRNAs coupled with CRISPRi can have important implications for 

fine tuning pathways or studying genes whose complete depletion would lead to cell death 

(Jost et al, 2020).  

Importantly, CRISPRi and CRISPRa screens for growth phenotypes have yielded 

complementary insights (Gilbert et al, 2014; Horlbeck et al, 2016). CRISPRi screens have 

identified essential genes in different contexts, highlighting cancer-specific vulnerabilities that 

can be exploited therapeutically (Kampmann, 2018). CRISPRi can also be a useful strategy 

to interrogate the effects of downregulating essential genes (for which a KO would be lethal), 

as it is the case with many DDR-associated genes.  

On the other hand, CRISPRa has tremendous potential to explore and elucidate 

mechanisms of drug resistance, which arise frequently from gain-of-function mutations. A 

notable example was the CRISPRa screen performed in BRAF(V600E) melanoma cells for 

resistance to a commonly used BRAF inhibitor, that not only recapitulated previously known 

resistance mechanisms mediated by EGFR and Erk activation, but also revealed novel 

resistance mechanisms (Konermann et al, 2015). CRISPRa can also be a useful approach for 

cellular reprogramming (Black et al, 2016; Liu et al, 2018). 
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Figure 6: Transcriptional control via CRISPR interference (CRISPRi) or CRISPR activation 
(CRISPRa). In CRISPRi, a catalytically inactive Cas9 (dCas9) is fused with the Krüppel-associated box 
(KRAB), an heterochromatin inducer that blocks transcription. In CRISPRa, dCas9 is fused with VP64 
that activates transcription, leading to gene activation.  
 
3.7.2 Epigenome Editing 
 
 dCas9 fusions can also be employed to target epigenetic modifications, such as 

acetylation and methylation of histones. CRISPRoff is an example of such an approach, where 

dCas9 is fused to several epigenome modifiers, has the potential to induce stable and 

heritable epigenetic reprogramming through specific DNA methylation and subsequent gene 

silencing (Nuñez et al, 2021). This process can be reversed by CRISPRon, which removes 

the installed DNA methylation and recruits transcription machinery (Nuñez et al, 2021). 

Despite the potential of these approaches, their application in an in vivo therapeutic 

setting remains to be assessed.  

 

3.7.3 Single-Base Editing  
  
 Most common genetic variants that are associated to human diseases are single 

nucleotide substitutions. Therefore, the ability to precisely edit single-bases is highly relevant. 

Editing of single bases can be achieved by conventional CRISPR-Cas9 genome editing, 

providing the cells with a repair template that allows the HR pathway to introduce the desired 

alteration. However, as explored later (section 5.2), genome editing by homology-directed 

repair (HDR) can be a challenging approach, as its efficiency remains low. Additionally, this 
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strategy relies on the generation of a DSB, which besides creating toxicity to the cell, also 

engages end-joining pathways leading to error-prone repair and subsequent undesired indels.  

 Single-base CRISPR-mediated genome editing has been developed utilising nickase 

(nCas9), for targeting enzymes known to alter DNA bases to specific regions of the genome, 

in a DSB-independent manner (Figure 7). The first generation of base editors consisted of 

fusing nCas9 with cytosine deaminases, such as APOBEC1 (Apolipoprotein B-editing 

enzyme, catalytic polypeptide 1) (Komor et al, 2016; Nishida et al, 2016) (Figure 7A). 

APOBEC1 is an RNA-targeting enzyme that deaminates cytosines in a diverse set of 

pathways (Rosenberg et al, 2011). Cytosine (C) deamination, mediated by APOBEC1, 

converts it into uracil (U). The resulting G:U heteroduplex activates the BER pathway which, 

through the activity of a uracil-DNA glycosylase (UDG), excises the erroneous nucleotide and 

restores the DNA to the initial G:C duplex (Figure 7B). This endogenous DNA repair process 

antagonises the desired outcome of base editing. Therefore, a uracil glycosylase inhibitor 

(UGI) can be fused to nCas9 to inhibit BER and increase the efficiency of base-editing. Upon 

BER inhibition, the U:G mismatch is instead recognised by the MMR pathway, which utilises 

the nicked strand as a signal of repair (Figure 7C). Hence, by using a variant of nCas9 that 

nicks the non-edited strand containing the G, the U:G mismatch is favourably resolved into 

U:A, or T:A, reaching the desired C>T (or G>A) substitution.  Therefore, the most advanced 

forms of cytosine-deamination base editors (CBEs) consist of an APOBEC fused to 

nCas9(H840A) and a UGI (Komor et al, 2016).  
 The single-base editing toolbox was further expanded in 2017, with the development 

of adenine base editors (ABEs) which can perform A > G (or T > C) targeted conversion 

(Figure 7). The most efficient reported ABE was developed by directed evolution of a tRNA 

adenine deaminase that accepts DNA as a substrate, called TadA (Gaudelli et al, 2017) 

(Figure 7D). TadA converts adenosine (A) to inosine (I), which is read as guanosine (G) by 

DNA polymerases (Figure 7E). Therefore, an A:T heteroduplex gets converted into I:T, that 

upon DNA repair and replication gets converted into G:C. As with CBEs, ABEs consist of a 

fusion between the effector enzyme (TadA) and nCas9 for DNA targeting.  
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Figure 7: Base editing strategies. A) Cytidine base editors (CBEs) work through a fusion of nickase 
Cas9 (nCas9) with the enzyme APOBEC and a uracil glycosylase inhibitor (UGI). APOBEC deaminates 
cytosines (C), converting them into uracils (U). B) The Base Excision Repair (BER) pathway deals with 
this heteroduplex by removing the U and replacing it back to C. This error-free repair is not the desired 
outcome of a base editing strategy. BER can be inhibited by the UGI. C) In that case, the Mismatch 
Repair (MMR) pathway takes over. Since this pathway is strand-biased, it preferentially repairs the 
nicked strand containing the non-edited guanine (G), converting it to adenine (A), so that is pairs with 
U. The A:U heterodimer is then converted into A:T during replication, the desired outcome of CBEs. D) 
Adenine base editors (ABEs) are based on the adenine deaminase TadA that converts A into inosine 
(I). E) Inosine is read by the cellular machinery of repair and proliferation as a G, leading to the insertion 
of a C opposite to it. The I:C heteroduplex is then converted into G:C, the desired outcome of this base 
editing strategy.  
 

An important feature of base editors is the fact that they act only on ssDNA, and not 

on dsDNA. This is critical to restrict the enzymatic activity of the base modifier to a small 

window of nucleotides within the ssDNA-loop created by Cas9. However, several studies 

reported off-target effects derived from base editors activity, often independently of the 

DNA:sgRNA interaction (Kim et al, 2017). For this reason, further studies are still warranted 

to study and decrease the off-target effects generated by base editors.  

BEs can also be used as an alternative approach to create loss-of-function variants, 

without the generation of potentially deleterious DSBs. A method called ‘CRISPR-STOP’ has 

been developed using CRISPR base editors to efficiently create early stop codons by single 

base substitutions (Kuscu et al, 2017). Moreover, base editors have been successfully utilised 
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in pooled screens for the functional interrogation of human single-nucleotide variants (Cuella-

Martin et al, 2021; Hanna et al, 2021). 

 

3.7.4 CRISPR-Mediated RNA Editing 
  
 Cas orthologs that bind to RNA instead of DNA have been exploited for RNA editing. 

So far, Cas13 has been in the centre of most RNA editing applications, but a recently 

described Cas ortholog (Cas7-11) offers a better programmability, which can be harnessed 

for precise editing of RNA (Özcan et al, 2021).   

Cas13 cuts uracil bases anywhere in the proximity of the target site. This ability to 

promiscuously cleave RNA hampers its application for precise editing, but created the basis 

for the development of an RNA detection platform termed ‘SHERLOCK’ (Specific High-

Sensitivity Enzymatic Reporter Unlocking) (Gootenberg et al, 2017). Here, Cas13 activation 

and subsequent RNA-cleavage releases a reporter signal, which has been applied as a 

diagnostic test to detect viral RNA (Gootenberg et al, 2017). During the COVID-19 pandemic, 

SHERLOCK has been used as a diagnostic method for the detection of the most recent 

coronavirus (Zhang F. 2020 v.20200321). This technology was granted emergency-used 

approval, becoming the first CRISPR-application to be approved by the United States Food 

and Drug Administration (FDA).  

 RNA editing offers several applications, such as the study of RNA-protein interactions, 

the modulation of transcripts, or the visualization of RNA trafficking and localisation with 

fluorescently-tagged Cas13. Nonetheless, the application of RNA editing to treat disease still 

remains to be explored.  

 

3.7.5 Prime-Editing   
 
 Prime Editing  is the most recent promising approach for precise genome editing, using 

an RNA template for gene alteration (Anzalone et al, 2019). Prime editing is considered a 

‘search-and-replace’ tool with the potential to mediate targeted insertions, deletions and all 

possible combinations of single-base conversions, without DSB generation or the requirement 

for a donor DNA template. It is therefore considered to be an extremely versatile technology. 

 Prime editing, similarly to base editors, works with a fusion of a nCas9 (H840A) to an 

effector protein, this time being a reverse transcriptase (RT) (Figure 8A). RT is an enzyme 

that uses RNA as a template to generate complementary dsDNA, in a process called reverse 

transcription. RT enzymes can be found for example in retroviruses, to replicate their 

genomes, but also by eukaryotic cells for telomere extension. During reverse transcription, RT 
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uses an RNA template and a short primer complementary to the 3’-end of the RNA, to direct 

the synthesis of cDNA. 

Besides the nCas9-RT fusion, prime editing requires a prime editing guide RNA 

(pegRNA). PegRNAs, similarly to sgRNAs, conserve the ability to recruit nCas9-RT to a 

particular DNA target site, but they are particular in the sense that pegRNAs encode, in their 

3’-extension, new genetic information to be introduced to the target DNA (Figure 8B).  

After nicking of the genomic DNA by nCas9, reverse transcription, mediated by the RT 

enzyme, is initiated at the exposed 3’hydroxyl group (Figure 8C). The 3’extension of the 

pegRNA is utilised as template to synthesise new DNA, leading to the introduction of the 

desired sequence (Figure 8D). The result of these initial steps is a DNA structure with two 

redundant ssDNA flaps, a 5’ flap containing the original DNA sequence and a 3’flap containing 

the edited sequence copied from the pegRNA (Figure 8E). What follows is a process of flap 

equilibration that is still not fully understood. 5’ flaps are favourably cleaved by structure-

specific endonucleases, such as FEN1, a factor of the BER pathway. The preferential excision 

of the 5’ flap leads to integration of the edited 3’flap, driving the introduction of the desired edit. 

The result of this integration is an heteroduplex DNA containing an edited and a non-edited 

strand (Figure 8F). 
The resolution of this heteroduplex is the basis of the development of more advanced 

prime editing strategies (PE3 and PE3b). In these strategies, an additional nick is induced in 

the non-edited strand, directing DNA repair to use the edited strand as a template. MMR has 

been speculated as the pathway responsible for this repair (Scholefield & Harrison, 2021). 

This nick is induced by the same nCas9(H840A)-RT fusion, this time coupled with a regular 

sgRNA (instead of a pegRNA) and leads to a fully edited dsDNA (Figure 9). PE3b differs from 

PE3 since the nicking of the non-edited strand only happens after the resolution of the edited 

strand. This is achieved through the design of the second sgRNA with a spacer that matches 

the edited strand, hence guaranteeing that the second nick only occurs after editing of the first 

strand. Compared to PE3, PE3b considerably reduces the occurrence of indels by 13-fold, 

which frequently arise from simultaneous nicks (Anzalone et al, 2019).  

Prime editing has been described as remarkably versatile, capable of installing a broad 

range of alterations with high efficiency and low off-target effects. In humans, prime editing 

has the potential to correct up to 89% of the known pathogenic human genetic variants 

(Anzalone et al, 2019). Moreover, by potentially being cell-cycle-independent (contrary to 

HDR), one of the biggest advantages offered by this technology is the potential to edit 

postmitotic cells, such as neurons. Prime editing has been broadly applied to genome editing 

studies in multiple organisms, such as rice and wheat (Lin et al, 2020), zebrafish (Petri et al, 

2021), mice (Liu et al, 2020), human stem cells (Sürün et al, 2020) and patient-derived 

organoids (Schene et al, 2020). Despite its versatility, the efficiency of prime editing widely 
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varies across cell types, edits and target loci (Anzalone et al, 2019) and further studies are 

still warranted to determine its application in the clinics. 

 
 
Figure 8: Schematics of prime editing. A) Prime editing works via a nickase Cas9 (H840A-nCas9) 
that targets the non-targeted strand, coupled with a reverse transcriptase enzyme (RT). B) The nCas9-
RT complex is directed to the genomic DNA through the prime editing sgRNA (pegRNA), that besides 
the spacer and scaffold sequences, also contains a 3’extension that includes a primer binding site 
(PBS) for the RT and a template, comprising the desired alteration to introduce in the genome (depicted 
in red). C) The pegRNA anneals to the genomic DNA complementary to the spacer sequence, directing 
the nick of the non-target strand, which hybridises with the PBS at the 3’extension of the pegRNA. D) 
RT uses the pegRNA 3’extension as template to synthesize DNA, introducing the desired alteration into 
the genomic DNA. E) The process of flap equilibration leads to installation of the edit after 5’flap removal 
and 3’flap ligation. F) An heteroduplex DNA containing an edited a non-edited strand is the final result. 
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Figure 9: Schematics of PE3 and PE3b. The heteroduplex DNA that results from PE is resolved by 
the nicking of the non-edited strand (using a sgRNA), which prompts the cell to repair this break using 
the edited strand as template.  
 
 
4. Genome Editing to Treat Human Disease 

 

4.1 The Promise: Therapeutic Scope for CRISPR Editing 
 
 Despite the complexity inherent to the genetics of human disease, some of the most 

common genetic disorders are caused by specific mutations in particular genes, or regions of 

the genome. Sickle cell disease and muscular dystrophy are examples of two common human 

diseases that can be treated or cured by genome editing in a near future.  

Sickle cell disease occurs in individuals who have two defective copies of the HBB 

gene, encoding 5-globin. In these patients, a single A-to-T mutation results in a glutamate-to-

valine substitution in 5-globin, causing the defective protein to form chain-like polymers of 

haemoglobin, inducing a sickled shape in red blood cells that leads to obstructed blood vessels 

and, eventually, organ failure. Bone marrow transplantation can be used to treat this disease, 

but it requires the use of cells from a suitable donor. Gene editing solves this restriction, since 

it can be achieved by removing hematopoietic stem cells from the patient to correct the 

disease-causing mutation ex vivo. The corrected edited stem cells could then be transplanted 

back into the patient to produce healthy red blood cells.  

Overall, blood disorders are particular good candidates for genome editing, since cells 

are easy to extract. In fact, several genome editing studies have shown promising outcomes 

for the correction of pathogenic mutations in blood disorders (Wu et al, 2019; Baik et al, 2019). 

Moreover, clinical trials, developed for sickle cell disease and β-thalassaemia have used 

CRISPR-Cas9 to engineer hematopoietic stem cells to boost the production of foetal 
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haemoglobin, a type of haemoglobin that is present at birth and is afterwards replaced by the 

adult form. This was achieved by disabling the BCL11A gene, which encodes a transcription 

factor that otherwise represses foetal haemoglobin synthesis. Results from this clinical trial 

have shown that two patients were cured following this therapy, building excitement around 

somatic targeted CRISPR-Cas9-based therapy (Zipkin, 2019; Frangoul et al, 2021).  

Moving away from blood disorders, most genetic diseases would require the correction 

of the causing mutation in the tissue. Duchenne muscular dystrophy (DMD) is an example of 

such disease, causing weakening of skeletal muscles over time. DMD arises due to a 

frameshift mutation in exon 51 of the gene that encodes dystrophin, a protein necessary to 

maintain the integrity of striated muscles. Importantly, the restoration of a small percentage of 

normal dystrophin expression is sufficient to provide a beneficial clinical outcome, making 

DMD a good candidate disease for genome editing. Several studies have reported the in vivo 

restoration of the open-reading frame of DMD, and the synthesis of a partially functional 

dystrophin, following adeno-associated virus (AAV)-delivery of CRISPR-Cas9 components 

(Nelson et al, 2016; Long et al, 2016; Tabebordbar et al, 2016; Amoasii et al, 2018).  

 Moreover, therapeutic genome editing approaches are currently under development 

for genetic ocular diseases, such as retinitis pigmentosa, which causes progressive retinal 

degeneration and may result in blindness. In mice, CRISPR-Cas9 mediated knockdown of the 

Nrl (Neural retina-specific leucine zipper) gene, responsible for specifying rod cell fate during 

retinal development, led to loss of rod features and preservation of cone-like features in three 

distinct mouse models of retinal degradation (Yu et al, 2017).  

Besides the correction of genetic diseases, genome editing has also achieved 

promising results for cancer therapeutics, such as via the enhancement of engineered 

autologous T-cells (via chimeric antigen receptor (CAR)-T-cells), for T-cell immunotherapy 

(Eyquem et al, 2017). Additionally, CRISPR-Cas9 has been employed to  target programmed 

cell death protein 1 (PD1), blocking inhibitory signals that prevent tumour recognition by the 

immune system (Fellmann et al, 2017).  

Multiple in vivo studies have indicated that base editing is a promising approach for 

therapeutic genome editing. Base editors are advantageous over CRISPR approaches that 

rely on SpCas9, since DSBs are not generated. An example of an in vivo study utilising base 

editors for therapeutic genome editing was the generation of a loss-of-function variant in the 

PCSK9 gene in cynomolgus monkeys. The animals receiving the base-editing machinery 

showed reduced LDL cholesterol, indicating a viable approach for the treatment for 

hypercholesteremia (Musunuru et al, 2021). Additionally, base editing has been successfully 

used for the correction sickle cell disease and Hutchinson Gilford progeria, in mice (Newby et 

al, 2021; Koblan et al, 2021b).  
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Several interventional clinical trials involving CRISPR-Cas9-based gene editing are 

currently on-going, all over the world (Wang et al, 2020). However, despite the tremendous 

potential of genome-editing applications for curing human disease and the considerable 

advancement in the field, further studies are still necessary before the definitive introduction 

of this technology in the clinics. Preclinical results are promising, but safety still neds to be 

addressed.  Moreover, for each disease, important considerations need to be made, as the 

underlying mutation needs to be matched with the best gene editing method, cells or tissue 

delivery and the extend of gene correction that would have a therapeutic value (Ferreira da 

Silva et al, 2021). Being a technology that is heavily dependent on the endogenous DNA repair 

machinery of the cell, DNA repair impairment might compromise the amenability of certain 

diseases to be treated by CRISPR-Cas9 genome editing, a knowledge that would be essential 

for its implementation in the clinic. !

 
4.2 The Challenge: Obstacles to Overcome  
 
4.2.1 Delivery 
 
 Delivery remains one of the biggest challenges for somatic genome editing, motivating 

the continuous emergence of new strategies to improve it. The currently favoured form of ex 

vivo or in vitro delivery of CRISPR-Cas9 components to primary cells is electroporation of 

Cas9 as a pre-formed complex with sgRNA, in the form or a protein-RNA complex 

(ribonucleoprotein, RNP). In vivo delivery, however, is more challenging and it usually requires 

viral vectors, typically adeno-associated virus (AAVs), or lipid nanoparticules bearing mRNA 

Cas9 and a sgRNA.  

 Viral delivery methods have the potential to target a broad range of tissues in an 

efficient manner. However, viral vectors offer limited cargo size. The maximum size for a 

transgene cassette to be inserted into an AAV is approximately 4.7 kb, which is not a lot 

considering that S. pyogenes Cas9 alone is 4.2 kb long (Wang et al, 2020). Moreover, 

additional viral vectors are necessary to express the sgRNA and a template sequence for 

homology-directed repair (HDR). This reduces the efficiency of editing, as both viral vectors 

need to be acquired simultaneously (Yang et al, 2016; Lau & Suh, 2017). The identification of 

smaller orthologs of Cas9, more compatible with AAV delivery, can be an approach to 

overcome the cargo limitation (Wang et al, 2020). Another caveat associated with viral-

delivery is the long-term exposure of genome-editing factors, which may increase the 

exposure of patients to off-target effects, or immune reactions (Doudna, 2020).  

 Nanoparticles are an alternative approach to viral-delivery of CRISPR-Cas9 

components and they have been shown to be efficient in a variety of studies (Zuris et al, 2015; 

Cheng et al, 2020). In contrast to viral delivery, nanoparticles do not lead to genomic 
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integration and offer low immunogenicity. However, disadvantages of this approach include 

high toxicity and limited tissue-tropism.  

 Electroporation has been widely used to deliver CRISPR-Cas9 components ex vivo, 

but it and has also been successful for delivery to animal zygotes (Qin & Wang, 2019) and to 

introduce CRISPR-Cas9 constructs directly into skeletal muscle of mice with DMD. However, 

this strategy is not easy to implement in vivo, since it requires specific reagents and 

engineering.  

 

4.2.2 Immunogenicity  
 
 Another factor that affects the implementation of CRISPR-Cas9 in the clinics is the 

potential immune response that might be triggered by the delivery of editing components (such 

as Cas9), which are derived from bacteria. This can lead to inflammation and compromised 

genomic stability. Cas9 antibodies and reactive antibody T-cells have been detected in 

humans exposed to bacteria containing CRISPR systems (Wagner et al, 2019). However, it 

is not clear if these detected levels would be enough to trigger an immune response against 

CRISPR editing factors. These caveats can be overcome by transient methods of delivery in 

an ex vivo setting, since the natural decay of Cas9 in edited cells would minimize Cas9 

exposure.   

 
4.2.3 Off-Target Effects 
 
 Off-target effects occur when CRISPR-Cas9-induced DSB and subsequent repair 

occurs at genomic sites that are not intended for modification. This usually happens at sites 

with a similar sequence to the target site, as it has been described that there is a tolerance for 

sgRNA mismatches in the binding of Cas9 (Hsu et al, 2013).  

Several strategies to detect and mitigate off-target effects have been developed over 

the years (Tsai et al, 2015; Wienert et al, 2019). First, off-target effects can be minimised by 

carefully selecting target sequences that lack homology with other regions of the genome (Cho 

et al, 2014). Reduced  off-target effects can also be achieved by the generation of paired nicks 

(by nCas9) instead of a single DSB generated by Cas9 (Cho et al, 2014). This creates the 

additional requirement of having two target sites close together for the generation of the DSB, 

adding an additional layer of control. Delivery also seems to influence off-target effects, with 

direct delivery of the RNP complex Cas9-sgRNA showing reduced off-target effects compared 

to viral delivery methods (Kim et al, 2014). Finally, ‘high-fidelity’ variants of Cas9 have been 

engineered to reduce nonspecific interactions, resulting in increased DNA specificity 

(Slaymaker et al, 2016; Kleinstiver et al, 2016). 
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4.2.4 Precision  
 
 Imprecise genome editing happens when the editing outcome is not as desired, even 

though it occurred in the correct genomic location. This is usually the result of different 

mechanisms of DNA repair functioning after a Cas9-induced DSB. Moreover, large deletions 

and complex rearrangements have been described to occur in a diversity of cellular models 

(Kosicki et al, 2018). Even though these are rare events, they are relevant in a clinical setting, 

since these translocations might lead to cancer (Maddalo et al, 2014; Buechele et al, 2015). 

Understanding the DNA repair mechanisms that act on a Cas9-induced break is therefore 

essential to reduce or eliminate undesired events, therefore improving CRISPR’s precision.  

 
4.2.5 Considerations for Germline Genome Editing 
 
 Germline editing differs from somatic genome editing in the sense that it results in 

genetic changes that are heritable. Even though germline editing has been broadly applied in 

animals and plants, it is still an important matter of debate in humans. In 2018, during the 

Second International Summit on Human Genome Editing (held in Hong Kong), a controversial 

study was presented describing the editing of human embryos that had resulted in the birth of 

twin girls, in China. This presentation triggered widespread discussions on human germline 

editing and its ethical and scientific regulations, raising important questions regarding the 

application of the CRISPR-Cas9 technology in human embryos. Several consensual points 

aimed at regulating the application of genome editing technologies for germline editing were 

drafted (Doudna, 2020): 

i. It is considered inappropriate to perform germline genome editing that culminates in 

human pregnancy; 

ii. In vitro germline genome editing in humans (both embryos and gametes) should be 

allowed and there should be no prohibition on public funding for this type of research, 

provided that there is appropriate informed consent from the donors; 

iii. Future clinical applications of human germline genome editing should not proceed, 

unless there is (1) a compelling medical reason, (2) evidence supporting its clinical 

use, (3) an ethical justification and (4) a transparent public process to solicit input. 

 

Finally, a strong point raised during this discussion was the fact that there is not enough 

knowledge about the DNA repair mechanisms and the development pathways that operate in 

early human embryos to predict editing outcome with certainty. Cell cycle control in human 

embryos appears to differ greatly from what is observed in somatic cells (Bazrgar et al, 2014) 

and the mechanisms by which DSBs are repaired in embryos are still under debate (A. Lea & 

K. Niakan, 2019; Zuccaro et al, 2020). Further research is necessary to resolve these 
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remaining questions, once again highlighting the importance of understanding the DNA repair 

mechanisms for a safe implementation of the CRISPR-Cas9 technology.  

 

 
5. DNA Damage Response: The Foundation of Genome Editing  

 
CRISPR-Cas9-mediated genome editing is a technology that mostly relies on the DDR 

(Figure 10A). This is true for the conventional repair of Cas9-mediated DSBs - which will be 

the focus of this chapter - but also for emergent technologies, such as base editing or prime 

editing. The ultimate goal of genome editing is therefore a safe steering of the DDR-decision 

process: from lesion to desired outcome, with very few side-products. Despite the 

longstanding study of the DDR in model organisms such as yeast, its control can only be 

achieved by a deep understanding about the repair mechanisms that act in human cells upon 

CRISPR-Cas9-mediated lesions, a question that still warrants further investigation.  

 

5.1 Template-Free Repair of Cas9-Mediated DSBs 
 
 Following Cas9 cleavage, template-free DNA repair is generally considered to be 

error-prone, leading to small indels (< 10 bp) that culminate in gene disruption (gene KO) 

(Figure 10A). This ability to generate loss-of-function variants has been attributed to the NHEJ 

pathway, which directly re-ligates DNA ends following cleavage (Bothmer et al, 2017). 

However, several studies have uncovered an important role for the MMEJ pathway in the 

repair of Cas9-induced DSBs (Figure 10A) (van Overbeek et al, 2016; Brinkman et al, 2018).   

 Despite the intrinsic error-prone nature of end-joining pathways, the mutational profile 

generated by a sgRNA was shown to be highly reproducible, predictable and mainly 

dependent on the targeted DNA sequence (van Overbeek et al, 2016; Shou et al, 2018). 

Following these observations, several recent studies have systematically analysed repair 

products generated by distinct sgRNAs and correlated them with the regions flanking the DSB 

(Allen et al, 2018; Shen et al, 2018). This led to the conclusion that end-joining mediated Cas9 

editing can be harnessed to achieve a particular desired editing outcome. These studies have 

uncovered general patterns of repair, showing that most sgRNAs have a single outcome that 

contributes at least 20% of the observed repair profiles. When a consensus exists, it is almost 

always a single nucleotide insertion (most likely of the nucleotide that flanks the DSB, distal 

from the PAM sequence), a microhomology-mediated deletion of at least 3 nucleotides, or a 

deletion of 1-2 nucleotides (Allen et al, 2018).  

 The ability to predict template-free repair outcomes has highlighted the relevance of 

the MMEJ pathway, which has been harnessed in different contexts. One strategy makes use 

of microhomologies between an exogenous DNA donor, to drive precise genomic integration 
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(Nakade et al, 2014). Moreover, alt-EJ has been explored for therapeutic gene correction (Iyer 

et al, 2019), by repairing a DSB induced near the centre of a disease-causing microduplication.   

 
5.2 Homology-Directed Repair (HDR) 

 

 HDR is an error-free type of DNA repair that utilises a DNA strand as template (Figure 
10A). It can be further categorized based on the nature of the nucleic acid acting as template 

into homologous recombination (HR), if the template is a dsDNA (from a plasmid, or a sister 

chromatid), or single-stranded templated repair (SSTR), if a ssDNA donor (e.g. a synthetic 

oligonucleotide) is used as repair template. Due to its meticulousness, HDR is more relevant 

for therapeutic purposes. Its efficiency, however, remains problematically low, especially in 

post-mitotic cells like myofibers and neurons. Multiple efforts have been put into improving the 

efficiency of HDR and many of these are based on the control of the DDR. 

 

5.2.1 NHEJ Inhibition 
 
 Because NHEJ is the default pathway to deal with Cas9-breaks, pharmacological 

inhibition of NHEJ has been explored to increase HDR (Figure 10B). DNA-PK inhibitors 

(NU7441 or NU7026) have been employed to increase HDR (Robert et al, 2015; Riesenberg 

& Maricic, 2018). Additionally the SCR7 small molecule has been shown to increase HDR, by 

inhibiting LIG4, in human and mouse cells (Srivastava et al, 2012; Chu et al, 2015; Hu et al, 

2018b). The utilisation of this compound has, however, been disputed as it has been shown 

to also target other DNA ligases, such as LIG1 and LIG3, which participate in alt-EJ. The 

inhibition of 53BP1, for example through the use of engineered ubiquitin-variants (Canny et 

al, 2017) or the expression of a dominant negative form (Paulsen et al, 2017), has also shown 

promising results for the improvement of HDR. 

 
5.2.2 Cell Cycle Control 
 
 Several approaches to control cell cycle have been employed to manipulate repair 

outcomes following a Cas9-mediated break (Figure 10C). Fusing Cas9 with CtIP (Charpentier 

et al, 2018), for example, bypasses the requirement for cell-cycle dependent activation of CtIP, 

which is necessary for HDR to occur. Hence, it allows HDR to happen outside of its permissive 

cell cycle phases. 

Using small-molecules to arrest cells in cell cycle phases in which HDR is more active 

has also been shown  to improve precise ediing (Lin et al, 2014; Wienert et al, 2020). Another 

cell-cycle based strategy that avoids undesired indels generated by end-joining, is the 

restriction of Cas9 expression to S/G2 phases of the cell cycle. This can be achieved by fusing 
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Cas9 to Geminin, a substrate for proteasome degradation during G1 (Lomova et al, 2019). 

Overall, either through bypassing the HDR cell cycle requirements, or by accumulating cells 

in HDR-permissive cell cycle phases, these approaches can improve precise editing, while 

minimising undesirable mutagenic outcomes.    

 

5.2.3 Single-Stranded Oligonucleotide (ssODN) Donor Templates 
 
 Several studies have shown striking differences in editing efficiency depending on the 

type of donor DNA used. Single-stranded oligonucleotides (ssODN) promote the highest 

levels of HDR when used as templates (Yeh et al, 2019). Additionally, HDR frequencies can 

be further improved by rationally designing the orientation, polarity and length of the ssODN 

donor to match the properties of the DNA-Cas9 complex. Biochemical studies have shown 

that the Cas9-DNA interaction is asymmetric, indicating that Cas9 locally releases the PAM-

distal side of the nontarget strand (Richardson et al, 2016). Therefore, increased HDR rates 

can be achieved by designing ssODNs donors that are complementary to the strand that is 

released first. (Figure 10D)  

  While HDR mediated by dsDNA donors largely resembles the HR pathway, the repair 

mechanisms for SSTR are still not fully understood. In humans, depending on the cellular 

genetic background, SSTR efficiencies vary greatly, reflecting genetic and transcriptional 

differences that up or down-regulate genome editing by this method (Richardson et al, 2018). 

The FA pathway, for example, has been shown to be essential for SSTR (Figure 10D) 

(Richardson et al, 2018). The involvement of a pathway known to repair ICLs in the repair of 

Cas9-generated DSBs highlights how relevant it is to study the repair mechanisms triggered 

by Cas9-mediated lesions. Additionally, this finding has important therapeutic implications, as 

it indicates that FA patients might only be amenable to treatment by CRISPR-Cas9, upon the 

temporary reactivation of the pathway. Other diseases might have special requirements for 

genome editing, depending on their underlying genetic defects. 
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Figure 10: Repair of Cas9-induced DNA double-strand break (DSB) along with approaches to 
improve fidelity of repair. A) Cas9 cuts DNA to induce a DSB, which induces NHEJ as the major DNA 
repair pathway. A key mediator that functions upstream in the pathway is 53BP1. Ligation of the DNA 
ends depends on LIG4 that is complexed with DNA-PK, and XRCC4. This is an error-prone DNA repair 
pathway that leads to insertions and deletions (indels), cumulating in loss-of-function variants. End-
resection would promote alternative end-joining (alt-EJ or MMEJ) or homology-directed repair (HDR) 
that would depend on the enzymatic activities of CtIP and MRN. Alt-EJ leads to highly predictable 
outcomes, as it relies on microhomology. HDR is error-free and thus will install the  desired edit, 
provided in the form of the repair template. B) NHEJ can be inhibited to  increase HDR. 53BP1 can be 
inhibited  with ubiquitin variants (i53) and dominant negative versions of the protein (dn53BP1). 
Pharmacological inhibition using NU7441 and NU7026 for DNA-PK or SCR7 for LIG4 (NHEJ) and 
LIG1/LIG3 (alt-EJ) have also been used to improve HDR. C) Perturbing cell cycle progression in S 
phase can also increase HDR since HDR (green) functions in S/G2/M phases, while NHEJ (pink) 
functions in all phase of the cell cycle. Thus, S-phase blocking compounds such as  aphidicolin and 
nocodazole have been used to increase HDR. Also, a Cas9-CtIP fusion that promotes end-resection 
increases HDR through the cell cycle as it promotes resection. A Cas9-Geminin fusion that dampens 



DNA Repair & CRISPR-Cas9-Mediated Genome Editing                        Ferreira da Silva, J. 

 39 

error-prone repair, functions in this way as it is not expressed in G1. D) ssDNA oligonucleotides 
(ssODN) function as donor templates to increase HDR. If the ssODN is complementary to the strand 
that is released first, this promotes HDR by exploiting the asymmetry of the Cas9:DNA complex. NHEJ: 
non-homologous end-joining; MMEJ: microhomology-mediated end-joining; LIG4: DNA ligase IV; DNA-
PK: DNA-dependent protein kinase; XRCC4: X-ray cross-complementing factor 4; LIG1: DNA ligase I; 
LIG3: DNA ligase III; POLQ: DNA polymerase !; PARP1: Poly (ADP-ribose) polymerase 1; FA: Fanconi 
anemia; PAM: protospacer adjacent-motif. Figure adapted from (Meyenberg et al, 2021) and re-printed 
with permission from Frontiers in Genetics. 
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Chapter 2: Aim of this study 
 
 The discovery of the CRISPR-Cas9 system and its application for human genome 

editing has opened new avenues for functional genetic studies, but also therapeutic options 

for a broad range of human diseases. CRISPR-Cas9 heavily relies on mechanisms of DNA 

damage repair that must be understood in the context of the technology.  

Considering that a patient’s genome, or transcriptome, influences editing outcome, it 

is still not possible to rationalise which genome editing application would be more efficient for 

a particular disease background. Additionally, emerging technologies for precise genome 

editing, such as base editors and prime editing, are sought to engage DNA repair pathways 

that are yet to be explored.  

The therapeutic implementation of CRISPR-Cas9 technology deeply relies on a 

fundamental understanding of the DNA repair mechanisms and pathways that are engaged 

and lead to specific editing outcomes, as well as the activity of these pathways in particular 

cell and tissue types. This combined knowledge will ultimately lead to improvements of the 

current technology, as well as the generation of biomarkers with the potential to correlate 

disease with therapeutic editing strategy.  

 

This thesis is divided into studying the mutagenic repair of Cas9-induced breaks 

(Project 1) and precise genome editing by the prime editing technology (Project 2). The aims 

of these projects are the following: 

 

Project 1: 
To understand and characterise the role of NHEJ and alt-EJ in the mutagenic repair of Cas9-

induced breaks. 

 

Project 2: 
To identify DDR factors and/or pathway dependencies for precise genome-editing mediated 

by prime editing. 
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Chapter 3: Results 
 
3.1 Genome-Scale CRISPR Screens are Efficient in Non-Homologous End-Joining Deficient 
Cells 
 
3.1.1 Prologue 
 

For this project, we sought to study the mutagenic repair of Cas9-induced 

DSBs, which is frequently attributed to the action of the NHEJ repair pathway. Here, 

by using genetic human cellular models of NHEJ deficiency, as well as genome-scale 

approaches, we found that NHEJ is dispensable for the repair of Cas9-induced breaks 

and it can be fully compensated by alt-EJ, in a POLQ dependent manner. The repair 

of Cas9-induced breaks by alt-EJ gives rise to a distinct repair signature, characterised 

by larger deletions, compared to the profile generated by NHEJ. Additionally, we 

showed that cells that are deficient for both NHEJ and alt-EJ are still able to repair 

Cas9-mediated DSBs, indicating the existence of an additional mechanism able to 

deal with these lesions.  

 

This manuscript has been featured in: 

Ferreira da Silva et al, Genome-scale CRISPR screens are efficient in non-
homologous end-joining deficient cells, Sci Reports (2019) 
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3.1.2 PDF of the article 
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Genome-scale cRiSpR screens are 
efficient in non-homologous end-
joining deficient cells
Joana Ferreira da Silva, Sejla Salic, Marc Wiedner, Paul Datlinger, Patrick Essletzbichler, 
Alexander Hanzl, Giulio Superti-Furga  , Christoph Bock  , Georg Winter & Joanna i. Loizou*

The mutagenic repair of Cas9 generated breaks is thought to predominantly rely on non-homologous 
end-joining (NHEJ), leading to insertions and deletions within DNA that culminate in gene knock-out 
(KO). In this study, by taking focused as well as genome-wide approaches, we show that this pathway 
is dispensable for the repair of such lesions. Genetic ablation of NHEJ is fully compensated for by 
alternative end joining (alt-EJ), in a POLQ-dependent manner, resulting in a distinct repair signature 
with larger deletions that may be exploited for large-scale genome editing. Moreover, we show that 
cells deficient for both NHEJ and alt-EJ were still able to repair CRISPR-mediated DNA double-strand 
breaks, highlighting how little is yet known about the mechanisms of CRISPR-based genome editing.

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) - Cas9 -mediated gene editing has 
become a powerful approach for efficient genome editing in eukaryotic cells, where it is used to either gener-
ate loss-of-function alleles or introduce precise alterations1–3. The protein Cas9, together with an engineered 
single-guide RNA (sgRNA), forms a complex that directs the cleavage of a specific locus, by introducing a DNA 
double-strand break (DSB) at the DNA sequence complementary to the 23 bp protospacer-PAM (5′-NGG proto-
spacer adjacent motif) sequence4–6. In human cells, DSBs are mostly repaired by the error-prone non-homologous 
end-joining (NHEJ) pathway that induces insertions and deletions (indels), hence disrupting gene function. In 
contrast, the less efficient homology directed repair (HDR) pathway makes use of a provided DNA template hence 
allowing for the generation of desired alterations7–9.

Despite the widespread use of CRISPR-Cas9 genome editing, there is still a lack of understanding about the 
DNA repair pathways that resolve Cas9-mediated cleavage. Supported by studies based on pharmacologic inhibi-
tion, it is widely accepted that NHEJ is the major DNA repair pathway that deals with Cas9 lesions10–12. However, 
confounders such as incomplete inhibition, off-target effects and dominant-negative patterns can skew the results 
of such studies, prompting us to develop genetic tools to investigate the mutagenic repair of Cas9 generated DNA 
breaks, using isogenic cell line models fully deficient in NHEJ. Surprisingly, our results show that NHEJ is dis-
pensable for the repair of Cas9-induced breaks both at specific loci and using genome-scale CRISPR approaches. 
Moreover, we observed a differential indel signature with larger deletions in the absence of NHEJ, as well as resid-
ual editing in cells deficient for both NHEJ and alt-EJ, suggesting the existence of an alternative mechanism for 
the repair of Cas9-generated breaks.

Results
In order to address the NHEJ dependency of mutagenic repair of Cas9-breaks, a NHEJ-deficient cell line was gen-
erated in the human HAP1 cell line, by knocking-out DNA Ligase IV (LIG4), an essential factor for the ligation of 
the two DNA ends13 (Supplementary Fig. 1A). In line with the function of NHEJ, ∆LIG4 cells were hypersensitive 
to the DNA DSB-inducing agents neocarcinostatin (NCS), doxorubicin and etoposide14, but not to the alkylating 
agent methyl methanesulfonate (MMS), providing a specific phenotypic confirmation of NHEJ abrogation in 
this cell line (Supplementary Fig. 1B). To investigate the role of LIG4 in the repair of Cas9 generated breaks, we 
developed a cellular assay to measure the kinetics of genomic disruption (Fig. 1A). This consisted of expressing 
GFP tagged doxycycline-inducible Cas915, together with a construct expressing mCherry with a sgRNA targeting 
the mCherry site required for fluorescence. To ensure rapid turnover of the mCherry protein, its sequence was 
modified to consist of a PEST sequence, hence reducing its intracellular half-life16. As confirmed by immunob-
lotting, Cas9 expression was achieved 24 hours after doxycycline treatment (Fig. 1B and Supplementary Fig. 1C), 
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Figure 1. Mutagenic repair of CRISPR-Cas9-mediated DNA breaks is efficient in the absence of non-homologous 
end-joining. (A) Scheme of the cellular assay to determine the kinetics of indel generation, within the mCherry 
site required for fluorescence. Cells where transduced with a doxycycline-inducible Cas9-GFP and a mCherry 
plasmid, coupled with a sgRNA targeting the mCherry fluorescence site. Following Cas9-induction, the loss of 
mCherry fluorescence was used as a readout of mutagenic repair. (B) Immunoblot for Cas9 and ß-actin in HAP1 
cells expressing doxycycline-inducible Cas9 tagged with GFP, with or without doxycycline treatment, as indicated. 
Figure represents cropped parts of the same gel (entire gel can be found in Supplementary Fig. 1C) (C). Kinetics 
of indel generation within the mCherry locus (measured by gating on GFP-positive cells) after Cas9-induction 
with doxycycline, at the indicated time points. Each time point was normalized to the uninduced (0 h) time point. 
The assay was performed in WT and ∆LIG4 HAP1 cells (n = 3). Statistical significance was calculated by Student’s 
t-test. ns = not significant, **p-value ≤ 0.01. (D) Scheme of the cellular assay used to measure Cas9-induced indel 
formation in differentially expressed genes (HSP90AA1, CD46 and RNF152) within different genomic regions 
(promoters, exons and introns). Cells were transfected with Cas9 and the respective sgRNAs following which the 
targeted regions were PCR-amplified. Amplicon sequencing was used to determine the efficiency of editing, as 
well as the distribution of indel profiles. (E) Percentage of edited reads following Cas9 activity at promoters, exons 
and introns within HSP90AA1, CD46 and RNF152 in wild-type (WT) cells and knock-out cells for the NHEJ 
factors LIG4, XRCC4 and DNA-PKcs (∆LIG4, ∆XRCC4 and ∆DNA-PK, respectively).
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generating a DSB within the mCherry sequence that was subsequently repaired in an error-prone manner, leading 
to loss of fluorescence (Supplementary Fig. 1D). This system was used to assess error-prone repair leading to indel 
generation in wild-type (WT) and ∆LIG4 cells, of which the later lack functional NHEJ. These results unexpect-
edly revealed that mutagenic repair occurs with equal efficiency in NHEJ abrogated cells as in WT cells, with 
50–60% editing at 32 hours and 80% editing at 48 hours after Cas9 induction (Fig. 1C).

Following the observation that NHEJ is dispensable for Cas9-mediated editing of an exogenous locus, 
we designed a strategy to assess editing of endogenous loci, by testing different genomic regions (promoters, 
introns and exons) across genes selected to range in expression levels in the human HAP1 cell line17 (HSP90AA1, 
CD46 and RNF152) (Fig. 1D). Upon genomic amplification of the edited region, sequencing was used to 
determine editing efficiency and frequency of indel size generated in the targeted loci (Fig. 1D). Moreover, we 
extended our investigations to include other NHEJ genes by knocking out the core component X-ray repair 
cross-complementing protein 4 (XRCC4) and the signaling kinase DNA-PKcs (∆XRCC4 and ∆DNA-PK, respec-
tively) (Supplementary Fig. 1E). We phenotypically confirmed that these cell lines were defective in NHEJ, by 
assessing their hypersensitivity to DSB-inducing agents (Supplementary Fig. 1F). Although all NHEJ deficient cell 
lines were exquisitely sensitive to the tested DNA DSB-inducing agents, amplicon sequencing of the Cas9 targeted 
regions revealed that editing was comparable to WT cells, ranging from 70–98% across all genomic regions tested, 
regardless of gene expression (Fig. 1E).

So as not to limit our investigations to a single locus, we next performed genome-wide loss-of-function 
CRISPR-Cas9 screens, using the GeCKO v2.0 library that targets 19,052 genes with 122,417 sgRNAs18,19 in both 
WT and ∆LIG4 cells. This library allows the generation of functional null alleles at endogenous loci, in a highly 
multiplexed fashion, via comparative measurements of drop-outs of sgRNAs targeting 683 genes that were 
recently shown to be pan-essential20. Thus, if NHEJ would be required for CRISPR-Cas9 mediated disruption, we 
would expect for LIG4 deficiency to prevent the identification of essential genes. To allow for depletion of sgR-
NAs targeting essential genes, we analyzed sgRNA representation 20 days after puromycin selection, in both WT 
and LIG4 deficient backgrounds (Fig. 2A). Next-generation sequencing (NGS) was used to assess sgRNA abun-
dance (Supplementary Table S1) and the fold-change of each gene was calculated by comparing to the sequenced 
library for three biological replicates (Supplementary Fig. 2A, Supplementary Table S2). This led to a Spearman’s 
correlation of 0.66 between gene enrichment in WT and ∆LIG4 cells (Fig. 2B). Importantly, genes annotated 
as core essential20 were depleted similarly in both WT and ∆LIG4 cells (Fig. 2B,C and Supplementary Fig. 2B). 
Furthermore, screens performed in both genetic backgrounds distinguish essential and non-essential21 genes 
with equal efficiency (Fig. 2D). Gene ontology (GO) analysis of core essential genes20 (Supplementary Fig. 2C) 
revealed an enrichment of essential fundamental molecular processes, including the constitution of ribosomes, 
rRNA binding and purine NTP-dependent helicase activity. Genes annotated for the top three enriched GO 
terms of the ‘essentialome’ were found depleted in both WT and ∆LIG4 cells, with a high intersection between the 
genetic backgrounds (Fig. 2E). In summary, comparative identification of core essential genes using an unbiased, 
genome-wide approach revealed that mutagenic repair of Cas9-generated breaks can be efficiently achieved in 
the absence of NHEJ.

It is well documented that different sgRNAs lead to specific indel outcomes, displaying a single predominant 
repair outcome11,12,22. Following this observation, and since these predictions have important applications for 
template-free genome editing23, we sought to determine whether indel signatures would be altered in the absence 
of NHEJ. Besides providing the possibility of manipulating the predicted outcome of a sgRNA, this approach addi-
tionally has the potential to reveal which pathway compensates for NHEJ in the mutagenic repair of Cas9-breaks. 
By investigating the spectrum of indels generated upon exon targeting of three distinct genes (HSP90AA1, CD46 
and RNF152), we observed a striking increase in the frequency of larger deletions in all three NHEJ deficient 
cell lines, in comparison to WT cells (Fig. 3A, Supplementary Table S3). For example, the sgRNA used to target 
HSP90AA1 predominantly generated 1 bp insertions (>50%) in WT cells (Fig. 3A). In NHEJ deficient cell lines, 
the same sgRNA generated 1 bp insertions in only 19–0.1% of the editing outcomes. Instead, 10–30 bp deletions 
(42–47%) were the dominant mutation pattern in these genetic backgrounds. Moreover, for sgRNAs that prom-
inently generated deletions, we observed an increase in the size of these deletions in NHEJ-abrogated cells. For 
the CD46-targeting sgRNA (Fig. 3A), deletions smaller than 5 bp in WT cells (39%) were considerably decreased 
in NHEJ abrogated cell lines (2.5–5.8%), giving rise to larger deletions. A similar trend was observed for the 
RNF152-targeting sgRNA (Fig. 3A) and for other sgRNAs targeting different exonic regions, introns or promoters 
of these genes (Supplementary Fig. 3A, Supplementary Table S3). Importantly, our study is limited to the analysis 
of indels < 80 bp. Even though this range covers the majority of Cas9-proximal editing events, it does not allow 
speculation on larger rearrangements.

The observed shift in indel size suggested the activity of a distinct DNA repair pathway that is able to fully com-
pensate for the loss of NHEJ, leading to the mutagenic repair of Cas9-generated DNA breaks. Since alt-EJ (also 
known as microhomology-mediated end joining) is known to generate larger rearrangements, we hypothesized 
that this might be the pathway responsible for the editing observed. The first step in alt-EJ involves 5′-end resec-
tion, to expose and allow the base-pairing of flanking regions of microhomology (MH), across the border of the 
DSB24. To test if alt-EJ is the pathway active at such lesions, we generated cells lacking the proofreading-deficient 
A-family DNA polymerase theta (POLQ; ∆POLQ), the polymerase that functions in alt-EJ, following MH 
annealing13 (Supplementary Fig. 3B). Additionally, a cell line defective in both NHEJ and alt-EJ was generated 
by knocking-out POLQ, in the previously generated ∆LIG4 cell line (Supplementary Fig. 3B). The abrogation of 
alt-EJ was phenotypically confirmed in ∆POLQ and ∆LIG4/POLQ cells, by measuring their sensitivity to several 
DSB-inducing agents (Supplementary Fig. 3C). As expected, ∆POLQ cells were more sensitive to DSB-inducing 
agents than WT cells, but more resistant than ∆LIG4 cells, since alt-EJ is not considered to be the main path-
way by which DSBs are repaired25. ∆LIG4/POLQ cells displayed an additive sensitivity to DSB-inducing agents. 
Indel signature analysis of cells, transfected with sgRNAs targeting exonic regions of HSP90AA1 and RNF152 
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Figure 2. Genome-wide CRISPR-Cas9 knockout screens for global gene disruption are efficient in the absence 
of non-homologous end-joining. (A) Schematic overview of the CRISPR screens. HAP1 WT and ∆LIG4 
cells were infected at a low MOI (0.3) with the GeCKO v2.0 genome-wide CRISPR knockout library. After a 
period of puromycin selection, cells were kept in culture for 20 days, allowing essential genes to drop out of the 
population. Cells were harvested and sgRNAs were sequenced to determine relative abundances. (B) Scatter 
plot representing the log2(fold-change) enrichment of each gene, after culturing WT or ∆LIG4 cells transduced 
with the GeCKO v2.0 CRISPR library for 20 days (see Methods for details on the calculation of gene fold-change 
enrichment). Blue colored nodes represent core essential genes. Data shown for three independent experiments 
(n = 3). Spearman’s correlation (0.66) between WT and ∆LIG4 screens is depicted. (C) Density plot representing 
the position of core essential genes in the gene rank, based on log2(fold-change). Red lines represent the median 
log2(fold-change) of the depicted genes. Black lines represent the threshold between depleted and enriched 
genes. Data shown for 3 independent experiments (n = 3). (D) Receiver operating characteristic (ROC) analysis 
of depleted genes in WT and ∆LIG4 cells. False positive rates are calculated for non-essential genes and plotted 
against true positive rates for essential genes. Area under the curve (AUC) for each ROC curve is represented. 
Data shown for 3 independent experiments (n = 3). (E) Density plot representing the gene rank position of 
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(Fig. 3B), showed that WT and ∆POLQ cells have a very similar indel profile that differed from the larger dele-
tions observed in ∆LIG4 cells. This finding indicates that NHEJ is the default pathway that repairs Cas9-generated 
breaks and illustrates that the editing observed in ∆LIG4 cells is the product of a distinct and alternative pathway. 
This observation was extended to the targeting of an additional exon sequence, as well as intronic and promoter 
regions of these genes (Supplementary Fig. 3D).

We observed that 72–77% of the analyzed reads in ∆LIG4/POLQ cells corresponded to the unedited genomic 
sequence, indicating that mutagenic repair of Cas9-breaks was largely impaired in these double deficient cells 
(Fig. 3B, Supplementary Fig. 3D). This observation was further confirmed by assessing the kinetics of mCherry 
editing (Supplementary Fig. 3E) and indicates that alt-EJ, via POLQ, is indeed responsible for the mutagenic 
repair observed in NHEJ deficient cells, leading to the generation of larger indels. Surprisingly, however, in the 
absence of both pathways, indel generation was still achieved in 10–20% of reads (Fig. 3B and Supplementary 
Fig. 3D).

Discussion
The repair of DSBs has been widely studied by using the nuclease I-SceI. However, considering that the struc-
ture of DNA termini affects repair outcome, it is important to highlight that the I-SceI nuclease generates a 
staggered cut leaving a 3′ overhang, whereas Cas9 generates blunt ends4–6. In line with this, NHEJ is predom-
inantly precise when functioning on DNA breaks introduced by the I-SceI nuclease26, but largely error-prone 
when functioning on blunt ends27,28. Moreover, the Cas9-sgRNA complex has been shown to adhere to DNA 
for several hours post-cutting, a phenomenon that impacts the outcome and fidelity of DSB repair9,11. Hence, 
the repair of Cas9-induced DSBs is not representative of I- SceI induced breaks and therefore further research is 
warranted to elucidate these repair mechanisms. This is particularly relevant in light of the therapeutic potential 
of CRISPR-Cas9 based technologies and especially considering that error-prone pathways are being explored to 
correct disease-relevant mutations23,29.

Following the generation of a DSB, different pathways engage in its repair, with NHEJ and other end-joining 
pathways, such as alt-EJ and single-strand annealing (SSA), contributing to different amounts30,31. When NHEJ 
is absent, due to the lack of one key protein, the activity of other end-joining pathways becomes apparent. Alt-EJ 
pathways typically require larger regions of microhomology, with the POLQ-dependent alt-EJ pathway requiring 
between 2–20 bp of microhomology, compared to the NHEJ microhomology requirement of ≤4 bp. Alternatively, 
SSA requires >20 bp homology13. End-resection is therefore the first barrier that needs to be overcome in order 
to enable alt-EJ pathways to function, with NHEJ factors such as Ku70/8032 and the p53-binding protein 1 
(53BP1)33, present at high concentrations, preventing this from happening. Additionally, extensive end-resection 
is also dependent on cell cycle, as factors that promote end-resection are more active during S and G2 phases33. 
Hence, in G1 phase, DSBs are preferentially repaired by NHEJ and even during S and G2 phases, when extensive 
end resection can take place, the resection machinery must still overcome the presence of NHEJ factors at DNA 
ends. This is well represented by the 4:1 estimated ratio of NHEJ to HDR in WT mammalian somatic cells in S/
G2 phases34. If NHEJ is absent, alt-EJ may be favored over SSA in G1 phase, owing to the limited amount of resec-
tion that alt-EJ requires compared to SSA. However, it is still not clear what dictates the use of alt-EJ as opposed 
to SSA in S/G2 phases. Time can be an important factor, as the longer a DSB remains unrepaired, the more end 
processing can occur to favor SSA. In our study, contrary to NHEJ deficiency, alt-EJ deficiency led to an indel 
profile that was very similar to that observed in WT cells. This confirms the current view that NHEJ is the main 
pathway by which Cas9-breaks are repaired and that alt-EJ plays only a minor role. However, the high efficiency 
of editing in NHEJ deficient cells, together with the almost complete abrogation of mutagenic repair in ∆LIG4/
POLQ cells, indicates that alt-EJ, in a POLQ-dependent manner, can fully compensate for the absence of NHEJ. 
This can have important applications for improving error-free repair, as the simultaneous transient inhibition of 
LIG4 and POLQ might increase HDR efficiency. Additionally, our results indicate that, in the absence of both 
NHEJ and alt-EJ, editing is still possible albeit with reduced efficiency (10–20%). This observation suggests the 
possible existence of an additional DNA repair mechanism that deals with Cas9-generated lesions. We speculate 
that SSA might be a potential pathway for the residual repair observed in the absence of both NHEJ and alt-EJ.

Taken together, our results show that mutagenic repair of DSBs generated by Cas9 can occur efficiently in the 
absence of NHEJ. We draw this conclusion utilizing genetic models where NHEJ has been abrogated, as opposed 
to chemical inhibitors that might lead to off-target effects and incomplete inhibition35. While it is theoretically 
possible that, in the absence of NHEJ, the repair is predominantly error-free, leading to a continuous Cas9 cutting 
until the target site is no longer homologous to the sgRNA, we do not favour this hypothesis based on the kinetics 
of mCherry-editing. Here, several cycles of Cas9 cleavage and repair would result in a considerable delay in repair 
of NHEJ deficient cells compared to WT cells. Since we observed similar kinetics of editing between WT and 
∆LIG4 cells, coupled with the low rates of HDR in the absence of a provided repair template36, we conclude that 
NHEJ is dispensable for the efficient mutagenic repair of Cas9-breaks. This is further confirmed by the efficiency 
of genome-wide CRISPR loss-of-function approach in the absence of NHEJ, which indicates for the first time, and 
in a holistic approach, that global-gene disruption by CRISPR-Cas9 is independent of NHEJ.

In the context of CRISPR-Cas9-mediated editing, it has been described that the repair outcomes are predom-
inantly determined by the sgRNA sequence, rather than genomic context12. Following this observation, several 

genes annotated for the top three enriched GO terms in the core ‘essentialome’, based on their log2(fold-change). 
Red lines represent the median log2(fold-change) of the depicted genes. Black lines represent the threshold 
between depleted and enriched genes. Venn diagrams represent the intersection of depleted genes for the 
annotated GO terms in WT and ∆LIG4 cells. Data shown for 3 independent experiments (n = 3).
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studies have shown that each sgRNA generates a preferential editing outcome, a prediction that might have 
important applications for template-free genome editing23. By amplicon sequencing of several targeted regions, 
we were able to confirm the individual editing biases of sgRNAs. Moreover, we observe that these outcomes 
can be manipulated by the abrogation of NHEJ. NHEJ deficiency led to a distinct indel profile, characterized by 
the absence of small insertions and the predominance of larger deletions (10–30 bp). We hypothesize that this 
observation may have important applications for mutagenizing non-coding regions of the genome to disrupt, for 
example, the binding of transcription factors. As the implementation of functional genetic screens for non-coding 
transcriptional regulatory elements has been hampered by the small indel size generated by NHEJ (<10 bp)37,38, 
we speculate that the larger indels produced upon inhibition of this pathway might accelerate the development 
of CRISPR-Cas9 approaches for the identification of active functional enhancers, in a high-throughput manner.

Materials and Methods
Cell lines and culture conditions. Human HAP1 cells were obtained from Horizon Discovery and were 
grown in Iscove’s Modified Dulbecco’s Medium (IMDM) from GIBCO®, containing L-Glutamine and 25 mM 
HEPES and supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin (P/S). All cell 
lines were diploid at the time of the experiments. HEK293T cells were obtained from the CRUK Cell Facility and 
were used for virus production, by culturing in Dulbecco’s modified Eagle medium (DMEM) and supplemented 
with 10% FBS.

Plasmids. The human GeCKO v2.0 CRISPR knockout pooled library was a gift from Feng Zhang 
(Addgene #1000000048). Lenti-iCas9-neomycin was a gift from Qin Yan (Addgene # 85400). For the 
pCROP-mCherry-PEST plasmid, CROPseq-Guide-Puro vector (Addgene #86708) was initially digested with 

Figure 3. Genetic dissection of DNA repair pathway contribution to mutagenic repair of Cas9 generated 
lesions. (A) HAP1 WT, ∆LIG4, ∆XRCC4 and ∆DNA-PK cells were transfected with Cas9 and sgRNAs 
targeting exonic regions of 3 different genes (HSP90AA1, CD46 and RNF152). After selection, genomic DNA 
was extracted and sgRNA-targeted regions were PCR-amplified. Amplicon sequencing was used to determine 
the indel size distribution, following editing. (B) Indel size distribution resulting from editing of exonic regions 
of HSP90AA1 and RNF152 in WT, ∆LIG4, ∆POLQ and ∆LIG4/POLQ cells, following the same procedure as 
described in A.
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BsiWI/MluI and the puromycin resistance was replaced with PCR-amplified mCherry. The obtained plasmid was 
digested using BsrGI/MluI and a gene block (IDT) containing homology overhangs and a PEST sequence was 
inserted via Gibson-assembly (NEB HiFi Assembly), according to the manufacturer’s protocol. The plasmid was 
then digested with BsmBI and a sgRNA targeting the active site of mCherry was inserted in the place of the filler.

sgRNA mCherry:

forward: 5′-CACCGTTGGAGCCGTACATGAACTG-3′
reverse: 5′-AAACCAGTTCATGTACGGCTCCAAC-3′

BsrGI/MluI gene block (IDT):

5′-TCCACCGGCGGCATGGACGAGCTGTACAAGAAGCTTAGCCATGGCTTCCCGCCGGAGGTGG 
AGGAGCAGGATGATGGCACGCTGCCCATGTCTTGTGCCCAGGAGAGCGGGATGGACCGTCACCC 
TGCAGCCTGTGCTTCTGCTAGGATCAATGTGTAGTAAACGCGTTAAGTCGACAATCAACCTCTG-3′

CRISPR-Cas9-mediated gene editing. CRISPR-Cas9 knockouts of LIG4, DNA-PKcs, XRCC4, POLQ 
and LIG4/POLQ were generated in collaboration with Horizon Genomics. Sequences for sgRNAs were designed 
by Horizon Genomics or with the use of http://chopchop.cbu.uib.no/. Sequences of sgRNAs used were:

LIG4: 5′-AAGGTCGTTTACTTGCTGTA-3′
XRCC4: 5′-TTACTGATGGTCATTCAGCA-3′
DNA-PK: 5′-ATAGAGCTGGTACATGGGTG-3′
POLQ: 5′-GATTCGTTCTCGGGAAGCGG-3′

Sanger sequencing. Genomic DNA was extracted using the QIAGEN DNeasy Blood & Tissue Kit, accord-
ing to the manufacture’s protocol. Genomic regions around the sgRNA-targeted sequences were amplified using 
the following primer pairs:

LIG4-forward: 5′-GTAGTGACATTATGCAACTCAGCAG-3′
LIG4-reverse: 5′-TAGAGATGGAAAAGATGCCCTCAAA-3′
XRCC4-forward: 5′-TGAGAGGCCAGTACAGAAAACATTA-3′
XRCC4-reverse: 5′-ACCTGTGTATAAATTTGACAGCAAT-3′
DNA-PK-forward: 5′-CTGCTGACCACTGAATTAGACAAAC-3′
DNA-PK-reverse: 5′-TTGCAGCCTGTGAACTTTTACATAG-3′
POLQ-forward: 5′-AGTAGAAGCCCAATGGGGTATG-3′
POLQ-reverse: 5′-GAGGTTTGAGTTTGAAGACTGGC-3′

PCR amplification conditions were as follows: heat lid 110 °C; 94 °C 2 min; loop 35 × (94 °C 30 s; 55 °C 30 s; 
68 °C 1 min) 68 °C 7 min. Frameshift mutations were confirmed using Nucleotide BLAST against the reference 
genome GCF_000001405.33.

Dose-response curves. Dose-response curves for neocarzinostatin (NCS), doxorubicin, etoposide and 
methyl methanesulfonate (MMS) were performed in 96-well plates, by seeding 1,000 HAP1 cells per well, the day 
before treatment. The following day, compounds were added at twofold serial dilutions, from the highest dose 
(NCS: 500 mg/mL; doxorubicin: 125 nM; etoposide: 2 µM; MMS: 750 nM). Four days after treatment, cell viability 
was measured using Cell Titer-Glo (Promega).

Immunoblotting and antibodies. Cell extracts were prepared in RIPA lysis buffer (NEB) supplemented 
with protease inhibitors (Sigma) and phosphatase inhibitors (Sigma, NEB). Immunoblots were performed using 
standard procedures. Protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) (3–8% gradient gels, Invitrogen) and subsequently transferred onto nitrocellulose membranes. 
Primary antibodies for Cas9 (7A9-3A3, Cell Signaling Technology #14697) and ß-Actin (A5060, Sigma) were 
used at 1:1,000. Secondary antibodies were used at 1:5,000 (HRP-conjugated goat anti-mouse or anti-rabbit IgG 
from Jackson Immunochemicals). Immunoblots were imaged using a Curix 60 (AGFA) table-top processor.

Kinetics of indel generation for mCherry active site. Virus production. HEK293T cells were seeded 
in 6-well plates at 200,000 cells per well and transfection was performed the following day with 0.3 µg per well of 
the VSG and 0.5 µg per well of the psPAX2 packaging vectors, together with 1 µg per well of either the iCas9-GFP 
vector, or the pCROP-mCherry-PEST vector. The Effectene Transfection Reagent (QIAGEN) was used at 20 µL 
per well. Supernatant containing the viral particles was harvested two- and three-days post-transfection and fil-
tered with a 0.45 µm filter (Milipore Steriflip HV/PVDF). Viral supernatants were stored at −80 °C.

Generation of iCas9-GFP, pCROP-mCherry-PEST cell lines. Cells were first transduced with the iCas9-GFP vec-
tor, using a virus dilution of 1:12 in a 24 well-plate and 8 µg/mL of polybrene. Spin-infection was performed at 
2,000 rpm, 30 minutes, at 30 °C. In order to enrich for Cas9-expressing cells, transduced cells were treated with 
doxycycline (2 µg/mL) for 24 hours and the GFP positive population was sorted, using a SH800S Cell Sorter (Sony 
Biotechnology). Sorted cells were kept in culture, in the absence of doxycycline, for at least one week. After this 
period, cells were transduced with the pCROP-mCherry-PEST plasmid, following the same spin-infection proto-
col, and then sorted for mCherry-positive cells.
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Kinetics of mCherry editing. To assess the kinetics of indel generation, 20,000 cells per well were plated in 
triplicate in a 12-well plate. Doxycycline (2 µg/mL) was added to the medium at the indicated time points and 
cells were analyzed in a BD LSRFortessa flow-cytometer. mCherry fluorescence was assessed upon gating on 
GFP-positive cells.

Genome-wide CRISPR-Cas9 screen. Virus production. The GeCKO v2.0 CRISPR library virus was pro-
duced as reported by the distributor (Addgene #1000000048) using both library A and B in a one-production step. 
HEK-293T cells were seeded at 40% confluency in T-225 flasks and transfected, 24 hours later, with the GeCKO 
library A and B, pVSVG and psPAX2 packaging plasmids, using Lipofectamine® 2000 (Invitrogen, ThermoFisher 
Scientific), according to the manufacturer’s protocol. After 6 hours, medium was changed to DMEM (10% FBS) 
and after 60 hours, supernatant-containing virus was harvested and filtered through a 0.45 µm filter (Milipore 
Steriflip HV/PVDF).

Screen setup. Three biological replicates were performed for each screen. HAP1 cells were infected at a multiplic-
ity of infection (MOI) between 0.3–0.5. For each cell line (WT and ∆LIG4), 100 million cells were spin-infected. 
Day 1: 6 12-well plates were seeded with 1.5 million cells per well, supplemented with viral supernatant and 
IMDM (10% FBS, 1% P/S) to reach a volume of 1 mL per well. Polybrene was added at the final concentration of 
8 µg/mL. Cells were spin-infected at 2,000 rpm, 37 °C, for 3 hours, pooled and transferred to 15 cm dishes. Day 2: 
Cells were exposed to 2 µg/mL of puromycin to select for infected cells. Day 7: Medium was replaced with IMDM 
(10% FBS, 1% P/S). Cells were kept in culture for 20 days after puromycin selection and split every 2–3 days to 
avoid confluency, re-seeding > 100 million cells each time. After this period, cells were harvested and genomic 
DNA was extracted using the QIAGEN Blood & Cell Culture Maxi Kit, according to the manufacturer’s protocol.

sgRNA amplification and sequencing. Amplification of the sgRNA sequences was performed in a two-step 
PCR, using PCR1- and barcoded PCR2-primers, as described by the distributor (Addgene). Primer 
sequences were obtained from http://genome-engineering.org/gecko/wp-content/uploads/2013/12/
GeCKO-plasmid-readout-primers-July2014.xlsx. PCR1 amplified the sgRNA sequences, using 130 µg genomic 
DNA in 13 × 100 µL reactions per sample and GoTaq G2 DNA Polymerase (Promega). PCR1 program: Heat lid 
110 °C; 94 °C 2 min; loop 20 × (94 °C 30 s; 55 °C 30 s; 68 °C 1 min) 68 °C 7 min. PCR1 reaction tubes were pooled 
for each sample. PCR2 added Illumina sequencing adapters by using 2 µL of input from PCR1. A test PCR with 
different amplification cycles was conducted and products were ran on a 0.8% agarose gel. The number of cycles 
for which a band with approximately 380 bp was visible, but not saturated, was selected (n). PCR2 was then per-
formed following the program: Heat lid 110 °C; 94 °C 2 min; loop n x (94 °C 30 s; 55 °C 30 s; 68 °C 1 min) 68 °C 
7 min. PCR2 product was purified by size-exclusion, using magnetic AMPure XP DNA beads (NEB), using a 
1:0.45 ratio to remove fragments >1,000 bp, followed by a 1:2 ratio clean-up. Barcoded samples were pooled and 
sequenced using 61 base-pair single-end sequencing. Sequencing of the GeCKO plasmids (library A and B) was 
performed in the same way, using 200 ng of plasmid per reaction for PCR1.

Screen analysis. sgRNA sequences were retrieved by trimming all sequences 5′ relative to the adapter sequence 
(CGAAACACCG) and 20 nucleotides 3′ following this. MAGeCK39 was used to generate the sgRNA counts, 
using a pre-made index of the GeCKO v2.0 library. sgRNA counts were normalized to million counts, for each 
sequencing sample and averaged across the three biological replicates. Gene log2(fold-change) was calculated 
by selecting a best representative sgRNA for each gene, as following: 1) The log2(fold-change) of each sgRNA 
was calculated by comparing to the sequenced GeCKO library; 2) The average of the log2(fold-change) for all 
sgRNAs targeting the same gene was calculated. Genes with less than 3 sgRNAs were excluded from this anal-
ysis; 3) If the average was positive, it was assumed that the gene had a tendency to be enriched in the screen, in 
comparison to the sequenced library. Therefore, the sgRNA with the 2nd highest log2(fold-change) was selected 
as the best representative for that particular gene. If the average was negative, it was assumed that the gene had a 
tendency to be depleted in the screen. Therefore, the sgRNA with the 2nd lowest log2(fold-change) was selected 
as the best-representative sgRNA. By excluding the highest and lowest sgRNAs, we prevent the introduction of 
biases. Significance of the enrichment analysis (assessed by p-value) was calculated using MAGeCK, comparing 
the screens (WT and ∆LIG4) with the sequenced library.

Receiver operating characteristic (ROC) analysis of cell viability was calculated by filtering the 683 genes 
annotated to be core-essential20 and 927 genes annotated as non-essential21. The ability of each screen (WT and 
∆LIG4) to distinguish between these essential (true positives) and non-essential genes (false positives) was 
assessed by plotting their ROC curves (False Positive Rate [FPR] vs True Positive Rate [TPR]) and calculating the 
respective Area Under the Curve (AUC). Values used for the ROC curve were based on the gene −log10(p-value).

Gene Ontology (GO) enrichment analysis of core-essential genes20 for molecular processes, was performed 
by extracting the GO annotations from the Gene Ontology Consortium [www.geneontology.org]. For every GO 
term, the fold-enrichment was computed over a background comprising the entire human genome. p-value was 
calculated by Fisher’s exact test and adjusted by Bonferroni correction.

Indel analysis by next generation sequencing. Amplicons were designed to have the sgRNA target site 
at the center of the products. sgRNAs were designed to target different genomic regions within different genes, 
using http://chopchop.cbu.uib.no/. sgRNA sequences can be found in Supplementary Table S4.

HAP1 cells were seeded in 6-well plates at a confluency of 40% and transfected with the respective sgRNA and 
Cas9 constructs the following day, using Effectene as the transfection reagent (QIAGEN), according to the man-
ufacturer’s protocol. Transfected cells were then selected with blasticidine (20 µg/mL) for 2 days and harvested 

https://doi.org/10.1038/s41598-019-52078-9
http://genome-engineering.org/gecko/wp-content/uploads/2013/12/GeCKO-plasmid-readout-primers-July2014.xlsx
http://genome-engineering.org/gecko/wp-content/uploads/2013/12/GeCKO-plasmid-readout-primers-July2014.xlsx
http://www.geneontology.org
http://chopchop.cbu.uib.no/
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as soon as confluent (4–7 days). Genomic DNA was extracted using the QIAGEN DNeasy 96 Blood & Tissue 
Kit, according to the manufacturer’s protocol. PCR reactions were set in a reaction volume of 50 µL. The DNA 
polymerase Q5 High Fidelity (NEB) was used to amplify 100 ng of genomic DNA, using the following program: 
Heat lid at 110 °C; 98 °C for 30 s; loop 35 × (98 °C for 30 s, Annealing temperature (primer dependent) for 30 s, 
72 °C for 1 min); 72 °C for 2 min. Primer sequences can be found in Supplementary Table S4. PCR products 
were purified by a 2.0 x AMPure XP bead clean-up (NEB), measured using a Qubit HS assay (Invitrogen), and 
used as input for Nextera XT (Illumina cat. no 15032350) library preparations, performed according to pro-
tocols provided by the supplier. Libraries were sequenced on the Illumina MiSeq platform, using a 150-cycle 
v3 flow-cell with dual indexing. The machine was set to read lengths of 159 (read1) + 8(i7) + 8 (i5) bases. The 
analysis of the data was performed by defining two 10 bp ‘anchor’ sequences on both sides of the sgRNA, at a 
fixed distance of 80 bp. Reads spanning the sgRNA target site were extracted from the BAM file, via a grep oper-
ation for the pattern ‘<anchor_left>. *<anchor_right>’ on the BAM file, using the –o option to return only the 
matching part of the sequence. For unedited fragments, this sequence equals 10 bp anchor_ left + 30 bp + 20 bp 
(sgRNA) + 30 bp + 10 bp anchor_right (total of 100 bp). The size of the indels were calculated as the deviation 
from the unedited fragment length, summarized and plotted.

Statistical analysis and data visualization. All simulations and visualizations used the Python pro-
gramming language, version 2.0 (Python Software Foundation, https://www.python.org/).

Ethical approval. The methods described in this manuscript were carried out in accordance with the rele-
vant guidelines and regulations.

Data and Code availability
All data generated or analyzed during this study is included in this published article and its supplementary 
information. Sequencing of sgRNA cassettes in the 6 genome-wide CRISPR-Cas9 screens (associated with Fig. 2 
and Supplementary Fig. 2) have been deposited in the NCBI Sequence Read Archive (SRA) with the final SRA 
accession code: PRJNA565227.
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Supplementary Figure 1, related to Figure 1: Generation of a relevant cellular system to 
assess the kinetics of Cas9-activity. A. CRISPR-Cas9 generated clonal HAP1 cell line 
carrying a 1bp insertion in the LIG4 gene. B. Dose-response curves for WT and ∆LIG4 HAP1 
cell lines to the DNA double-strand break-inducing agents neocarcinostatin (NCS), 
doxorubicin and etoposide and to the alkylating agent methyl methanesulfonate (MMS). Cells 
were treated with the indicated compounds for 3 days and viability was measured by Cell Titer 



DNA Repair & CRISPR-Cas9-Mediated Genome Editing                        Ferreira da Silva, J. 

 54 

Glo. C. Immunoblot for Cas9 and ß-actin in HAP1 cells expressing doxycycline-inducible Cas9 
tagged with GFP, with or without doxycycline treatment, as indicated. Figure represents the 
entire gel, with different exposure times. D. Representative FACS-plots for WT HAP1 cells 
expressing the indicated integrated constructs, with or without doxycycline treatment for Cas9 
induction. mCherry editing was assessed by gating GFP-positive cells. E. Generation of 
∆XRCC4 and ∆DNA-PK clonal HAP1 cell lines, with a 2bp and a 17bp deletion, respectively. 
F. Dose response curves for WT, ∆XRCC4 and ∆DNA-PK HAP1 cells to the DNA double-
strand break-inducing agents neocarcinostatin (NCS), doxorubicin and etoposide. Cells were 
treated with the indicated compounds for 3 days and viability was measured using Cell Titer 
Glo. 
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Supplementary Figure 2, related to Figure 2: Genome-wide CRISPR-Cas9-KO screens 
identify essential genes efficiently in WT and ∆LIG4 cells. A. Depiction of sgRNA 
representation, normalized to total millions of reads for the GeCKO v2.0 library (depicted as 
‘Library’), as well as each biological replicate of HAP1 WT and ∆LIG4 cells. B. Genes ranked 
by –log10(p-value), calculated with MAGeCK. Light blue colored nodes represent genes 
identified as core essential in the WT and ∆LIG4 screens (left-hand side). Dark blue colored 
nodes represent genes considered to be significantly depleted in each screen (p-value < 0.05) 
(right hand-side). C. Gene ontology (GO) enrichment analysis for molecular processes of 
essential genes plotted by log2(fold-change). Size of the node represents statistical 
significance.  
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Supplementary Figure 3, related to Figure 3: NHEJ and alt-EJ-mediated repair generate 
different types of indel signatures. A. HAP1 WT, ∆LIG4, ∆XRCC4 and ∆DNA-PK cells were 
transfected with Cas9 and sgRNAs targeting exonic, intronic or promoter regions of 3 different 



DNA Repair & CRISPR-Cas9-Mediated Genome Editing                        Ferreira da Silva, J. 

 57 

genes (HSP90AA1, CD46 and RNF152). After selection, genomic DNA was extracted and 
sgRNA-targeted regions were PCR-amplified. Amplicon sequencing was used to determine 
the indel size distribution, following editing.  B. Generation of a clonal ∆POLQ HAP1 cell line 
with a 1bp insertion and a clonal ∆LIG4/∆POLQ double mutant HAP1 cell line (+1bp/-7bp, for 
LIG4 and POLQ respectively). C. Dose-response curves for WT, ∆LIG4, ∆POLQ and 
∆LIG4/POLQ HAP1 cell lines to the DNA double-strand break-inducing agents 
neocarcinostatin (NCS), doxorubicin and etoposide. Cells were treated with the indicated 
compounds for 3 days and viability was measured by Cell Titer Glo. D. Indel size distribution 
in WT, ∆LIG4, ∆POLQ and ∆LIG4/POLQ HAP1 cells, following the repair of Cas9-induced 
breaks within exonic, intronic and promoter regions of HSP90AA1 and RNF152, following the 
same procedure described in A. E. Kinetics of indel generation within the mCherry locus 
(measured by gating on GFP-positive cells) after Cas9-induction with doxycycline, at the 
indicated time points. Each time point was normalized to the uninduced (0h) time point. The 
assay was performed in WT and ∆LIG4/POLQ HAP1 cells (n=3). Statistical significance was 
calculated by the Student’s t-test. ns=not significant, ** p-value ≤ 0.01, **** p-value ≤ 0.0001. 
  



DNA Repair & CRISPR-Cas9-Mediated Genome Editing                        Ferreira da Silva, J. 

 58 

3.2 Prime Editing Efficiency and Fidelity are Enhanced in the Absence of Mismatch Repair 
 
3.2.1 Prologue 
 
 Prime editing is a powerful and versatile genome engineering approach that allows for 

the precise introduction of base substitutions, insertions and deletions, into any given genomic 

locus. However, the efficiency of prime editing widely varies across different cell backgrounds, 

even for the same genomic locus. In this project, we sought to address the cause of this 

variation. Through a focused genetic screen targeting DNA repair factors, we have showed 

that the efficiency of prime editing is hampered by the mismatch repair (MMR) pathway. We 

have shown that the MMR factor MLH1 directly binds to sites of prime editing, indicating that 

MMR directly counteracts the insertion of the edit. Consequently, ablation of MMR increases 

prime editing efficiency across different human cell lines, several types of edits and multiple 

genomic loci.  

 

 The results from this project have been published in a pre-print server and are currently 

under editorial consideration for publication in 2021/2022. 

 

Ferreira da Silva et al, Prime Editing Efficiency and Fidelity are Enhanced in The Absence 
of Mismatch Repair, bioRxiv 2021  

https://www.biorxiv.org/content/10.1101/2021.09.30.462548v1.full.pdf 
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Prime editing (PE) is a powerful genome engineering approach that enables the introduction 24 
of base substitutions, insertions and deletions into any given genomic locus. However, the 25 
efficiency of PE varies widely and depends not only on the genomic region targeted, but also 26 
on the genetic background of the edited cell. To determine which cellular factors affect PE 27 
efficiency, we carried out a focused genetic screen targeting 32 DNA repair factors, spanning 28 
all reported repair pathways. We show that, depending on cell line and type of edit, ablation 29 
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cell lines, types of edits and genomic loci. The accumulation of the key MMR factors MLH1 31 
and MSH2 at PE sites argues for direct involvement of MMR in PE control. Our results shed 32 
new light on the mechanism of PE and suggest how its efficiency might be optimised.  33 
 34 
 35 
 36 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 20, 2022. ; https://doi.org/10.1101/2021.09.30.462548doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.30.462548
http://creativecommons.org/licenses/by-nd/4.0/


 2 

Introduction 37 
CRISPR-Cas9-based genome editing technologies are powerful new tools of functional 38 
genomics, with considerable potential as future therapeutics (Jinek et al., 2012). However, the 39 
efficiency of currently available genome editing protocols is limited. Moreover, the process 40 
gives rise to undesirable side products that hinder the implementation of this technology in 41 
clinical settings. To overcome these hurdles, there is need to identify the DNA metabolic 42 
pathways and molecular mechanisms that govern editing outcomes, as well as the activities 43 
of these pathways in different cellular and tissue contexts (Richardson et al., 2018; Yeh et al., 44 
2019; Ferreira da Silva et al., 2021; Hussmann et al., 2021). The first generation of Cas9-45 
based genome engineering tools used nucleases that could be directed to any desired region 46 
of the genome by a single-guide RNA (sgRNA). Following the targeting of a site-specific DNA 47 
double-strand break (DSB), the endogenous DNA end-joining pathways frequently repair this 48 
lesion in an error prone manner, leading to insertions or deletions (indels) that give rise to loss-49 
of-function alleles (Bothmer et al., 2017). This approach was further adapted to include either 50 
a single- or double-stranded donor template containing the desired edit. Here, the DSB is 51 
processed by homology-directed repair (HDR), which catalyses the insertion of the donor 52 
template that includes the edit. Unlike the former approach, which generates random indels, 53 
the latter method permits the introduction of desired indels, as well as point mutations, into the 54 
genome (Yeh et al., 2019). However, since HDR is inefficient, depends on potentially 55 
deleterious DSBs and requires cell division, alternative approaches were needed. 56 
 57 
Amongst such alternative approaches are Base Editing (BE) and Prime Editing (PE). The 58 
former uses nucleobase modification chemistry to efficiently and precisely incorporate single 59 
nucleotide variants into the genome of cells (Komor et al., 2016; Gaudelli et al., 2017; Gu et 60 
al., 2021), but its scope is limited to single-base substitutions. This led to the development of 61 
PE as a highly versatile genome editing approach that allows for the targeted insertion of 62 
indels, point mutations and combinations thereof into the genome (Anzalone et al., 2019). PE 63 
utilises a fusion of a Cas9(H840A) nickase (Jinek et al., 2012) and reverse transcriptase (RT) 64 
that is targeted to a precise genomic region by a PE guide RNA (pegRNA). The pegRNA 65 
includes the desired sequence change, as well as a short 3’ terminal extension complementary 66 
to the 5’ sequence upstream from the nick within the target site. Annealing of the 3’ terminus 67 
of the pegRNA to the 3’ segment of the nicked DNA strand generates a substrate for the RT, 68 
which copies the RNA template and thus incorporates the desired edit into the 3’ extension of 69 
the nick. Dissociation of the RNA and annealing of the DNA strands generates a 3’ flap 70 
containing the edit. Transient melting and reannealing of the nicked target site give rise to a 71 
mixture of molecules containing either 3’ or 5’ flaps. Successful installation of the desired edit 72 
requires removal of the 5’ flap and ligation of the resulting nick to yield a DNA heteroduplex 73 
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containing the edit in the RT-synthesised strand. The editing outcome of this method, referred 74 
to as PE2, depends on the resolution of this heteroduplex. Utilising an additional sgRNA that 75 
directs nicking to the original DNA strand, either concurrently to the edit installation (PE3), or 76 
subsequently (PE3b), increases PE efficiency (Anzalone et al., 2019). The increased 77 
efficiency in PE3 strategies has been suggested to require the DNA repair pathway known as 78 
DNA Mismatch Repair (MMR)  that would function in the repair of the nicked, non-edited 79 
strand, by utilising the edited strand as template (Petri et al., 2021; Scholefield and Harrison, 80 
2021).  81 
  82 
Due to its versatility, PE has been used in a wide variety of models, such as zebrafish (Petri 83 
et al., 2021), rice and wheat (Lin et al., 2020), mouse (Liu et al., 2020) and human stem 84 
cells (Sürün et al., 2020). A notable feature of PE is its highly variable rates across different 85 
genetic backgrounds, even within the same genomic locus and using the same 86 
pegRNA (Anzalone et al., 2019). To address whether this could be explained by different DNA 87 
repair capacities, we performed a targeted genetic screen aimed at identifying DNA repair 88 
factors involved in PE. Here, we uncover an inhibitory role for MMR pathway in PE and show 89 
that MMR proteins localise to sites of PE to directly counteract edit installation, rather than 90 
promote it. Thus, deletion or transient depletion of MMR factors increase PE efficiency and 91 
fidelity across different edit sites, types and cell lines. 92 

Results 93 

A targeted genetic screen identifies the DNA repair pathway mismatch repair as 94 
inhibitory for prime editing 95 

To investigate the DNA repair requirements for PE, we conducted a targeted genetic screen, 96 
utilising a collection of isogenic knockouts in the human near-haploid HAP1 cell line 97 
(Supplementary Data 1). The 32 targeted genes were selected to represent divergent 98 
functions within all known human DNA repair pathways. The library thus provided a 99 
comprehensive coverage of the DNA damage response. The cell lines received the PE 100 
machinery, including the Cas9(H840A)-RT and a pegRNA encoding a 5-base pair (bp) 101 
deletion in the HEK3 locus. PE efficiency was determined by amplicon sequencing of the 102 
genomic locus.  103 

Wild-type HAP1 cells were remarkably inefficient at PE (<1% alleles edited). In contrast, 104 
isogenic HAP1 cell lines mutated at the MLH1, PMS2, MSH2, EXO1 and MSH3 loci displayed 105 
higher PE levels, ranging from 2 to 6.8-fold (Figure 1A). Disruption of other DNA repair 106 
pathways had little or no impact on PE efficiency. This finding clearly indicates that MMR 107 
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functions to inhibit PE. Of all MMR genes targeted in the screen, only the loss of MSH6 failed 108 
to increase PE efficiency. 109 

The MMR pathway evolved to correct base/base mispairs and small indels arising in DNA 110 
during replication and recombination. To initiate repair, these lesions are recognised by the 111 
heterodimers MutSα (MSH2-MSH6) or MutSβ (MSH2-MSH3). Whereas MutSα recognises 112 
base/base mismatches and indels of 1-2 nucleotides, larger indels are recognised by MutSβ 113 
(Drummond et al., 1995; Palombo et al., 1995, 1996; Acharya et al., 1996; Gradia et al., 1997). 114 
Substrate binding brings about an ATP-dependent conformational change of the MutS 115 
complexes and recruitment of the MutLα (MLH1-PMS2) (Li and Modrich, 1995) or MutL 116 
β  (MLH1-MLH3) (Lipkin et al., 2000) heterodimers. Assembly of the MutL complex together 117 
with RFC and PCNA (Pluciennik et al., 2010), bound at a pre-existing strand discontinuity 118 
(either a nick or a free 3’ terminus), activates cryptic endonucleases of the PMS2 or MLH3 119 
proteins, which then introduce additional DNA single-strand breaks (SSBs) into the 120 
discontinuous DNA strand, in the vicinity of the mismatch. These SSBs act as entry points for 121 
EXO1, which degrades the discontinuous strand in a 5’ to 3’ direction up to, and some distance 122 
past, the misincorporated nucleotide(s) (Kadyrov et al., 2006). The resulting gap is filled-in by 123 
DNA polymerase δ and the remaining nick is ligated by DNA ligase I (Stojic et al., 2004; Iyer 124 
et al., 2006; Fishel, 2015). Since the edit introduced in our screen is a 5 bp deletion, this makes 125 
it a substrate of MutSβ, but not MutSα (Palombo et al., 1996), which explains the lack of an 126 
effect on editing upon the loss of MSH6 (Figure 1A). This result highlights the highly 127 
specialised nature of the DNA damage response that functions on different substrates. 128 
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 129 

Figure 1: Mismatch repair inhibits prime editing in human cells. A) Genetic screen in 32 130 
HAP1 isogenic knockout cell lines covering different DNA damage repair pathways, as well as 131 
their wild-type (WT) counterpart, showing the efficiency of installation of a 5 base pair (bp) 132 
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deletion in the HEK3 locus, using PE2. Values correspond to editing efficiency, measured by 133 
amplicon sequencing analysis in two independent biological replicates, with two technical 134 
replicates each. Each radial line represents an increment of 1%.  B) PE2 of a 5 bp deletion in 135 
the HEK3 locus in the indicated mismatch repair-deficient cell lines (MMR-), and their 136 
respective complemented counterparts (MMR+). For each cell line, the mutated MMR genes 137 
are represented. Values correspond to editing efficiency measured by amplicon sequencing 138 
analysis in at least three independent biological replicates. C) Percentage of indels after 139 
inducing a 5 bp deletion in the HEK3 locus using PE2 in varying mismatch repair-deficient, 140 
and their respective complemented, cell lines, in at least three independent biological 141 
replicates.  Percentage of indels = number of reads containing indels that do not correspond 142 
to the desired edit/total number of aligned reads. For each cell line, the correspondent mutated 143 
MMR gene is indicated. D) PE2 of the indicated types of edits (RNF2 locus) in HEK293 cells 144 
wild-type (MMR+), or knockout for MLH1 (MMR-). Values correspond to editing efficiency, 145 
measured by amplicon sequencing analysis in three independent biological replicates. E) 146 
Efficiency of PE2, PE3 and PE3b after inducing A>C or G>T mutations in the FANCF locus. 147 
HEK293 wild-type (MMR+) and MLH1 knockout cells (MMR-) were used. Values correspond 148 
to editing efficiency, measured by amplicon sequencing analysis in three independent 149 
biological replicates. F) PE3 efficiency of a 5 bp deletion in the HEK3 locus in RPE1 wild-type 150 
(WT) cells and an isogenic knockout MLH1 cell line (RPE1-MLH1-/-), determined by Sanger 151 
sequencing and TIDE analysis, for at least three independent biological replicates. RPE1 cells 152 
express Cas9(H840A)-RT in a constitutive manner (RPE1 PE2-BSD). G) PE3 efficiency in 153 
wild-type (WT) human induced-pluripotent stem cells (hiPSCs), as well as isogenic knockouts 154 
for MLH1 and MSH2 (MLH1-/-, MSH2 -/-), in three independent biological replicates, with two 155 
technical replicates each. Statistical analysis using multiple unpaired t tests. Error bars reflect 156 
mean and SEM. Ns p-value non-significant; * p-value < 0.05; ** p-value < 0.01; *** p-157 
value<0.001; **** p-value < 0.0001. 158 

 159 

Mismatch repair hinders PE2 and PE3 across several human cell lines, genomic loci 160 
and edit types 161 
To further explore the inhibitory role of MMR in PE, we expanded our investigations to a panel 162 
of MMR-deficient human cell lines, alongside their complemented counterparts, in which we 163 
measured the editing efficiency and fidelity of the HEK3 locus. We used the colorectal cancer 164 
line HCT116, which is mutated in both MSH3 and MLH1, alongside the MMR-proficient 165 
HCT116 cell line complemented with chromosomes 5 and 3 that house the wild-type copies 166 
of the two genes, respectively (Supplementary Figure 1A) (Koi et al., 1994; Haugen et al., 167 
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2008). The endometrial adenocarcinoma cell line HEC59, which is mutated at 168 
the MSH2 locus, was used together with its MMR-proficient counterpart complemented with 169 
chromosome 2 that carries the wild-type MSH2 gene (Supplementary Figure 1B) (Umar et 170 
al., 1997). Additionally, we used a doxycycline-inducible model of MLH1 deficiency in the 171 
embryonic kidney cell line HEK293T (293T-Lα) (Supplementary Figure 1C) (Cejka et al., 172 
2003). Finally, we generated an isogenic pair of MLH1 wild-type and knockout HEK293 cells 173 
(Supplementary Figure 1D).  174 
 175 
We controlled for the transfection efficiencies of all the matched MMR-deficient and proficient 176 
cell line pairs and showed that these were comparable, as measured by the percentage of 177 
cells transfected with a GFP expressing plasmid (Supplementary Figure 1E). We then 178 
performed PE2 editing by deleting 5 bp within the HEK3 locus. All cell lines showed 179 
significantly increased PE2 editing (ranging from 1.7 to 6.6-fold) when MMR was ablated, 180 
compared to their MMR-proficient counterparts (Figure 1B). Importantly, even though PE 181 
efficiencies were increased by MMR deficiency, this did not come at the expense of higher 182 
indel frequencies within the amplicon region (Figure 1C). Indeed, we observed that loss of 183 
MMR prevented unwanted indels at the HEK3 locus in the HEC59, 293T-Lα and HEK293 cell 184 
lines (Figure 1C). 185 

To further investigate the substrates of MMR in PE, we measured the editing efficiencies of a 186 
transition (G>A), two transversions (C>G and C>T), a 1 bp insertion and a 3 bp deletion, all 187 
within a different endogenous locus, the RNF2 locus. We found that active MMR significantly 188 
diminished the efficiency of all these edits, ranging from 1.6 to 14-fold, using HEK293 cells 189 
that lack MLH1, a factor that is part of both the MutLα and MutLβ heterodimers, which together 190 
repair base/base mismatches, indels of 1-2 nucleotides and larger indels (Figure 1D). These 191 
findings were also corroborated in the MLH1/MSH3-deficient HCT116 cell line 192 
(Supplementary Figure 1F). To test the inhibitory role of MMR on different PE strategies, we 193 
measured the efficiency of PE2, PE3 and PE3b on the FANCF locus, via the installation of 194 
either an A>C or a G>T substitution in HEK293 and HCT116 cells. Editing efficiency was 195 
improved by MMR deficiency for all types of PE (1.8 -16-fold), albeit to a lesser extent for PE3 196 
(Figure 1E, Supplementary Figure 1G). Overall, these results show that MMR counteracts 197 
PE efficiency across different edits and different genomic loci, in various human cell lines. 198 

Since both HCT116 and HEC59 are cancer-derived cell lines that display MMR deficiency, it 199 
is possible that the higher levels of PE efficiency are due to cellular adaptation. The human 200 
retinal pigmental cell line RPE1 is a non-cancer derived cell line, thus we utilised this for 201 
corroborating our findings. PE efficiencies are generally very low in RPE1 wild-type cells 202 
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(Supplementary Figure 1H). To overcome this shortcoming, we developed a lentivirus 203 
system for stable delivery of the PE3 system, where RPE1 cells constitutively 204 
express Cas9(H840A)-RT (denoted RPE1 PE2-BSD). We generated a CRISPR genetic 205 
knockout for the MLH1 factor in this cell line (Supplementary Figure 1I) and performed PE3, 206 
by transducing both the pegRNA and the nicking sgRNA installing a 5 bp deletion within the 207 
HEK3 locus. We observed an editing efficiency of approximately 35% in WT RPE1 that was 208 
further increased to 60% in RPE1-MLH1-/- (Figure 1F). We additionally extended our findings 209 
to human induced-pluripotent stem cells (hiPSCs), engineered to be deficient for either MLH1 210 
or MSH2 (Zou et al., 2021) (Supplementary Figure 1J).  Wild-type hiPSCs demonstrated 211 
20% editing efficiency of a 5 bp deletion in the HEK3 locus, while the MLH1 and MSH2 212 
deficient counterparts displayed an increased efficiency of approximately 55% and 40%, 213 
respectively (Figure 1G). Overall, these results confirm that the MMR pathway specifically 214 
plays a role in counteracting PE. 215 

Mismatch repair factors are recruited to sites of prime editing 216 

To confirm that the MMR proteins are directly involved in the processing of PE intermediates, 217 
we determined if they are recruited to sites of ongoing editing marked by Cas9(H840A)-RT. 218 
Cas9(H840A)-RT was directed to human repetitive telomeric regions, a strategy that has 219 
proven efficient for imaging Cas9 (Chen et al., 2013) (Figure 2A). Using this experimental 220 
approach, we were able to colocalize TRF1 (an essential component of the telomeric shelterin 221 
complex) with catalytically inactive Cas9 (dCas9), as previously described (Wang et al., 2008) 222 
and also with Cas9(H840A)-RT (Supplementary Figure 2A-B). Therefore, this setup allows 223 
for the visualisation of genomic loci undergoing PE, in a pegRNA-dependent manner. Next, 224 
we used this system in U2OS cells to express Green Fluorescent Protein (GFP), or  GFP-225 
tagged MMR proteins, as well as two additional DNA repair proteins that do not function in 226 
MMR (DDB2 that functions in nucleotide excision repair and 53BP1 that promotes non-227 
homologous end-joining). We observed that 65% of MLH1-GFP foci and 25% of MSH2-GFP 228 
foci colocalised with Cas9(H840A)-RT foci (Figure 2B-C). Importantly, we did not observe 229 
colocalisation of either DDB2-GFP or 53BP1-GFP foci and Cas9(H840A)-RT foci (Figure 2B-230 
C). Furthermore, by using an antibody against MLH1 (Supplementary Figure 2C-D) we 231 
confirmed the localisation of endogenous MLH1 to sites of PE (Figure 2D-E). We found that 232 
30% of MLH1 foci colocalised with Cas9, while we did not observe colocalisation when a 233 
dCas9, or a sgRNA, were used (Figure 2D-E). These findings reveal that intermediates of PE 234 
are substrates of MMR and we propose that MMR functions to degrade the invading 235 
heterologous strand and thus restore the original DNA sequence. 236 
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Figure 2: The mismatch repair protein MLH1 localises to sites of active prime editing. 239 
A) Scheme of the setup used for imaging. Cas9(H840A)-RT is targeted, through a pegRNA, 240 
to human telomeric repetitive regions. TRF1 is a telomeric protein that binds to these regions.  241 
B) Representative super-resolution images of Cas9(H840A)-RT and the indicated GFP-242 
tagged DNA repair proteins, in U2OS cells 24 hours after reverse transfection with GFP or 243 
GFP-tagged MLH1, MSH2, DDB2 or 53BP1, as well as a pegRNA targeting telomeric repeats. 244 
Data from three biological replicates and at least 50 cells per condition. C) Quantification of B 245 
indicating colocalization of Cas9(H840A)-RT foci with GFP foci. D) Representative super-246 
resolution images of Cas9(H840A)-RT, or dCas9, and MLH1 with a pegRNA or a sgRNA 247 
targeting telomeric repeats. Data from three biological replicates and at least 50 cells per 248 
condition. E) Quantification of D, indicating colocalization of Cas9(H840A)-RT foci with MLH1 249 
foci. Statistical analysis using multiple unpaired t tests. Error bars reflect mean and SEM. ****, 250 
p-value < 0.0001. All scale bars, 5 μm. 251 

 252 

Reversible mismatch repair depletion can be exploited to increase prime editing 253 
efficiency 254 

We next sought to transiently deplete MLH1 as a strategy to improve PE efficiency. Since loss 255 
of MMR leads to increased mutational burden and genome instability (Jiricny, 2006), long-256 
term inhibition of MMR is not desirable. Thus, to achieve transient MMR ablation, we depleted 257 
MLH1 in HEK293 cells with a pool of siRNAs (Supplementary Figure 3A), and subsequently 258 
showed that this effectively increased PE efficiency by approximately 2-fold through the 259 
generation of a 5 bp deletion in the HEK3 locus (Figure 3A). 260 

An alternative approach for achieving transient loss-of-function is through targeted protein 261 
degradation. The degradation tag (dTAG) system has proved to be an efficient strategy for 262 
rapid and transient ligand-induced targeted protein degradation (Nabet et al., 2018). Using 263 
CRISPR-mediated knock-in, we introduced the dTAG into the MLH1 locus of HAP1 cells, 264 
which allowed for the targeted degradation of MLH1 after treatment with the dTAG ligand. 265 
Importantly, the protein levels of MLH1 were restored to those found in wild-type cells after 24 266 
hours of removal of the ligand (Figure 3B). Using a flow cytometry-based readout, in which 267 
the pegRNA encodes a 1 bp substitution that converts the Blue-Fluorescent Protein (BFP) to 268 
GFP, we observed a 3-fold increase in BFP to GFP conversion upon treatment of the cells 269 
with the dTAG ligand and subsequent endogenous degradation of MLH1 (Figure 3C). PE 270 
efficiency at the HEK3 locus through a 5 bp deletion, as measured by sequencing genomic 271 
DNA, was also significantly increased by 3-fold upon treatment with the dTAG-ligand 272 
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(Supplementary Figure 3B). Importantly, this effect could be rescued to wild-type levels by 273 
removing the dTAG-ligand from the medium, thus restoring MLH1 levels (Figure 3B-C). Taken 274 
together, these results indicate that transient ablation of MMR represents a promising strategy 275 
that can be used to increase PE efficiency. 276 

 277 

Figure 3: Reversible ablation of MLH1 can be exploited to increase prime editing 278 
efficiency A) PE efficiency of a 5 bp deletion in the HEK3 locus in HEK293 cells transfected 279 
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with non-targeting control (NTC) or MLH1 siRNA pools, two days prior to PE vector delivery. 280 
Values correspond to editing efficiency, measured by Sanger sequencing and analysed by 281 
TIDE (Brinkman et al., 2014), in three independent biological replicates, with two technical 282 
replicates each. B) Immunoblot for MLH1 and tubulin in HAP1 cell extracts with (‘+’) or without 283 
(‘-‘) a 1-hour treatment with 500 nM dTAG-7 ligand. Recovery of dTAG-MLH1 expression was 284 
measured 24 hours after ligand removal (‘24h’). C) PE2 efficiency of BFP>GFP conversion in 285 
dTAG-MLH1 HAP1 cells, untreated (‘-‘), or treated with 500 nM of dTAG-7 ligand for 4 days 286 
(‘+’), or treated with dTAG-7 ligand for 24 hours, followed by its removal for 3 days (‘24h 287 
washout’). Data measured by flow cytometry for three biological replicates with two technical 288 
replicates each. D-Q) Schematic model of MMR activity in counteracting PE efficiency. After 289 
the cleavage of the non-edited 5’-flap by the flap endonuclease (FEN1), a nick is installed in 290 
the edited strand (D). This nick is recognised as a mismatch by the MutS complex, after which 291 
MutL is recruited and catalyses incisions that flank the mismatch (E). Exonuclease 1 (EXO1) 292 
degrades the incised DNA and Replication protein A (RPA) coats the single-stranded DNA 293 

(ssDNA) (F). Polymerase ! fills the gap and Ligase 1 (LIG1) ligates the nick (G). This repair 294 

culminates in an unedited DNA molecule (H). If the nick is ligated before mismatch recognition, 295 
an heteroduplex DNA is generated, containing the edit in one of the strands (I). The resolution 296 
of this heteroduplex potentially relies on replication (J). In PE3, the non-edited strand is 297 
simultaneously nicked (L), which directs MMR to repair the mismatch depending on which 298 
strand is ligated first (M). However, it is possible that the nicking of the non-edited strand is 299 
inefficient, leading to the MMR-mediated removal of the edit (O). In MMR-deficient 300 
backgrounds, there is ligation of the heteroduplex without removal of the edit (P,Q). Statistical 301 
analysis using unpaired t tests. Error bars reflect mean and SEM. Ns, p-value non-significant; 302 
**, p-value < 0.01;****, p-value < 0.0001. 303 

Discussion 304 

Here we show that the MMR pathway counteracts PE efficiency and fidelity, across different 305 
human immortalised and induced pluripotent stem cell lines, genomic loci and edit types. 306 
Although the role of MMR in PE had not been addressed experimentally, it was hypothesised 307 
to be required for the resolution of the heteroduplex DNA, thus promoting repair of the non-308 
edited strand by utilising the edited strand as template (Petri et al., 2021; Scholefield and 309 
Harrison, 2021). Our results provide clear evidence to the contrary, namely that the MMR 310 
system functions on the PE intermediate by degrading the invading, RT-synthesised  strand 311 
to restore the original sequence. This outcome conforms to our understanding of the molecular 312 
mechanism of MMR as gleaned from in vitro systems that made use of circular heteroduplex 313 
substrates and extracts of human cells (Holmes et al., 1990; Thomas et al., 1991). On these 314 
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substrates, activation of MMR was strictly dependent on the presence of two factors: a 315 
mismatch and a pre-existing nick in one strand that was less than 1 kb distant. The repair 316 
process was then directed to the nicked strand. Following the extrapolation of these insights 317 
into a cellular setting, MMR, activated by misincorporated nucleotides during replication, would 318 
be initiated either by the mismatch/indel and either end of an Okazaki fragment in the lagging 319 
strand, or the 3’-end of the primer of the leading strand. During recombination of homologous 320 
but non-identical fragments, MMR would be initiated by the heterology (mismatch or indel) 321 
between the invading donor and the recipient DNA strands, with the 3’-terminus of the invading 322 
strand acting as the signal required to activate the MutL endonucleases.  323 
 324 
We speculate that PE2 resembles the latter mechanism, whereby the RT-synthesised 3’ flap 325 
would displace the 5’ terminus of the Cas9(H840A)-RT-generated nick. This would give rise 326 
to a 5’ flap, which could be cleaved off by one of several structure-specific endonucleases 327 
(SLX1, FAN1, DNA2) and finally trimmed by flap endonuclease 1 (FEN1) (Figure 3D). Binding 328 
of MutS at the mismatch and its interaction with MutL and RFC/PCNA bound at the 3’-terminus 329 
(not shown) would activate the MutL nickase to generate additional incisions flanking the edit 330 
(Figure 3E).  Exonuclease 1 (EXO1) would then degrade the discontinuous strand to generate 331 
a long single-stranded gap bound by Replication Protein A (RPA) (Figure 3F). Finally, 332 
polymerase δ (POL δ) would fill the gap and Ligase 1 (LIG1) ligate the nick (Figure 3G). This 333 
process would result in the removal of the edit (Figure 3H). Ligation of the nick (Figure 3D) 334 
prior to MMR activation (Figure 3I) would generate an heteroduplex with one edited and one 335 
non-edited strand (Figure 3I), which would be refractory to MMR, and would persist until 336 
replication, which would give rise to 50% progeny carrying the edit and 50% non-edited 337 
(Figure 3J). The path in Figure 3 D-I-J would be favoured in the absence of MMR, thus 338 
accounting for the increased yield of edited alleles in MMR-deficient backgrounds.   339 
 340 
Importantly, our data confirm the results of biochemical characterisations of the substrate 341 
specificities of MutSα and MutSβ (Drummond et al., 1995; Palombo et al., 1995, 1996; 342 
Acharya et al., 1996; Gradia et al., 1997), which showed that the former recognises 343 
preferentially base/base mismatches and indels of 1-2 nucleotides, whereas the latter binds 344 
to larger indels (Figure 3K). Based on these findings, deletion of MSH6 should have failed to 345 
affect the outcome of PE using a 5 bp deletion, which was indeed the case, as we report here 346 
(Figure 1A).  347 
 348 
Besides types of edits, different PE strategies are likely to be impacted by MMR activity to 349 
different degrees. PE3 was developed as a more efficient PE strategy, in which both edited 350 
and non-edited DNA strands are nicked (Figure 3L). When nicks are present in both strands, 351 
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the nick nearer the mismatch will be preferentially deployed by the MMR system, but the 352 
excision will destabilize the duplex and may lead to a DNA DSB, which explains the increased 353 
presence of indels in the final outcome of PE3 (Anzalone et al., 2019). If one strand of the 354 
heteroduplex is ligated first, MMR is directed to the nicked strand. Therefore, ligation of the 355 
edited strand directs MMR to repair the non-edited strand leading to editing on both strands 356 
of the DNA heteroduplex, whereas ligation of the non-edited strand results in an unedited DNA 357 
molecule (Figure 3M). These outcomes rely on the assumption that the nicking sgRNA acts 358 
as efficiently as the pegRNA. This might not always be the case as some DNA molecules 359 
might have been edited and nicked by the pegRNA only (Figure 3N). This would lead to the 360 
same outcome as PE2, which is removal of the edit by MMR (Figure 3O). In PE3, as well as 361 
PE2, cells that lack functional MMR ligate the heteroduplex DNA without removal of the edit 362 
(Figure 3P-Q). Thus, we propose that MMR activity counteracts PE3 efficiency, as well as 363 
PE2, albeit to a lesser extent. This difference is due to the loss of a clear discrimination signal 364 
of which strand to repair, created by the nick. In PE3b, the nicking of the non-edited strand is 365 
designed to happen only after the integration of the edit. Hence, we propose that the MMR 366 
dependency of PE3b is the same as PE2. 367 
 368 
It remains to be seen what the size limitation of PE-generated indels is, that are addressed by 369 
MMR. While our work was under revision, two other studies described the suppression of PE 370 
efficiency by MMR activity and extensively characterised the types of edits that are efficiently 371 
repaired by this pathway. Chen and colleagues showed that MMR involvement decreases with 372 
increasing indel size and that G/C to C/G edits, which form C:C mismatches, are less 373 
frequently removed by MMR factors (Chen et al., 2021). Koeppel and colleagues 374 
systematically measured the insertion efficiency of indels ranging from 1-69 bp in length 375 
(Koeppel et al., 2021). The authors observed an overall increase of insertion efficiency upon 376 
MMR depletion, with the greatest difference seen for indels 1-4 bp long. These results agree 377 
with the known substrate specificities of MutSα and MutSβ (Drummond et al., 1995; Palombo 378 
et al., 1995, 1996; Acharya et al., 1996; Gradia et al., 1997). Given that one of the most 379 
promising applications of PE includes insertion, deletion or replacement of large sequences 380 
of DNA, for example to tag endogenous loci within the genome (Anzalone et al., 2019; Ioannidi 381 
et al., 2021), how these lesions are processed and how their insertion efficiency can be 382 
augmented, remains of substantial future interest.  383 
 384 
Our findings suggest that the improvement in PE efficiencies in the absence of MMR does not 385 
come at the cost of generation of undesirable indels around the edit site (Figure 1C). However, 386 
MMR deficiency brings about a mutator phenotype, which will severely limit the utility of PE 387 
protocols that make use of long-term MMR inactivation. This deleterious outcome might be 388 
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substantially reduced by interfering with MMR transiently. Our results suggest that targeting 389 
MMR factors with siRNA or protein degradation technologies, such as proteolysis targeting 390 
chimeras (PROTAC), represent promising approaches to improve PE efficiencies. Another 391 
exciting approach would be to interfere with MMR solely at the edit site, similarly to what had 392 
been described for improving the efficiency of HDR (Charpentier et al., 2018; Rees et al., 393 
2019). While our article was under revision, two new PE strategies were described, PE4 and 394 
PE5, that rely on co-expressing dominant negative MLH1 fragments with the PE2 and PE3 395 
machineries, respectively (Chen et al., 2021). The authors also reported that pegRNAs 396 
encoding contiguous silent or benign mutations around the intended edit function to evade 397 
recognition and repair by MMR (Chen et al., 2021). This strategy has the potential to improve 398 
PE efficiency without the increase in mutational burden that is associated with long-term MMR 399 
loss. 400 
 401 
Together with recent reports (Chen et al., 2021; Koeppel et al., 2021), our data shed new light 402 
on the molecular mechanism of a new and highly promising genome editing technology. We 403 
have shown that the MMR pathway inhibits PE efficiency by physically localising to edit sites 404 
and promoting their reversion to non-edited sequences. However, the variability in PE 405 
observed across cell lines cannot be explained solely by the involvement of MMR and other 406 
factors such as cell cycle stage (Wang et al., 2021) or cellular metabolism might also be 407 
contributing factors. Hence, further studies are warranted to identify alternative cellular 408 
determinants that might limit or promote the use of this technology. The advancement in 409 
knowledge reported here can be applied to further the development of prime editors, as well 410 
as in the design of novel therapeutic strategies.  411 
 412 

Methods  413 

 414 
Plasmids and oligos 415 
DNA oligos were obtained from Integrated DNA Technologies (IDT) unless otherwise noted. 416 
pCMV-PE2 was a gift from David Liu (Addgene plasmid # 132775). pLenti PE2-BSD was a 417 
gift from Hyongbum Kim (Addgene plasmid # 161514) (Kim et al., 2021). pU6-pegRNA-GG-418 
acceptor was a gift from David Liu (Addgene plasmid # 132777). PegRNAs were cloned into 419 
the  pU6-pegRNA-GG-acceptor using BsaI Golden Gate assembly (NEB), following the 420 
manufacturer’s instructions. sgRNAs utilised in PE3 and PE3b experiments were cloned in the 421 
lenti-sgRNA puro vector, using BsmBI Golden Gate assembly (NEB), following the 422 
manufacturer’s instructions. lenti-sgRNA puro was a gift from Brett Stringer (Addgene 423 
plasmid# 104990) (Stringer et al., 2019). lenti-sgRNA neo was a gift from Brett Stringer 424 
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(Addgene plasmid # 104992) and it was used to clone the sgRNA utilised in PE3 experiments 425 
in RPE1 PE2-BSD cells.  426 
For immunofluorescence experiments, the dCas9 plasmid was a gift from David Segal 427 
(Addgene plasmid # 100091) (O’Geen et al., 2017) and the pSLQ1651-sgTelomere(F+E) was 428 
a gift from Bo Huang & Stanley Qi (Addgene plasmid # 51024) (Chen et al., 2013). Additionally, 429 
the following plasmids were used: pCMVTet-eGFP-MLH1, pCMVTet-eGFP-MSH2, pEGFP-430 
C1-53BP1. pLenti6.3 WT GFP-DDB2 was also used and it was a gift from Dr. A. Pines (Pines 431 
et al., 2012). pmaxGFPTM (Lonza) was used for immunofluorescence experiments, as well as 432 
to test transfection efficiency. pCRIS-PITChv2-BSD-dTAG (BRD4), used for the generation of 433 
dTAG expressing cells, was a gift from Dr. Georg Winter. 434 
BFP-positive cells were generated using the BFP dest clone plasmid. BFP dest clone was a 435 
gift from Jacob Corn (Addgene plasmid # 71825) (Richardson et al., 2016). 436 
Sequences of sgRNA, pegRNA constructs, as well as primers for genomic DNA amplification 437 
are listed in Supplementary Data 2. The pegRNA targeting telomeres included a stem loop 438 
extension as described in (Chen et al., 2013). All plasmids for mammalian cell experiments 439 
were purified using the Plasmid Plus Midi Kit (Qiagen) or the Spin Miniprep Kit (Qiagen), both 440 
including endotoxin removal steps.  441 
For virus production, the psPAX2 and VSV.G packaging virus were used. psPAX2 was a gift 442 
from Didier Trono (Addgene plasmid # 12260). VSV.G was a gift from Tannishtha Reya 443 
(Addgene plasmid # 14888). 444 
 445 
Construction of plentipegRNAPuro vector 446 
The plentipegRNAPuro vector was generated as follows. The lenti-sgRNA puro vector was 447 
digested with EcoRI for 2h at 37oC followed by digestion with BsmBI for 2 hours at 55oC and 448 
treatment with 4 μl of rSAP (NEB) for 1 hour at 37oC. The mRFP and terminator sequence 449 
present in the pU6-pegRNA-GG-acceptor was PCR amplified with a forward primer converting 450 
the BsaI cut site to BsmBI and with the reverse primer containing an EcoRI cut site. The PCR 451 
product was digested with BsmBI and EcoRI as above. The vector and digest were both 452 
purified using gel extraction using the Wizard® SV Gel and PCR Clean-Up System (Promega) 453 
and ligated using T4 ligase (NEB) for 1h at room temperature. In order to allow for Golden 454 
gate cloning using BsmBI, the BsaI cut site present in the newly assembled vector was 455 
converted to a BsmBI cut site using the Q5 Site- Directed Mutagenesis kit (NEB). 456 
 457 
Lentiviral production and transduction 458 
Lentiviral production was achieved by plating 5x106 xLentiTM cells (Oxgene) in a 10-cm dish 459 
transfected one day post seeding with packaging plasmids (1 μg VSV.G, 2 μg psPAX2  and 4 460 
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μg of transfer plasmid using PEI (Sigma-Aldrich). Virus containing supernatant was collected 461 
72 hours post transfection, cleared by centrifugation and stored at -80oC. 462 
Cell transduction was performed using spin-infection as follows. 0.5x106 cells were mixed in a 463 
well of a 12-well plate with varying concentrations of supernatant containing viral particles and 464 
8 μg/ml of polybrene (Sigma) which was then centrifuged at 2,000 rpm for 30 minutes at 30°C. 465 
 466 
Mammalian cell culture 467 
All cells were grown at 3% oxygen at 37oC and routinely checked for possible mycoplasma 468 
contamination. Human HAP1 cells were obtained from Horizon Discovery and were grown in 469 
Iscove’s Modified Dulbecco’s Medium (IMDM) (Gibco), containing L-glutamine and 25 nM 470 
HEPES and supplemented with 10% Fetal Bovine Serum (FBS) (Gibco) and 1% 471 
Penincillin/Streptomycin (P/S) (Sigma-Aldrich). U2OS and HEK293 cells were purchased from 472 
ATCC cell repository and cultured in DMEM (Gibco), supplemented with 10% FBS and 1% 473 
P/S. HEC59, wild-type and complemented with chromosome 2, were cultured in F12 DMEM 474 
with 10% FBS and 1% P/S. HEC59 complemented cells were cultured with 400 μg/mL of 475 
geneticin (G418, Gibco). HCT116 cells, wild-type and complemented with both chromosomes 476 
3 and 5, were cultured with McCoy’s 5A medium (Gibco), with 10% FBS and 1% P/S. HCT116 477 
cells complemented with chromosomes 3 and 5 were cultured with 400 μg/mL geneticin 478 
(G418, Gibco) and 6 ug/mL blasticidine (Invivogen). 293T-Lα were cultured in DMEM medium 479 
(Gibco) supplemented with 10% FBS or Tet-system approved FBS (Takara Bio), 1% P/S, 100 480 
μg/mL zeocin (Gibco) and 300 μg/mL hygromycin (Gibco). 293T-Lα were grown in doxycycline 481 
(1 μg/mL) for 7 days before any experiment, to completely deplete MLH1 expression. 482 
Doxycycline was replenished in the medium every 2 days. RPE1 cells were a gift from the 483 
Jackson lab (Gurdon Institute, Cambridge, UK) and cultured in F12 DMEM with 10% FBS and 484 
1% P/S. iPSCs (WT, MLH1 and MSH2-deficient) were a gift from the Nik-Zainal lab (University 485 
of Cambridge, UK) and cultured on non-tissue culture treated plates (Stem Cell Technologies) 486 
pre-coated with 10 μg/mL Vitronectin XF (Stem Cell Technologies) in TeSR-E8 medium (Stem 487 
Cell Technologies). The medium was changed daily and the cells were passaged every 4–8 488 
days depending on confluency using Gentle Cell Dissociation Reagent (Stem Cell 489 
Technologies). 10 μM of ROCKi (Stem Cell Technologies) was added to the medium 490 
whenever passaging or thawing iPSCs. 491 
 492 
Generation of PE2-BSD RPE1 and HEK293T cells 493 
RPE1 and HEK293T cells were transduced at a low multiplicity of infection with the pLenti-494 
PE2-BSD vector and selected two days post transduction with blasticidin (10 μg/ml). 495 
Transduced cells were then single cell sorted into 96 well plates and single colonies isolated 496 
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following 2-3 weeks of clonal expansion. Cas9(H840A)-RT expression was confirmed by 497 
immunoblotting. 498 
 499 
Generation of MLH1 isogenic knockout cell lines 500 
MLH1 knockouts were generated in RPE1 PE2-BSD and HEK293 cell lines by nucleofection 501 
of S.pyogenes Cas9 together with an in-vitro transcribed sgRNA. Recombinant Cas9 502 
containing a nuclear localization sequence and a C-terminal 6-His tag was purchased from 503 
Integrated DNA Technologies (#1081059). The sgRNA targeting MLH1 (Supplementary Data 504 
2) was designed utilizing the VBC score tool (https://www.vbc-score.org/). T7 in vitro 505 
transcription was performed using HiScribe (NEB E2050S), using PCR-generated DNA as 506 
template, as previously described here: dx.doi.org/10.17504/protocols.io.bqjbmuin.  507 
The 4D-Nucleofector System X-Unit (Lonza) was used for nucleofection. A mixture of 30 pmol 508 
of Cas9 and 60 pmol of in vitro transcribed sgRNA was prepared in a final volume of 5 μL of 509 
Cas9 buffer (20 mM HEPES-KOH pH 7.5, 150 mM KCl, 10% glycerol) and incubated for 20 510 
minutes, room-temperature. 200,000 HEK293 or RPE1 cells were centrifuged (800 g, 8 511 
minutes), washed with PBS and resuspended in 15 μL of SF Cell-Line Solution (V4XC-2032, 512 
Lonza) or P3 Primary Cell Solution (V4XP-3032, Lonza), respectively. The Cas9-sgRNA 513 
mixture was added to the cells to a final volume of 20 μL and transferred to 16-well 514 
NucleocuvetteTM strips (Lonza). Pulse was applied utilizing the CM-130 program for HEK293 515 
cells and EA-104 for RPE1 cells. After nucleofection, cells were left to recover for 10 minutes 516 
at room temperature, after which they were resuspended in 80 μL of pre-warmed medium, 517 
transferred to appropriate dishes and kept in culture. 518 
Confirmed of knock-out cell lines was performed by Sanger sequencing, through amplification 519 
of genomic DNA with appropriate primers (Supplementary Data 2). Tracking of indels by 520 
decomposition was performed by the tool TIDE (Brinkman et al., 2014). For RPE1 cells, more 521 
than 90% of alleles contained an out-of-frame (+1bp) mutation, which allowed for the use of 522 
the pooled population. HEK293 cells showed a lower frequency of out-of-frame indels, hence 523 
single cell clones were seeded by limiting dilutions into 96-well plates and a clone containing 524 
a +1 bp mutation was selected, 2-3 weeks after clonal expansion, for further studies. 525 
Abrogation of MLH1 expression was confirmed in both cell lines by immunoblotting. 526 
 527 
Focused DNA repair genetic screen 528 
CRISPR-Cas9 knockouts of DNA repair genes were generated in collaboration with Horizon 529 
Genomics. Sequences of sgRNAs were designed by Horizon Genomics or with the use of 530 
http://chopchop.cbu.uib.no/. sgRNA sequences and frameshift mutations can be found in 531 
Supplementary Data 1. 532 
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For the genetic screen, 80,000 cells were seeded in technical duplicates in 12-well plates. 533 
Cells were transfected the day after with 636ng of pCMV-PE2 and 159ng of the HEK3 pegRNA 534 
inducing a 5 bp deletion, per well. 1.6 uL Lipofectamine 2000 (ThermoFisher Scientific) were 535 
used per well, following the manufacturer’s instructions. A separate transfection control was 536 
performed using 795 ng of the pmaxGFPTM vector (Lonza). Medium containing transfection 537 
reagents was removed 16 hours post-transfection. Transfection efficiency was measured 48 538 
hours after transfection, by determining the percentage of GFP positive cells by flow 539 
cytometry. Genomic DNA was harvested 96 hours post-transfection, using the QUIAmp DNA 540 
Blood Mini kit (Quiagen), following the manufacturer’s instructions. 541 
 542 
Transfection and genomic DNA preparation of mismatch repair-deficient cell lines 543 
HEC59, HCT116 and 293T-Lα and HEK293 cells were seeded in 48-well plates in duplicates 544 
(50,000 cells/well). Transfections were performed the next day, using 1 μL Lipofectamine 2000 545 
(ThermoFisher Scientific) per well, following the manufacturer’s instructions. Cells were 546 
transfected with 320 ng of the pCMV-PE2 vector, 80 ng of the respective pegRNA and, for 547 
PE3 and PE3b, 33.2 ng of the nicking sgRNA, per well. A transfection control was performed 548 
in parallel, by transfecting 400 ng per well of the pmaxGFPTM vector (Lonza). 549 
iPSCs were seeded in 48-well plates in duplicates (50,000 cells/well). Transfections were 550 
performed the next day, using 1 μL Lipofectamine Stem (ThermoFisher Scientific) per well, 551 
following the manufacturer’s instructions. Cells were transfected with 320 ng of the pCMV-552 
PE2 vector, 80 ng of the respective pegRNA and, for PE3 and PE3b, 33.2 ng of the nicking 553 
sgRNA, per well. A transfection control was performed in parallel, by transfecting 400 ng per 554 
well of the pmaxGFPTM vector (Lonza). 555 
Genomic DNA was extracted 96 hours after transfection, by removing the medium, 556 
resuspending the cells in a lysis solution (100 μL DirectPCR Lysis Reagent (Cell) (Viagen 557 
Biotech), 76 μL of water and 4 μL Proteinase K) and incubating 45 minutes at 55oC and 45 558 
minutes at 85oC. 559 
 560 
Prime editing in RPE1 cells 561 
Wild-type and MLH1-knockout RPE1 PE2-BSD cells were transduced at a high multiplicity of 562 
infection with the plentipegRNAPuro encoding a 5bp deletion in the HEK3 locus, together with 563 
a nicking sgRNA for PE3 cloned in the lenti-sgRNA neo vector (Supplementary Data 2). Spin-564 
infection was performed with 500,000 cells/well in a 12-well plate with 8μg/mL polybrene 565 
(2,000 rpm, 90 minutes, 32oC). Cells were selected the day after transduction with blasticidine 566 
(10 μg/ml), puromycin (2 μg/ml) and G418 (400 μg/ml). Genomic DNA was extracted as 567 
described in the section ‘Transfection and genomic DNA preparation of mismatch repair-568 
deficient cell lines’, 96 hours post-transduction. Antibiotic selection was maintained throughout 569 
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the entire duration of the experiment. Prime editing efficiency was measured by Sanger 570 
sequencing, after amplification of the genomic DNA with appropriate primers (Supplementary 571 
Data 2). Editing efficiency was calculated by sequence decomposition, using TIDE (Brinkman 572 
et al., 2014). 573 
 574 
High-throughput DNA sequencing of genomic samples 575 
Genomic sites of interest were amplified from genomic DNA samples and sequenced on an 576 
Illumina Miseq or NextSeq, depending on the number of pooled samples. Amplification primers 577 
containing Illumina forward and reverse primers (Supplementary Data 2) were used for a first 578 
round of PCR (PCR1) to amplify the genomic region of interest. A mixture of staggered forward 579 
primers was used to create complexity. PCR1 reactions were performed in a final volume of 580 
25 μL, using 0.5 μM of each forward and reverse primers, 1 μL genomic DNA and 12.5 μL of 581 
Phusion U Multiplex PCR 2x Master Mix (ThermoFisher Scientific). PCR1 was carried as 582 
following: 98oC 2 min, 30 cycles [98oC 10 seconds, 61oC 20 seconds, 72oC 30 seconds], 583 
followed by a final extension of 72 oC for 7 minutes. Unique Illumina dual index barcode primer 584 
pairs were added to each sample in a second PCR reaction (PCR2). PCR2 was performed in 585 
a final volume of 25 μL, using 0.5 μM of each unique forward and reverse Illumina barcoding 586 
primer pair,1 μL of unpurified PCR1 reaction and 12.5 μL of of Phusion U Multiplex PCR 2x 587 
Master Mix. PCR2 was carried as following: 98oC 2 minntes, 12 cycles [98oC 10 seconds, 588 
61oC 20 seconds, 72oC 30 seconds], followed by a final extension of 72oC for 7 minutes. PCR 589 
products were analysed by electrophoresis in a 1% (w/v) agarose gel and purified using 590 
magnetic AMPure XP beads (Beckman Coulter), using a ratio of beads:PCR product of 2:1. 591 
DNA concentration was measured by fluorometric quantification (Qubit, ThermoFisher 592 
Scientific) and sequenced on an Illumina instrument, according to manufacturer’s instructions. 593 
Sequencing reads were demultiplexed using MiSeq Reporter (Illumina) and alignment of 594 
amplicon sequences to a reference sequence was performed using CRISPResso 2 (Clement 595 
et al., 2019). CRISPResso2 was ran in standard mode and prime editing yield was calculated 596 
as: number of aligned reads containing the desired edit/total aligned reads. Percentage of 597 
indels was calculated as: number of aligned reads containing indels that are not the desired 598 
edit/ total number of aligned reads. 599 
 600 
siRNA transfections 601 
The following siRNAs from Dhamacon (used at a final concentration of 100 nM) were used in 602 
this study: MLH1 SMARTpool ON-TARGETplus (L-003906-00-0005) and Non-targeting 603 
control SMARTpool ON-TARGETplus (D-001810-10-05). siRNA transfections in HEK293 cells 604 
were performed using Dharmafect 1 following manufacturer´s instructions. siRNA delivery was 605 
performed 48 hours prior to transfection of prime editing vectors. 606 
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 607 
Generation of dTAG-MLH1 HAP1 cell line 608 
A targeting vector encoding for the BSD-dTAG sequence (amplified from pCRIS-PITChv2-609 
BSD-dTAG (BRD4)) surrounded by two 1kb-long homology arms upstream and downstream 610 
of the start codon of MLH1 was generated using Gibson assembly (NEB). An in vitro 611 
transcribed sgRNA targeting the region spanning the start codon of MLH1 was generated as 612 
previously described (Richardson et al., 2018). Cas9 protein (IDT) together with the targeting 613 
vector and in vitro transcribed sgRNA were nucleofected into 200,000 haploid cells in 16-well 614 
strips, using a 4D Nucleofector (Lonza) and the program DS-118. Three days after 615 
nucleofection, 10 μg/ml blasticidin (Invivogen) were added to the culture medium for one week, 616 
after which single and haploid clones were sorted into 96-well plates. Clonal haploid 617 
populations were grown and validated for correct homology-directed repair by LR-PCR and 618 
immunoblot analysis. dTAG-7 (R&D Systems), at the final concentration of 500 nM, was used 619 
to test target degradation in the generated clones and all further targeted protein degradation 620 
experiments. 621 
 622 
Generation of dTAG-MLH1 HAP1 BFP-positive cell line 623 
dTAG-MLH1 HAP1 cells were transduced at a low multiplicity of infection with the BFP dest 624 
clone plasmid. Spin-infection was performed with 500,000 cells per well in a 12-well plate 625 
(2,000 rpm, 30 minutes, 30oC). Cells were cell sorted by fluorescence (BD FACSMelody), one 626 
week after transduction. 627 
 628 
Prime editing in dTAG-MLH1 HAP1 cell line 629 
25,000 dTAG-MLH1 HAP1 BFP-positive cells were seeded in two technical replicates and 630 
three biological replicates in 48-well plates, treated or not with dTAG-7 (R&D Systems) at the 631 
final concentration of 500 nM, as indicated. The day after seeding, cells were transfected with 632 
200 ng of the pCMV-PE2 vector and 50 ng of a pegRNA cloned into the pU6-pegRNA-GG-633 
acceptor vector, encoding a 1bp substitution in BFP, converting it to GFP (Supplementary 634 
Data 2). dTAG-ligand was replenished in the ‘+’ condition and removed from the ‘24h’ 635 
condition. Medium was replaced every 24 hours for the entire course of the experiment (96 636 
hours), always replenishing dTAG-7 in the ‘+’ condition. Prime editing efficiency was 637 
determined by percentage of GFP positive cells, measured by flow-cytometry. 638 
Prime editing efficiency of the HEK3 locus was measured by seeding 25,000 dTAG-MLH1 639 
HAP1 cells in two technical replicates and three biological replicates in 48-well plates, treated 640 
(‘+’) or not (‘-‘) with dTAG-7 (R&D Systems) at the final concentration of 500 nM. The day after 641 
seeding, cells were transfected with 200 ng of the pCMV-PE2 vector, 50 ng of the HEK3 642 
pegRNA and 33.5 ng of the HEK3 nicking sgRNA for PE3 (Supplementary Data 2), using 0.5 643 
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μL of Lipofectamine 2000 (Thermo Fisher Scientific) and following the manufacturer’s 644 
instructions. Medium was replaced every 24 hours for the entire course of the experiment, 645 
always replenishing dTAG-7 in the ‘+’ condition. Genomic DNA was extracted 96 hours after 646 
transfection, by removing the medium, resuspending the cells in a lysis solution (100 μL 647 
DirectPCR Lysis Reagent (Cell) (Viagen Biotech), 76 μL of water and 4 μL Proteinase K) and 648 
incubating 45 minutes at 55 oC and 45 minutes at 85 oC. Prime editing efficiency was 649 
determined by Sanger sequencing, after amplifying genomic DNA with appropriate primers 650 
(Supplementary Data 2) and measured by sequence decomposition using TIDE (Brinkman 651 
et al., 2014).  652 
 653 
Immunoblotting 654 
Cell extracts were prepared in RIPA lysis buffer (NEB) supplemented with protease inhibitors 655 
(Sigma) and phosphatase inhibitors (Sigma, NEB). Immunoblots were performed using 656 
standard procedures. Protein samples were separated by sodium dodecyl sulfate-657 
polyacrylamide gel electrophoresis (SDS-PAGE) (3–8% gradient gels, Invitrogen) and 658 
subsequently transferred onto nitrocellulose membranes. Primary antibodies for MLH1 659 
(554073, BD Pharmigen), MSH2 (ab52266, Abcam), MSH3 (ab69619, Abcam), Tubulin (3873, 660 
Cell Signaling) and ß-Actin (A5060, Sigma) were used at 1:1,000. Secondary antibodies were 661 
used at 1:5,000 (HRP-conjugated goat anti-mouse or anti-rabbit IgG from Jackson 662 
Immunochemicals). Immunoblots were imaged using a Curix 60 (AGFA) table-top processor. 663 
 664 
Immunofluorescence 665 
U2OS cells were reverse transfected using PEI (Sigma-Aldrich).  50,000 cells were seeded 666 
per well of μ-Slide 8 well (Ibidi) chambered coverslip plates. Pre-extraction was performed 667 
using 0.1% Tween in PBS 24 hours after reverse transfection. Cells were then fixed with 4% 668 
para-formaldehyde and fixed cells were processed for immunofluorescence using the 669 
following antibodies: anti-Cas9 (Cell Signalling, 14697), anti-TRF1 (Abcam, ab1423), anti-670 
MLH1 (ThermoFisher, A300-015A), anti-MSH2 (Bethyl, A300-452A), anti-GFP (Abcam, 671 
ab6556). Primary antibodies were diluted 1:500 and secondary antibodies (Alexa Fluor® 568 672 
goat anti-mouse and Alexa Fluor® 488 goat anti-rabbit, LifeTechnologies) were diluted 673 
1:2,000. 674 
 675 
Imaging 676 
16-bit fluorescence images were acquired using an Olympus IXplore spinning disk confocal 677 
microscope (equipped with the Yokogawa CSU-W1 with 50 µm pinhole disk and a Hamamatsu 678 
ORCA Fusion CMOS camera). A 60X oil immersion objective (NA 1,42) in combination with a 679 
3.2X magnification lens (equalling 192X total magnification) was used for super-resolution 680 
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imaging of fixed cells and z-stacks with a 0.24µm slice interval were acquired. These z-stacks 681 
were then processed using the Olympus 3D deconvolution software (constrained iterative 682 
deconvolution, using automatic background removal and noise reduction, filter using 683 
advanced maximum likelihood algorithm and 5 iterations). Finally, “maximum-z” projection 684 
images of the deconvoluted z-stacks were generated. For further data analysis, the ImageJ 685 
(NIH) distribution FIJI was used. Nuclear foci were counted manually and at least 50 cells per 686 
condition were imaged in each experiment. Quantification of the foci was performed manually 687 
based on maximum intensity projections. 688 
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Chapter 4: Discussion 
 

 CRISPR-Cas9 technology has revolutionised molecular biology due to its 

unprecedently easy implementation, versatility, and precision. CRISPR allows the possibility 

to explore the genetic space at scale, but also to perform precise functional studies. Moreover, 

from a therapeutic point of view, CRISPR-mediated genome editing offers the possibility to 

cure multiple human genetic diseases. This unprecedent potential is highlighted by the fact 

that the technology has transferred from bench-to-bedside in less than 10 years. 

Despite all the exciting possibilities, a successful implementation of the CRISPR 

technology relies on accurately predicting the editing outcomes in different cells and tissue 

types. This is not possible until a deep understanding of the DNA damage and repair 

mechanisms involved is achieved. CRISPR applications that rely on the generation of DSBs 

mediated by the endonuclease Cas9 engage DSBR pathways and frequently lead to the 

generation of unwanted mutagenic outcomes. Additionally, emerging CRISPR technologies 

such as base editors and prime editing, which are generally considered to be safer and more 

precise, rely on other DNA repair mechanisms that are yet to be explored (Gu et al, 2021). 

These cellular requirements have the potential to limit or determine the application of such 

approaches. With this work, we have attempted to elucidate the role of DNA repair 

mechanisms for Cas9-mediated DSBs, as well as prime editing. 

 

 

4.1 Contribution of this thesis to the field of genome editing 
 
 Strategies that modulate DNA repair outcomes following a Cas9-mediated DSB have 

further developed the genome editing field. However, it was not until recently that attention 

was given to the intricate and complex network of DNA repair mechanisms that underly 

genome editing approaches. 

 

 When we started the investigation of mutagenic repair of Cas9-induced breaks, in 

2017, only NHEJ had been implicated as a pathway that repairs such lesions, leading to error-

prone products that can be exploited when gene disruption is the desired outcome. Our study 

has shed new light on the redundancy of the NHEJ pathway for the error-prone repair of Cas9 

lesions at the genome-scale level, showing that it can be fully compensated for by another 

repair pathway, MMEJ or alt-EJ. The role of MMEJ in the repair of Cas9 lesions has been 

further addressed in other studies that comprehensively characterise the involvement of this 

pathway across multiple target sites and genomic contexts (Shen et al, 2018; Allen et al, 

2019). Importantly, our study was based on the use of isogenic models of NHEJ deficiency in 
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human cell lines, contrary to pharmacological inhibition. The use of small molecule inhibitors 

is often undesirable due to possible off-target effects, as it has been described for example 

for some NHEJ-inhibitors (Greco et al, 2016).  

 

Furthermore, our study was conducted at the time when the genome editing field had 

come to the realisation that the indel products generated by a unique sgRNA are highly 

reproducible across different cell lines and experiments (van Overbeek et al, 2016), an 

observation that we have also made. With reproducibility comes predictability, a feature that 

is highly relevant in the field, as it allows a safer navigation of repair outcomes.  Expanding on 

this, we observed that this ‘predictable’ indel profile gets dramatically altered when MMEJ is 

the pathway engaged in repair. Hence, in cells or tissues that have impaired or reduced NHEJ 

activity, the repair outcomes will be shifted towards MMEJ indel signatures, altering the 

expected indel pattern. 

 

Despite the discussion around the predictability of repair outcomes following the 

generation of Cas9-breaks, as well as the development of strategies to mitigate unintended 

off-target DSBs, the genome editing field has identified potential detrimental consequences 

that arise from on-target DSBs. These include induction of a p53-mediated DNA damage 

response, which might promote tumorigenesis through selection against cells with a functional 

p53 pathway, large DNA rearrangements and deletions, chromosomal loss, or chromothripsis 

(Kosicki et al, 2018; Leibowitz et al, 2021; Enache et al, 2020). For all these reasons, the field 

is moving towards precise DSB-independent strategies, such as base editors and prime 

editing. These strategies are highly promising for therapeutic application, but they rely on other 

DNA repair mechanisms that are still unexplored.  

 

Our work on the identification of the MMR pathway as inhibitory for prime editing not 

only constitutes the first observation of the cellular requirements for this technology, but also 

indicates a potential avenue for its improvement. While our work was under revision, the group 

of David Liu (Broad Institute, Harvard MIT), the inventor of prime editing and base editing, 

described similar findings in the Journal Cell (Chen et al, 2021). This highlights how relevant 

the findings on the DNA repair requirements for prime editing are for the entire genome editing 

community.  

 

4.2 Alternative pathways for the mutagenic repair of Cas9-induced breaks (Project 1) 
 

In the context of NHEJ deficiency, created by the loss of a key protein for this pathway 

(such as DNA-PK, LIG4 or XRCC4), the activity of other end-joining pathways for the repair 
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of Cas9-mediated DSBs becomes apparent. Our kinetic studies (Figure 1C, Article 1 PDF) 

showed similar levels of editing of the mCherry reporter in HLIG4 and WT cell lines as fast as 

24 hours after Cas9-induction. This result supports a model where NHEJ is unnecessary for 

the repair of Cas9-mediated DSBs and is replaced by an alternative pathway. Alternatively, 

one could argue that the observed mutagenic editing is a consequence of a series of error-

free events that lead to the continuous cutting by Cas9 until the target DNA is no longer 

recognisable. However, such scenario would lead to a considerable delay in editing, which is 

not the case. The redundancy of the NHEJ pathway was further confirmed by the ability to 

recapitulate essentiality in genome-wide CRISPR screens performed in HLIG4 cells (Figure 

2, Article 1 PDF).  

 

In order to assess alternative repair mechanisms, we have generated different double-

knockout cellular models in human cell lines, of which HLIG4/POLQ showed the most striking 

effect on editing abrogation. Contrary to NHEJ, POLQ-dependent MMEJ typically requires 2-

20bp of microhomology and a certain degree of end-resection. These extra steps of DNA-end 

processing explain the generation of a distinct indel profile in HI9JK!#(''!'1,(B*!characterised 

by larger deletions, but they also provide an explanation for the slower onset of repair, as 

evidenced by our kinetic studies (Figure 1C, Article 1 PDF). 
 

Interestingly, the abrogation of editing in HLIG4/POLQ cells was not complete and 

residual mutagenic repair was still observed (10-20% reads) (Figure 3B, Article 1 PDF). 
Further work is warranted to clarify this. One possible explanation would be that some residual 

activity of either pathway is still present. However, it is also plausible that repair is the result 

of a distinct DSB-repair pathway. One possible pathway that we did not address is SSA, which 

requires longer regions of microhomology and end-resection as compared to MMEJ (>20bp). 

In order to test this hypothesis, editing in the presence of RAD52 inhibitors could be tested in 

HLIG4/POLQ cell lines. Alternatively, genome-wide screens could be performed in 

HLIG4/POLQ cells, using a reporter system for editing. One would expect mutagenic editing 

to be fully abrogated in cells that have received sgRNAs targeting the pathway in question.  

 
4.3 Exploiting MMEJ in the context of CRISPR-mediated genome editing (Project 1) 
 

As already described in the Introduction chapter, NHEJ inhibition is a possible 

approach to increase the rates of precise CRISPR-Cas9 editing mediated by HR, exploiting 
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the competition between these two pathways. Our data on the redundancy of NHEJ for the 

repair of Cas9-breaks, as well as the identification of MMEJ as a main player in this process, 

suggests that HDR efficiency can be further increased by combined inhibition of NHEJ and 

MMEJ. POLQ inhibitors are currently in clinical trials for targeted cancer therapy (Schrempf et 

al, 2021). Their relevance for genome editing, however, remains to be addressed.  

 

Finally, one of the limitations of the CRISPR-Cas9 technology is the study of non-

coding regulatory regions, such as transcription factor binding sites (Lopes et al, 2016). These 

regions frequently remain functional despite the generation of small indels, a problem that has 

been circumvented using staggered sgRNAs spanning the entire regulatory region. This 

approach, however, amplifies other problems such as sgRNA design, potential off-targets and 

triggering of the DNA damage response. We hypothesise that, by transiently inhibiting NHEJ, 

and thereby diverging repair towards MMEJ, larger deletions will be induced (>10 bp), 

facilitating the disruption of regulatory regions using a single sgRNA. 

 

 
4.4 Future directions for the study of Cas9-induced mutagenic repair (Project 1) 

 

Whilst our genome-scale data proves the dispensability of NHEJ for the repair of Cas9-

induced DSBs, this study does not cover the process of pathway choice when both NHEJ and 

MMEJ are present. Indel profiles of edited WT and HALMN!#(''B!O(/(!10(,.1#+'!6P1QC/(!<R*!

S/.1#'(!D!ATP=*!#$,21/%1,Q!.-(!#C//(,.!U1(O!.-+.!I9JK!1B!.-(!0(2+C'.!&+.-O+4!2$/!.-(!/(&+1/!$2!

V+BE!'(B1$,BF!9$O(U(/*!.-(!,C%3(/!$2!BQWISB!.(B.(0!1B!,$.!(,$CQ-!.$!0/+O!BC#-!+!3/$+0!

#$,#'CB1$,!+,0!+!%$/(!B4B.(%+.1#!+&&/$+#-!O1''!3(!,((0(0!.$!+00/(BB!.-1B!XC(B.1$,F!!8(U(/+'!

2+#.$/B*!BC#-!+B!#(''!#4#'(!+,0!%1#/$-$%$'$Q4!#$,.(,.!$2!.-(!.+/Q(.!B1.(*!#$C'0!01#.+.(!&+.-O+4!

#-$1#(F!

T(B&1.(! ().(,B1U(! /(B(+/#-! 1,.$! .-(! %(#-+,1B%! $2! TIS! /(&+1/*! &/(01#.1,Q! O-1#-!

&+.-O+4B! +/(! +#.1U+.(0! 34!V+BE;1,0C#(0!3/(+YB! +.! B&(#121#! B1.(B! +,0! .-(! /(BC'.1,Q! (01.1,Q!

$C.#$%(B!$2!/(&+1/!/(%+1,B!+!#-+''(,Q(F!7$/(!/(#(,.'4*!B4B.(%+.1#!+&&/$+#-(B!.-+.!#$,B10(/!

,$.!$,'4!.-(!Q(,$%1#!B(XC(,#(!.$!3(!.+/Q(.(0!3C.!+'B$!1.B!#$,.().*!-+U(!3((,!0(U('$&(0!.$!

+00/(BB! .-(B(!XC(B.1$,BF!L,(!B.C04!%(+BC/(0! .-(!+#.1U1.4!$2!I9JK!+,0!77JK*! /('+.1U(! .$!

#-/$%+.1,!#$,.().!68#-(&!(.!+'*!:Z:D=F![-(/(+B!I9JK!O+B!B-$O,!.$!3(!%$/(!+#.1U(!1,!/(Q1$,B!

$2!(C#-/$%+.1,*!.-(!#$,./13C.1$,!$2!77JK!O+B!%$/(!+&&+/(,.!1,!-(.(/$#-/$%+.1,F!S001.1$,+''4*!
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O-1'(! .-1B! .-(B1B! O+B! 3(1,Q! O/1..(,*! +! -1Q-;.-/$CQ-&C.! +&&/$+#-! #+''(0! W(&+1/;8(X! -+B!

&/$U10(0!+!,(O!O+4!$2!.+#Y'1,Q!.-(!#-+''(,Q(!$2!B.C041,Q!TIS!/(&+1/!1,!.-(!#$,.().!$2!VW\8AW!
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B1%C'.+,($CB!1,.(//$Q+.1$,!$2!.-$CB+,0B!$2!1,0('!&/$21'(B!+#/$BB!,C%(/$CB!TIS!/(&+1/!&/$21'(B!
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!

4.4 The inhibitory role of MMR for prime editing (Project 2) 
 

In this project, we have described an inhibitory role of the MMR pathway during prime 

editing, across different human cell lines, genomic loci and types of edits. These results, 

together with a recent manuscript published during the preparation of this thesis (Chen et al, 

2021), consist of the first description on the cellular DNA repair determinants for this 

technology. 

 

As described in the introduction of this thesis (chapter 1.2.2), MMR is a specialised 

pathway that repairs base substitutions, as well as small indels. Although the role of MMR in 

prime editing had not been addressed experimentally, it was speculated that MMR would be 

required for the resolution of the heteroduplex DNA that arises after edit installation (Petri et 

al, 2021; Scholefield & Harrison, 2021). Strategies to engage the MMR machinery, for 

example by nicking the non-edited strand in PE3, have been developed to improve editing 

efficiency. However, our results suggest a model that opposes this proposition, in which MMR 

factors directly bind to the heteroduplex DNA, recognising the installed edit as a mismatch to 

be removed. 

 

We have observed that the efficiency of prime editing, across several edits and 

genomic loci, is increased in MMR-deficient cell lines, compared with their complemented 

counterparts (Figure 1, Article 2 PDF). Therefore we propose that, in MMR proficient cell 

lines, the nick present after the 5’ flap removal, and before ligation, stimulates targeted repair 

of the edited strand and subsequent excision of the edit (Figure 11A). This happens through 
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the recognition of the lesion by the MutS complexes (either MSH2-MSH6 or MSH2-MSH3, 

depending on the edit) (Figure 11B), followed by the recruitment of MutL (Figure 11C), which 

incises the mismatched DNA, by creating nicks flanking the edit. The exonuclease EXO1 

excises the heteroduplex from these incisions, targeting it for degradation, while RPA coats 

the ssDNA (Figure 11D). Finally, polymerase @ re-synthesises the gap and Ligase 1 (LIG1) 

seals the remaining nick (Figure 11E). The outcome of MMR activity is removal of the edit 

(Figure 11F). 

 

If ligation of the nick occurs before MMR recognition, the signal that dictates which 

strand should be repaired is lost. This scenario is the most frequent outcome when MMR is 

abrogated and leads to repair of either strand, culminating in 50% of edited and non-edited 

outcomes (Figure 11G). An important question that still remains is how the heteroduplex DNA 

that is formed after the ligation of the nick is resolved in the absence of MMR (Figure 11H). 

One possibility is that DNA replication would be required for the introduction of the edit in both 

DNA strands. This being true, it would not only contradict the claim that prime editing is a cell-

cycle independent technology, but it would also mean that, in the absence of MMR, not more 

than 50% of the DNA molecules would be edited. Future work, for example through the use 

of small molecule inhibitors that block cells in specific phases of the cell-cycle, is necessary 

to elucidate the cell cycle requirements for prime editing. Editing in post-mitotic MMR-deficient 

cells could also help elucidate the replication requirements for resolving the heteroduplex 

intermediate. 
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Figure 11: MMR counteracts prime editing efficiency in PE2. A) The DNA intermediate that results 
from the cleavage of the non-edited 5’flap and integration of the edited 3’flap is a substrate for the MMR 

pathway. B) The edit is recognised as a mismatch by the MutS complex that, upon undergoing a 

conformational change, recruits the MutL complex. C) MutL creates incisions that surround the edit, 

leading to its excision. D) EXO1 degrades the DNA strand containing the edit and RPA coats the fragile 

ssDNA. E) Polymerase " polymerises the gap, utilising the non-edited strand as template. LIG1 seals 

the nick. F) The outcome of this repair is a non-edited DNA molecule. G) If ligation of the nick happens 

before the recognition of by the MutS complex, the outcome that is favoured in MMR-deficient 

backgrounds, the recognition signal for which strand to be repaired is lost, leading to an heteroduplex 
containing an edited and a non-edited DNA strand. H) It is not clear what leads to the complete 

integration of the edit, but it is possible that DNA replication would be required for this, leading to a 50% 

outcome of fully edited DNA, as well non-edited. I) An important feature of the MMR pathway is its 

specificity. While the MutS#$ %&'()*+$ ,-./01-./23$ 4*%&5678*8$ '78'9:%;*8$ %4*9:*<$ =>$ =98*$

8?=8:7:?:7&68@$ -?:.A$ ,-./01-./B3$ 4*%&5678*8$ 8'9))$ 76<*)8C$ -?:D$ 94*$ ;*:*4&<7'*48$ %&'(&8*<$ &E$

-D/F$ %&'()*+*<$ G7:;$ *7:;*4$ H-.0$ ,-?:D#3$ &4$ H-.F$ ,-?:DA3C$ /&G*I*4@$ 7:$ 78$ 6&:$ %)*94$ 76$ G;7%;$

&%%987&68$9$-?:D$%&'()*+$78$E9I&?4*<$&I*4$:;*$&:;*4C 
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 The impact of MMR activity on prime editing efficiency differs depending on which 

strategy is applied. PE3, in which the non-edited strand is also nicked, is less affected by MMR 

activity since nicks on both strands can direct MMR to replace either strand (Figure 12A). 

Ligation of the nick on the edited strand would guide MMR to install edit, whereas ligation of 

the edited strand would drive removal of the edit, the same outcome observed in PE2. In 

MMR-deficient backgrounds, the mismatch is not recognised and ligation of both strands 

happens without any repair. This leads to edit installation (Figure 12B). The prime editing 

dependency on MMR for PE3b is thought to be the same as PE2, as the nicking sgRNA is 

designed to only work after installation of the edit. If the edit has been removed by MMR, PE3b 

will not work and it will be, essentially, PE2. 

 

 

 

 
Figure 12: MMR involvement in the PE3 strategy. A) In PE3, the non-edited strand is nicked in 

addition to the edited strand. Depending on which strand is ligated first, this directs MMR to either install, 
or remove the edit. If the edited strand is ligated first, it is used as template for repair, leading to a fully 

edited DNA outcome. If the non-edited strand is ligated first, the edit is excised by MMR similarly to 

what happens in the strategy PE2. B) When MMR is absent, the ligation of both strands happens without 

any mismatch repair. This leads to a single outcome of edit installation. Therefore, MMR deficiency 

improves PE3, albeit to a lesser extend compared with PE2. 
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Besides different prime editing strategies, the highly specialised nature of the DDR 

suggests that other factors dictate the extent to which MMR can counteract prime editing. 

First, MMR is known to repair base substitutions and small indels, hence larger edits are less 

likely to be substrates of this pathway. Indeed, Chen and colleagues have extensively 

characterised the types of edits that are counteracted by MMR activity, showing that MMR 

involvement decreased as the indel length increased (Chen et al, 2021). Moreover, G/C to 

C/G edits, which form G:C mismatches, were shown to be less frequently removed by MMR 

factors, corroborating what has been previously described for this pathway (Lahue et al, 1989). 

Another recent study systematically measured the efficiency of insertion of 2 600 sequences 

by prime editing in the human cell lines HEK293T and HAP1 (Koeppel et al, 2021). These 

insertions ranged from 1 to 69 bp in length and varied in G/C content. Interestingly, the authors 

found that, in HEK293T, 1-4 bp sequences were inserted with high efficiency, compared to 

longer sequences. However, insertion frequency of these same sequences was considerably 

lower in HAP1 cells (Koeppel et al, 2021). This discrepancy could be attributed to the activity 

of the MMR pathway since HAP1 cells are MMR-proficient, contrary to HEK293T cells which 

are MMR-deficient due to methylation of the MLH1 promoter (Trojan et al, 2002). In fact, the 

authors tested this hypothesis by using HAP1 cells that are knockout for MLH1 and confirmed 

that average insertion rates generally increased in the mutant background comparing with 

wild-type cells (3.9-5.1 fold), with the insertion rates of sequences 1-4 bp long being the most 

dramatically altered (43-66 fold) (Koeppel et al, 2021). Overall this study consists of an 

additional and independent validation of the role of MMR in counteracting prime editing 

efficiency and confirms that longer sequences are less efficiently recognised and repaired by 

MMR. 

 

In addition to type of edit, a certain degree of specialisation also occurs within the MMR 

pathway, as small base mismatches and small indels are signalled by different complexes 

(Figure 11I). This specificity is evidenced by our genetic screen using a collection of HAP1 

knockout cell lines (Figure 1, Article 2 PDF). Here, we have shown that MMR factors 

counteract the installation of a 5bp deletion to different degrees, with the MSH6 deficient cell 

line showing the least impact on editing efficiency. This result can be explained by the fact 

that a 5bp deletion is preferentially signalled by the MSH2-MSH3 heterodimer, but not the 

MSH2-MSH6 heterodimer (Palombo et al, 1996), thus explaining the lack of an effect on 

editing upon loss of MSH6.  

 

Finally, additional factors can determine the requirement of MMR in prime editing, such 

as sequence context of the target site. MMR has been shown to be more efficient in early 

replication euchromatin (Supek & Lehner, 2015) and lagging strand DNA, during replication 



DNA Repair & CRISPR-Cas9-Mediated Genome Editing                        Ferreira da Silva, J. 

 88 

(Lujan et al, 2014). Therefore, a more systematic studies are necessary to dissect the prime 

editing dependency on MMR, across multiple edit types and sequence contexts.  

  

 

4.5 Exploiting the inhibitory role of MMR for improved prime editing (Project 2) 
 
 MMR deficiency has been extensively associated with increased mutational burden 

and genome instability (Jiricny, 2006). However, our data on the frequency of undesired indels 

after prime editing in MMR-deficient and -proficient cell lines indicate that loss of MMR 

increases outcome fidelity (Supplementary Figure 1D, Article 2, PDF). This was also 

observed by Chen and colleagues (Chen et al, 2021) who have shown that depletion of MMR 

factors reduced the frequency of most categories of unintended prime editing outcomes.  

 

 Several approaches based on DDR modulation at the edit site have proved useful for 

improving the efficiency of HDR (Charpentier et al, 2018; Rees et al, 2019), suggesting that 

prime editing could also benefit from such developments. Since MMR loss increases both 

efficiency and fidelity of prime editing, the transient inhibition of this pathway is a promising 

approach for harnessing the technology. 

 

By using siRNAs against the MMR factor MLH1, we have shown a significant increase 

in prime editing efficiency in the HEK3 locus (Figure 2F-E, Article 2, PDF). Additionally, we 

have employed targeted protein degradation, through the dTAG system, as a strategy to 

endogenously deplete MLH1. Here, we have generated a clonal knock-in cell line by 

introducing the mutant FKBP12F36V N-terminally to MLH1. Upon treatment of this cell line with 

a dTAG ligand, composed of an E3 ligase ligand linked to a selective FKBP12F36V ligand, a 

ternary complex is formed between the MLH1 tagged protein and the E3 ligase, causing MLH1 

polyubiquitination and subsequent degradation. This degradation occurs very rapidly and in a 

transient way, constituting a safe approach to inhibit MMR (Figure 2G, Article 2, PDF). 

Indeed, we have observed significantly increased prime editing efficiency upon MLH1 

transient degradation (Figure 2H, Article 2, PDF).  

 

An approach that has been used to increase HDR efficiency in the context of genome 

editing is the expression of dominant-negative forms of DDR factors. For example, the ectopic 

expression of a dominant-negative form of 53BP1 was shown to improve HDR (Canny et al, 

2017). Similarly, the ectopic expression of dominant-negative forms of MMR proteins could 

improve prime editing, by counteracting the activity of the native pathway in edit removal. In 

fact, this has been explored by Chen and colleagues in their study (Chen et al, 2021), where 
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an endonuclease-dead MLH1 variant, lacking amino acids 754-756 (dnMLH1), was designed. 

Co-expression of this variant, together with the prime editing machinery, yielded considerable 

increases in editing efficiency across multiple endogenous loci and types of edits. The authors 

took this approach one step further and established a new generation of prime editors: PE4 

(PE2 + dnMLH1) and PE5 (PE3 + dnMLH1), highlighting how relevant the discovery of the 

role of MMR is, for the prime editing field. 

 

As elegant and efficient as the previously described approaches are, they only solve 

the problem of increasing efficiency and fidelity of prime editing in the laboratory setting. The 

co-expression of a dominant-negative form of MMR, as well as siRNA delivery, cannot be 

applied to the clinical setting. The dTAG approach is also not feasible, as it requires the 

generation of a knock-in model. Therefore, better approaches need to be devised to transiently 

inhibit MMR during prime editing. Chemical inhibition could be useful, although no small 

molecules that selectively target MMR have been yet identified. An alternative strategy would 

be to fuse dominant-negative forms of MMR factors to Cas9 allowing a competition with the 

native MMR machinery to occur locally, only at sites of editing. This would be a safer approach, 

circumventing the problems that might arise from systemic MMR inhibition. Nonetheless, the 

implementation of these approaches in a therapeutic context is reliant on an in-depth analysis 

of genome-wide mutations and microsatellite instability that might arise from MMR depletion. 

 

A distinct strategy to exploit the inhibitory role of MMR in prime editing that would not 

require its inhibition would be through the exploitation of the DDR specificity. By designing 

pegRNAs that contain contiguous substitutions around the intended edit, encoding benign or 

silent mutations, the generated heteroduplex would evade MMR recognition and repair. This 

strategy has already been applied successfully (Chen et al, 2021), but more systematic 

studies need to be conducted in order to address design strategies to create silent edits that 

optimally evade MMR activity.  

 
 
 
4.6 Other DNA repair requirements for prime editing (Project 2) 
 
 The involvement of MMR in resolving the heteroduplex that arises from prime editing 

is only a small piece of a much larger puzzle of DDR requirements. Even though the 

technology is independent of DSB-generation, the intricate response to DNA damage goes 

beyond the generation of breaks and there are several steps during prime editing that require, 

or are limited by, DDR intervention. These include not only factors that directly interact with 

the DNA, but also potential chromatin remodellers, or cell-cycle regulators. 
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To give a few examples, the generation of single-stranded DNA, upon nicking by the 

nCas9-RT could recruit factors that signal these types of lesions, such as PARP1 (Figure 8A). 
This signalling might be required for the recruitment of downstream factors involved in the 

subsequent steps of editing. Additionally, the resolution of the DNA:RNA hybrid formed by the 

complexed pegRNA might require intervention of endogenous factors, such as RNAseH 

(Figure 8D). 

 

 The process of flap equilibration that culminates in the integration of an edited 3’ flap 

and the cleavage of a non-edited 5’ flap (Figure 8E) relies on nucleases. FEN1, a structure-

specific 5’ flap endonuclease has been described as required for prime editing (Chen et al, 

2021), but other nucleases remain unidentified.  

 

 Since MMR is a pathway that repairs small indels and base substitutions, its 

involvement in counteracting prime editing is restricted to such types of edits (Koeppel et al, 

2021; Chen et al, 2021). It therefore remains to be determined what other pathways and DDR 

factors might be involved in the repair of larger edits. LP-BER, a pathway that has been shown 

to excise larger fragments of DNA is a potential pathway that would function on such 

substrates. This is particularly relevant since one of the most promising applications of prime 

editing is the insertion of large fragments of DNA that can be used, for example, as a strategy 

to tag proteins endogenously. During the writing of this thesis, two approaches that combine 

prime editing with integrases and transposases to harness the insertion, editing or deletion of 

large fragments of DNA have been described (Ioannidi et al, 2021; Anzalone et al, 2021). 

Identifying DDR mechanisms that promote, or counteract, these particular types of edits is 

therefore crucial. 

 
4.7 The importance of using adequate cellular models 

 
Even though DDR mechanisms are highly conserved across organisms, fundamental 

differences exist that might lead to distinct editing outcomes. For example, whereas in humans 

the error-prone NHEJ pathway is the default mechanism by which DSBs are repaired, in yeast 

HR is favoured over NHEJ (Mao et al, 2009). Therefore, it is crucial to understand the repair 

mechanisms that are associated with CRISPR-Cas9-based approaches in models that are 

relevant for the application of the technology. This becomes particularly relevant in light of the 

possibility of germline editing as the DDR mechanisms, as well as cell cycle regulators, in 

human embryos are still poorly understood and might differ from the mechanisms studied in 

somatic cells.  
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 In the context of studies based on human cell lines, genetic differences might also 

obscure, or reveal, DDR requirements for genome editing. For example, in the original study 

describing prime editing, most experiments were performed in HEK293T cells (Anzalone et al, 

2019). As mentioned before, HEK293T cells (but not HEK293, curiously) are MMR-deficient 

due to the hypermethylation of the MLH1-promoter (Trojan et al, 2002). Even though the 

authors did not choose this cellular model because of its MMR-status, they inadvertently 

conducted their studies in a cell line that promoted higher efficiencies of prime editing. This 

example highlights how relevant it is to understand the mutational background of the cellular 

models utilised. 

  
 In our study we have performed prime editing in a colorectal cancer cell line deficient 

for the MMR factors MLH1 and MSH3 (HCT116), as well as a cell line derived from a 

carcinoma of the endometrium, deficient for MSH2 (HEC59). The MMR-proficient counterparts 

of these cell lines have been generated by complementation of the chromosomes that encode 

the missing genes (chromosome 3 and 5, for MLH1 and MSH3 respectively and chromosome 

2 for MSH2) (Koi et al, 1994; Haugen et al, 2008; Umar et al, 1997). This is an unusual 

approach comparing with cDNA complementation, but it is a particularity from studying the 

MMR pathway. Historically, overexpression of MMR factors through their cDNA did not lead 

to successful generation of stable MMR-proficient clonal cell lines and usually led to silencing 

of the exogenously expressed MMR cDNA. Alternatively, chromosome-complemented cell 

lines have been used over decades of MMR research.  The exception to this has been the 

generation of 293T-L" cells, also used in our study. These cells consist of an inducible-system 

of MMR-deficiency, in which the overexpression of MLH1 is silenced upon doxycycline 

treatment (Cejka et al, 2003). 

 

 Despite the widespread utilisation of chromosome-complemented cell lines for MMR 

studies, it would be possible that the differences observed in prime editing efficiencies derive, 

not solely from reconstitution of MMR activity, but from expression of other factors encoded in 

the exogenous chromosomes. To confirm that this is not the case, we have recapitulated our 

findings in isogenic knockout models of MLH1 in the human cell line RPE, derived from human 

retinal pigment epithelium. RPE cells are considered to be ‘wild-type’ models to study DDR 

mechanisms, as they have no mutations associated with DDR factors.  
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Figure 13: Validation of prime editing inhibition by MMR activity, in the human RPE cell line.  
A) Immunoblot confirming absence of the MLH1 protein in the generated RPE MLH1 knockout (KO) 
cell line. B) Prime editing efficiency of a 5bp deletion in the HEK3 locus, in RPE WT and MLH1-KO 
cell lines, as measured by Sanger sequencing (p-value=0.0028). 
 
 
 
4.8 Future directions  
 

In the last decade, CRISPR technology, in the shape of an incredible and vastly 

expanding toolbox, has revolutionised the field of molecular biology and opened unprecedent 

new possibilities for gene therapy. The complex and intricate mechanisms that guard the 

integrity of our genomes have been studied in detail for decades. These mechanisms 

constitute the foundation by which every CRISPR-based approach relies on. Nonetheless, the 

synergy between these two fields has only recently been acknowledged.  

 

 The implementation of genome editing technologies in a clinical setting, through DSB-

dependent or DSB-independent approaches, relies on overcoming some of the big hurdles of 

the technology, such as delivery of the editing components and mitigation of off-target effects. 

But a big part of this implementation relies on a deep understanding of the DDR mechanisms 

that are crucial for these technologies, allowing a safe navigation of the DNA repair decision 

tree. The future of these studies relies on high-throughput approaches, such as Repair-Seq, 

offering the possibility to interrogate hundreds of perturbations across different sequence 

contexts. Repair-seq has already proved itself invaluable, dramatically expanding our 

knowledge on the DDR requirements for Cas9- and Cas12-mediated DSBs (Hussmann et al, 

2021), base editors (Koblan et al, 2021a) and prime editing (Chen et al, 2021).  

 

 Notwithstanding these impressive developments, DDR mechanisms are also cell- and 

tissue-specific. Hence, integrating this knowledge in the study of genome editing technologies, 
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as well as utilising more relevant organism and cellular systems is crucial. This will ultimately 

permit the compilation of a comprehensive therapeutic map allowing for a specific genome 

editing approach, that is most suitable for each genetic disease, to be utilised in accordance 

with the tissue to be targeted and its DNA repair profile. 
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