
 

Understanding Genomes Through 

Engineered Structural Variation 

 

Jonas Koeppel 

 

 

Pembroke College 

University of Cambridge 

Wellcome Sanger Institute 

 

This thesis is submitted for the degree of Doctor of Philosophy 

January, 2024

 



ii 

Declaration 

 

This thesis is the result of my own work and includes nothing which is the outcome of work done 

in collaboration except as declared in the preface and specified in the text. It is not substantially 

the same as any work that has already been submitted before for any degree or other qualification 

except as declared in the preface and specified in the text. It does not exceed the prescribed word 

limit for the Biological Sciences Degree Committee. 

 

  



iii 

Acknowledgments 

I would first like to thank my supervisor, Leopold Parts, for supporting, inspiring, and mentoring 

me throughout the wonderful journey of the last four years. Thank you for trusting and 

encouraging me to pursue crazy ideas and then supporting me every step of the way. Thank you 

for caring about me as a person and always making time to hear my concerns and share my 

excitement. You are the best mentor I could have hoped for! 

 

I would also like to thank the incredible people at Sanger who infused my time here with warmth. 

I would especially like to thank a few people without whom this thesis would not have been 

possible. Thanks to Juliane Weller for making me see things from fresh perspectives, inspiring 

me, and sharing my highest highs and lowest lows. To Elin Madli Peets for helping me out with 

countless experiments, for making our lab a nurturing environment, and for entertaining me with 

an endless supply of memes. To Thomas Vanderstichele for inspiring conversations about science 

and life. To Fabio Liberante for building the wonderful SynGen community and for mentorship. 

To Mélanie Gouley and Valentin Rebernig for venturing to a far-away country, trusting me with 

their thesis projects, and teaching me so much in the process. To my PhD cohort, especially Emma 

Dann, and the Wellcome Sanger PhD program for making the experience a truly special one. 

 

I shared this journey with many fantastic collaborators who generously offered their help and 

expertise along the way. Thanks to Tom Ellis for incepting the idea of mammalian scramble and 

his sound advice. To Raphael Feirerra for pushing through with me on the genome scramble 

project. To Klaudia Ciurkot for teaching me nanopore sequencing, to Jannat Ijaz and Peter 

Campbell for teaching me how to analyze structural variation. 

 

I would like to thank Mikolaj Slabicki who taught me everything about how to do science. I would 

have had no idea where to even begin if it wasn’t for you! Thanks to Pouya Baniasadi for 

friendship and many interesting conversations. Thanks to Arne Scheu for a life-long friendship. 

After so many years, you are still among the most inspiring people I’ve ever met. I cannot wait to 

see where our futures will take us, and I’m sure it’s going to be exciting! 

 

Finally, I would like to thank my parents for their boundless love and support. As the world spins 

and my journey takes me through countries close and far, I can always count on the warmth of 

home. I would not have dared any of this if it wasn’t for you.  



iv 

Abstract 

 

Sequencing of the human genome has provided us with a detailed map of its content. While 

enormous progress has been made towards understanding the 1% of the human genome that is 

protein coding, we are still mostly in the dark about the function and relevance of the remaining 

99%. Progress has been difficult because the non-coding genome is vast, the individual 

nucleotides hold less information, and we have lacked the tools to engineer and probe it to the 

necessary extent. This is beginning to change with the advent of ‘search and replace’ genome 

engineering technologies such as CRISPR prime editing. I leveraged the ability of prime editors 

to insert recognition sequences for recombinases at high throughput to engineer genomes at an 

unprecedented scale. In the process, I made discoveries about the biology of genome engineering, 

structural variation, and gene regulation. 

 

I first outlined the determinants of short sequence insertion using prime editing by systematically 

measuring the frequency of insertion for 3,604 short sequences in four target sites of three human 

cell lines with varying DNA repair contexts. I characterized how insertion sequence length and 

two cellular DNA processing pathways affected the incorporation rate. I reaffirmed that DNA 

mismatch repair suppressed the insertion of shorter sequences and made the discovery that 3’ flap 

nucleases TREX1 and TREX2 suppressed the insertion of longer sequences. I further delineated 

the effects of nucleotide composition and secondary structure of the insertion sequence on editing 

rates. 

 

Next, I targeted a prime editor to the high copy number LINE-1 retrotransposon to insert hundreds 

of recombinase sites into a single human genome. These engineered cell lines provided a latent 

substrate for large-scale genome randomization. After induction with Cre recombinase, I mapped 

thousands of deletions, inversions, extrachromosomal circular DNA, translocations, and fold-

back inversions and tracked their abundance over time. Sequencing surviving variants and 

comparing them to early ones revealed strong selection pressures against creating non-segregable 

derivative chromosomes or deleting essential genes. However, it also demonstrated that haploid 

human cell lines could survive while losing megabases of DNA. I isolated 21 cell clones and 

linked variants to gene expression changes for three clones with multiple Cre-induced 

rearrangements. 

 

Finally, I used prime editing to insert loxPsym sites into the regulatory region of the OTX2 

developmental transcription factor. Cre recombinase induced stochastic deletions and inversions 
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across the recombinase sites, and created diverse and novel enhancer arrangements. By 

endogenously fusing OTX2 with a fluorophore and sorting, I could associate alternative regulatory 

architectures with OTX2 expression and track changes in CpG methylation and chromatin 

accessibility. I discovered that three enhancers in a 20 kb cluster drove 50% of OTX2 expression 

and that moving the cluster closer to the transcription start site while simultaneously deleting 

intermediate regulatory elements resulted in strong OTX2 expression. 

 

The strategies presented here to more efficiently insert short DNA sequences with prime editing, 

shuffle DNA, and rearrange regulatory regions give a fundamentally new approach to 

randomizing mammalian genomes which will open new avenues to go beyond the 1% of coding 

sequence and study the 99% of underexplored regions. The data garnered from molecular 

phenotyping of novel genome architectures after randomization will allow predictive models to 

learn parameters beyond the limited diversity of our DNA. 
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1 

 Introduction 
 

The assumption that our genome is like an instruction manual where sections neatly lay out how 

to build a cell and ultimately a whole organism has proven naive. While these instructions exist, 

they only make up a small fraction of a large book. The instructive paragraphs are out of order 

and interrupted by pages and pages of seemingly useless and repetitive information; pages which 

do not tell a story on how to build a human but instead vaguely document millions of years of 

encounters with selfish genetic elements. Some of these pages are so old that most of the 

information has eroded. The book is a mess, yet cells found a way to read it and use its content to 

robustly execute the intricate steps from a zygote to a complex organism. 

 

We will begin by drawing a map of what’s in this book and summarize decades of work that 

illuminated how a cell can know which pages of its chaotic manual it needs to read at a given 

time. Subsequently, we will delve into the fantastic molecular tools that were developed to erase 

words or even change individual letters in this book. These tools have dramatically advanced our 

understanding of the instructive sentences but we barely grasp the relevance of the vast sea of 

pages in-between. The majority of the work presented here will focus on developing methods to 

shuffle or cut out pages and create many new versions of the instruction manual with changed 

content and page order to observe which of these can be understood by cells and how they might 

subtly differ from the original copy. 

  



INTRODUCTION 
 

2 

1.1 What is in our genome? 

Genomes are carriers of hereditary information and embedded within are the instructions for 

making proteins, non-coding RNAs, as well as clues on how much and when to make them. Much 

of this information is captured in genes, which are transcribed into RNA that in turn can be 

translated into proteins that carry out most functions inside cells. However, the makeup of 

genomes and their relationship with genes was mysterious. For example, a puzzling observation 

was that the number of genes in organisms only poorly correlated with their genome size and 

neither correlated well with organismal complexity (C-value paradox, (C. A. Thomas Jr 1971)). 

The human genome is 200 times larger than that of the baker's yeast (S. cerevisiae) while 

containing only 3.4 times more protein-coding genes. In contrast, the European Mistletoe genome 

(Viscum album) is 30 times larger than the human genome and contains 1.6 times more genes 

(https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.15558). This paradox was largely explained 

through an understanding that genomes can contain vast amounts of repetitive sequences, 

especially in multicellular organisms (Craig 1994). The initial sequencing of the human genome 

(Lander et al. 2001; Venter et al. 2001) provided the first approximate map of a complex and 

repetitive genome and it would take another 20 years to complete the first gapless assemblies of 

human genomes resulting in the most comprehensive picture of its content yet (Nurk et al. 2022). 

 

The picture that emerged was this: The human genome is a vast desert of non-coding sequences 

sprinkled with small islands of DNA that contain the instructions to make proteins (Figure 1.1). 

These protein-coding sequences only make up ~1% (3% with untranslated regions) of our 

genomes and are interrupted by an average of 8-9 long introns that need to be actively removed 

upon transcription (Roy and Gilbert 2006). Another ~8% of our genome consists of non-coding 

sequences that regulate the expression of coding ones, sometimes from far away (ENCODE 

candidate cis-regulatory elements (ENCODE Project Consortium et al. 2020)). The majority 

(54%) of the genome desert is repetitive (Hoyt et al. 2022). Some repeat sequences such as 

centromeres and telomeres have known structural functions, but the functional relevance, if there 

is any, of most other repetitive elements remains enigmatic. To the naive eyes of someone looking 

for order, the organization of our genome appears highly non-streamlined. While the first gapless 

genome assemblies have mapped the contents of the human genome in unprecedented detail, we 

are still far away from understanding how the genome functions and to what degree that function 

is pinned on its organizational principles.  
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Figure 1.1. The composition of a human genome. Waffle plot of sequence classes in the 
human genome (CHM13v2). Repetitive elements are represented in shades of blue and 
sequences associated with protein-coding genes are in shades of red. Each box represents 
0.01% of the genome. Excluding Y chromosomes. Data from (Hoyt et al. 2022; Nurk et al. 2022). 

 

Early DNA renaturation experiments provided an estimate that about half of the genome is 

repetitive (Craig 1994; Waring and Britten 1966; Britten and Kohne 1968) which was confirmed 

by genome sequencing efforts (Lander et al. 2001; Venter et al. 2001). Human repetitive elements 

can be classified based on their arrangement and distribution throughout the genome which is 

either in tandem (satellites, centromeres, telomeres, simple repeats) or dispersed throughout 

(transposable elements and retrotransposed sequences).  

1.1.1 Tandem repeats and centromeres 

The presence of tandemly repeated DNA was first discovered in density gradient 

ultracentrifugation experiments where genomic DNA separated into two buoyant bands, a main 

fraction and a ‘satellite’ fraction (Kit 1961). The satellite fraction includes the sequences that 

underlie mammalian centromeres, which are formed from various types of satellite DNA repeated 

for millions of base pairs that together occupy 6.2% of the human genome (Altemose et al. 2022). 

During cell division mitotic spindles attach to centromeres (mediated by large protein complexes 

called kinetochores) to coordinate an intricate process leading to the faithful separation of sister 

chromatids into the new daughter cells (McKinley and Cheeseman 2016). Because centromeric 

sequences are highly repetitive, short-read technologies could not resolve them and it took until 

2022 to generate the first complete map of human centromeres (Altemose et al. 2022) soon 
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followed by maps of more individuals and great apes (Logsdon et al. 2023). These efforts revealed 

that centromeres are fast-changing sequences where new classes of repeats emerge in the center 

and drive out old repeats toward the periphery. Centromeres display high levels of CpG DNA 

methylation but contain a dip in methylation at the position of kinetochore assembly. Intriguingly, 

the large and repetitive structure of centromeric sequence is not necessary for centromere function 

and cases exist where the location of kinetochore assembly is moved to ectopic, non-repetitive 

DNA forming neo-centromeres that are stably maintained through cell division (DeBose-Scarlett 

and Sullivan 2021). 

1.1.2 Interspersed repeats and transposable elements 

Interspersed repeats are mostly made up of transposable elements (TEs) which have spread 

throughout the genome over millions of years. Two important categories that transpose through 

an RNA intermediate are long interspersed elements (LINEs) and short interspersed elements 

(SINEs). LINEs make up ~21% of our genome (Hoyt et al. 2022) and encode two open reading 

frames over 6,000 bp which include the instruction for the reverse transcriptase. While the 

majority of LINE (>99.9%) have been rendered inactive through mutations, a small fraction of 

LINE-1 elements remain active and their mobilization dynamically shapes our genomes (Nam et 

al. 2023; Beck et al. 2011). LINE-1 encoded proteins can also occasionally integrate cellular 

mRNAs to new genomic locations and generate pseudogenes in the process. SINEs are much 

smaller (100-300bp) and do not encode proteins, but instead depend on LINE-encoded proteins 

for retrotransposition. They are among the most successful transposable elements in human 

genomes and account for about 14% of our DNA, sometimes occurring in extremely high copy 

numbers (well over 1 million copies for Alu sequences (Lander et al. 2001)). 

  

TEs are fundamentally selfish and their mobilization has been associated with at least 65 genetic 

diseases (Belancio, Hedges, and Deininger 2008) as well as cancer (Tubio et al. 2014). In 

organisms with large effective population sizes and short doubling times, efficient selection is 

thought to keep the copies of TEs in check (Lynch and Conery 2003). In complex multicellular 

organisms with small population sizes, selection against the spread of TEs is ineffective and 

elements might accumulate over time until they become a burden to the host (Vinogradov 2003). 

However, the relationship between TEs and their hosts is complex, and mobile elements can act 

as substrates for evolutionary innovations. For example, a retroviral integrase is required for 

V(D)J recombination in immune cells (Roth and Craig 1998) underlying the ability to generate 

diverse B and T-cell receptors while the insertion of an Alu element is presumably responsible 

for tail-loss in humans (Xia et al. 2021). Beyond specific examples, it is unclear if the majority of 
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TEs in our genome have any function and an open question is how many TEs one could in 

principle remove from a human genome without disturbing its function. 

1.1.3 Genes 

The other half of our genomes consists of largely non-repeating sequences that include genes and 

the regulatory sequences necessary to instruct when and where genes are expressed. Genes are 

the basic unit of inheritance and physically consist of nucleic acids that typically encode the 

instructions to make RNA and proteins. However, the exact definition of a gene is blurry. Many 

genes do not encode proteins and may not have functional relevance; sometimes genes can overlap 

(common in viruses); pseudogenes physically resemble genes but cannot be made into protein, 

and are often the result of spurious reverse transcription from selfish genetic elements. According 

to the latest human gene annotation data set (Ensembl 110.38) (Howe et al. 2021; Birney et al. 

2004), our genome comprises 19,831 protein-coding genes and 25,959 non-coding genes. A given 

cell type typically expresses 11-13,500 protein-coding genes, of which around 8,000 are 

ubiquitously expressed (Ramsköld et al. 2009). But what determines which genes are expressed 

and which ones are not in a given cell type? 

1.2 Transcriptional regulation 

The genome in all human cells is nearly identical, yet we are composed of tissues containing more 

than 400 specialized cell types with vastly different morphologies and functions (Tabula Sapiens 

Consortium et al. 2022). In addition, the exact protein and RNA makeup of each cell varies over 

time as it reacts to changing environments, most notably during development. This differing use 

of the same genome is orchestrated by complex interactions between proteins and regulatory DNA 

sequences which result in the reversible modification of chromatin and DNA bases. These 

modifications are sensed and maintained by additional proteins and determine where, when, and 

at what quantity gene products should be made. Additional regulatory layers control mRNA 

abundance, translation, and protein turnover. Here we will focus on the layer of transcriptional 

control which is shaped by three important categories of regulatory DNA sequences: (1) 

promoters (2) distal transcription factor binding sites (enhancer/silencers) and (3) binding sites 

for factors that shape chromatin topology (Figure 1.2). 

1.2.1 Regulatory elements 

While other promoters and polymerases exist in the human genome (reviewed in Loeb and 

Monnat 2008), we will focus on promoters of protein-coding genes that are transcribed by RNA 

polymerase II. To initiate gene expression, RNA polymerase needs to be recruited to the 
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transcriptional start site of a gene. Promoters are regions where this binding is facilitated. A core 

promoter contains binding sites for general transcription factors – the TATA box, the initiator 

element, and the TFIIB-recognition element (BRE) are well-known motifs (Goldberg 1979; 

Smale and Baltimore 1989). General transcription factors assembled on a core promoter, recruit 

RNA polymerase II and together form the pre-initiation complex (Roeder 1996; Orphanides, 

Lagrange, and Reinberg 1996). Promoters differ in which sequence motifs they contain and ~25% 

do not contain any of the classical binding motifs for general transcription factors (Gershenzon 

and Ioshikhes 2005). Often additional transcription factors bind in the proximity of the core 

promoter (proximal promoter elements) and recruit co-activators/co-repressors (e.g. CBP-P300, 

mediator) that together modulate loading of RNA polymerase II.  

 

Transcription from a promoter alone is often weak without input from distal transcription factor 

binding events at enhancer sequences (Banerji, Rusconi, and Schaffner 1981). Enhancers are 

generally a few hundred nucleotides in size and contain binding motifs of transcriptional 

regulators and epigenetic modifiers (Reményi, Schöler, and Wilmanns 2004). In a working model, 

the transcriptional regulators assembled on the enhancers interact with the promoter through DNA 

looping and thereby influence the presence and composition of transcription initiation complexes 

loaded onto transcription start sites. Chromosome looping is often necessary as enhancers can be 

located far away from genes whose expression they enhance (Schoenfelder and Fraser 2019). 

Promoters and enhancers are loosely classified by their distance from the transcription start site 

but share many similarities. For example, promoters can have enhancer activities and enhancers 

can drive local transcription initiation (Andersson and Sandelin 2020).  

 

Another type of distal regulatory element is silencers which are bound by repressive transcription 

factors and decrease the expression of interacting genes (Maston, Evans, and Green 2006). The 

integration of signals from enhancers and silencers might help fine-tune gene expression and some 

silencers can turn into active, tissue-specific enhancers during development (Ngan et al. 2020; 

Huang and Ovcharenko 2022). Silencers are less well studied due to increased experimental 

difficulties in finding sequences that repress rather than activate expression (it’s much easier to 

spot a tall crop in a field full of wheat compared to a short crop). Three recent studies have 

attempted to systematically find silencers by screening for repression of reporter constructs or by 

measuring interaction with the polycomb repressive complex (Doni Jayavelu et al. 2020; Pang 

and Snyder 2020; Ngan et al. 2020). They find that silencers are highly cell type specific and there 

is generally little overlap between the sequences identified in these studies. 
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Figure 1.2. The complex orchestra of gene regulation. A schematic of a topology-associated 
domain is shown where distal regulatory elements interact with a promoter through chromatin 
looping and transcription factor interactions. This results in the recruitment and positioning of RNA 
polymerase II at the transcription start site. Regulatory elements are marked by DNA and histone 
modifications. The chromatin looping is maintained by cohesin (not shown) and CTCF binding. 
POLII: RNA Polymerase II. Rounded and outlined squares: proteins. Gray boxes: DNA regions. 
TF: Transcription factor. TSS: Transcription start site. 

 

Distal regulatory elements can be located far away from their target genes (sometimes more than 

1 Mb, (Bahr et al. 2018; Lettice et al. 2003; Long et al. 2020)) and an important question is how 

they find and regulate their cognate targets. A general understanding is that interacting enhancers 

and promoters occupy the same topologically associated domains (TADs) (Y. Shen et al. 2012), 

islands of a few hundred kilobases where sequences within interact more with each other than 

with neighboring sequences outside (Bonev and Cavalli 2016). TAD boundaries are usually 

enriched for highly transcribed genes or the presence of binding site clusters for CTCF (Bonev 

and Cavalli 2016; Ong and Corces 2014). Indeed, depletion of CTCF increases the frequency of 

interactions between sequences in adjacent TADs (Zuin et al. 2014). A prominent example of the 

importance of boundary elements is the IGF2/H19 imprinted locus (Z. Zhao et al. 2006). An 

enhancer cluster either activates IGF2 or H19 based on the methylation status of a tandem array 

of CTCF binding sites. In the paternal allele, the cluster is unmethylated and bound by CTCF, 

creating a boundary between the enhancers and IGF2, consequently activating H19 but not IGF2. 

In the maternal allele, the cluster is methylated and not occupied by CTCF; no boundary is 

established and the enhancers drive IGF2 expression but not H19 expression. However, the 

importance of TAD boundaries on the maintenance of gene expression more generally is 
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challenged by data showing that disruption of TAD boundaries or depletion of CTCF does not 

lead to systematic gene expression changes (Ghavi-Helm et al. 2019; Despang et al. 2019; Nora 

et al. 2017). 

 

Active regulatory elements can be mapped across developmental stages and cell types through 

the detection of characteristic chromatin modification and accessibility patterns. DNA is wrapped 

around histones which have a long and unstructured N-terminal tail that can be decorated with 

various modifications. Histone modifications influence higher-order chromatin structure and 

affect interactions with chromatin-binding proteins (Kouzarides 2007). Antibodies specific to 

histone modifications can be used to pull down DNA wrapped around modified histones which 

can subsequently be mapped using microarrays (ChIP-chip) (Bernstein et al. 2004; C. L. Liu et 

al. 2005) or sequencing (ChIP-seq) (Barski et al. 2007). Regulatory elements tend to be enriched 

for histone 3 lysine 27 acetylation (H3K27ac) and histone 3 lysine 4 methylation (H3K4me1). In 

addition, histones are evicted from the core of regulatory elements and promoters to provide space 

for the binding of transcription factors. These histone-devoid regions are more sensitive to 

digestion by DNase I and the resulting fragments can be mapped by sequencing to reveal 

accessibility footprints (DNase-seq) (Boyle et al. 2008). An alternative method to study 

accessibility is through an ‘assay of transposase accessible chromatin’ (ATAC-seq). This strategy 

leverages the bias of Tn5 transposase toward accessible chromatin to cleverly integrate 

sequencing adaptors (Buenrostro et al. 2013).  

 

Concerted efforts have been made to functionally annotate regulatory DNA, for example, the 

Encyclopedia of DNA Elements (ENCODE) integrates DNase-seq and ChiP-seq data sets across 

hundreds of cell types to define cis-regulatory elements (ENCODE Project Consortium 2004; 

Sloan et al. 2016; ENCODE Project Consortium et al. 2020). Other approaches look at 

evolutionary conservation (Kuderna et al. 2023; J. W. Thomas et al. 2003; R. Chen et al. 2001) 

or constraint in disease to identify important DNA (Rentzsch et al. 2019; Kircher et al. 2014; S. 

Chen et al. 2023). These efforts resulted in a rich map of almost one million DNA annotations 

which demonstrated that putative enhancers far outnumber genes and are highly tissue and cell-

type-specific. 

1.2.2 Functional analysis of gene regulation 

While biochemical maps of DNA and histone modifications and evolutionary constraints helped 

us build catalogs for possible regulatory elements, we are still far from understanding their 

function. The next section will delve into experimental strategies to characterize regulatory 

elements and the understanding we are deriving from these experiments (Figure 1.3). 
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Figure 1.3: Experimental strategies to characterize regulatory elements. a. Multiplexed 
reporter assays: Thousands to millions of regions of interest (ROI) are cloned in front of a minimal 
promoter to test their ability to drive the expression of a reporter gene. b. Genomic perturbation: 
CRISPR nuclease, CRISPR activators, or CRISPR inhibitors are targeted to regulatory elements, 
and their effect on the expression of the cognate target gene is assessed. c. Synthetic 
reconstitution: Variants of the locus of interest are first assembled in vitro and in yeast and 
subsequently introduced into a mammalian cell to map their expression levels. 
 

A high throughput way to experimentally test the regulatory potential for millions of DNA 

sequences is with multiplexed reporter assays (MPRAs). Sequences of interest are cloned next to 

reporter constructs and their ability to drive reporter expression is measured by deep sequencing 

(Melnikov et al. 2012; Patwardhan et al. 2012; Arnold et al. 2013; Gordon et al. 2020; de Boer et 

al. 2020). However, MPRAs generally do not account for the genomic context and 

chromatinization of enhancers, how they interact with nearby regulatory elements, and their 

compatibility with promoters. Two recent studies expanded the MPRA to test the compatibility 

of promoters and enhancers at a large scale (Martinez-Ara et al. 2022; Bergman et al. 2022). They 

discovered that the majority of enhancers and promoters are compatible and drive the interaction 

of target genes multiplicatively. The exceptions are promoters of housekeeping genes that are less 

susceptible to enhancers, and promoters of variably expressed genes that are more susceptible to 

regulation by enhancers (Bergman et al. 2022). MPRAs are powerful in revealing the regulatory 

potential of individual sequences but fundamentally strip those sequences of the context in which 

they usually operate. 

 

An alternative method to understand enhancers in their endogenous context is through genomic 

perturbation. For example, enhancers can be mutagenized with clustered regularly interspaced 

short palindromic repeats (CRISPR)/CRISPR-associated (Cas) systems or activated/repressed 

through Cas9 fused to transcriptional modulators (CRISPR activation or CRISPR inhibition, 

discussed later) (Lopes, Korkmaz, and Agami 2016). This approach is attractive to map the 

functional relevance of individual enhancers but the types of possible perturbations are limited 

and local. Lin et al. attempted to expand on this by screening the effects of all single and pairwise 
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interactions of seven MYC enhancers (Lin et al. 2022). They discover that nearby enhancers tend 

to interact additively while far-away enhancers interact synergistically. Genome perturbations 

delivered clean insights into the necessity of individual regulatory elements in their relevant 

endogenous context. While we learned which parts of existing regulatory circuits are crucial for 

normal function, perturbations fundamentally cannot show us how to build a new gene regulatory 

circuit from scratch. 

 

To build new circuits, we need to understand for example how the physical spacing of regulatory 

elements across endogenous loci affects their behavior, a question that none of the methods above 

could address. Two recent studies use clever approaches to address this question. Zuin et al. 

integrated a reporter transgene that was split by a transposon containing the cognate enhancers 

into a genomic region with low regulatory complexity (Zuin et al. 2022). Transposase expression 

mobilizes the enhancers locally and the corresponding reporter expressions can be measured for 

enhancers of varying genomic distance to and contact frequencies with the promoter. The 

enhancer strength decreased with increasing genomic distance from the transcription start site but 

less rapidly than DNA contact probability and the presence of a single CTCF site decreased 

transcription levels across it by 60%. Thomas et al. instead inserted orthogonal recombinase sites 

at varying distances into another region of low regulatory complexity to address the same question 

(H. Thomas et al. 2023). They subsequently integrated enhancers into these landing pads and also 

observed a loss of enhancing potential with increasing distance. The degree to which the potential 

decreased was correlated to the intrinsic strength of the enhancers, whereby the potency of weaker 

enhancers decayed more quickly with distance. Intriguingly, for simultaneous integration of 

multiple enhancers at different distances, weak enhancers that could not activate transcription 

from intermediate distances greatly boosted the strength of distal enhancers by acting as a 

‘stepping stone’ between the promoter and distal enhancer. Together, a picture emerges where 

promoter distance, insulation by CTCF, enhancer strengths, as well as enhancer interactions 

together orchestrate gene activation. These approaches also highlight the potential of genome 

engineering with transposases and recombinases to dissect enhancer logic (discussed later). 

 

All of the examples above focus on some aspects of enhancer biology and study them in isolation. 

The proof of a complete understanding is the ability to design complex regulatory regions to a 

specification, followed by constituting and testing them in endogenous contexts. Early synthetic 

reconstitutions create several variations of a regulatory region that are synthesized and assembled 

(e.g. in yeast) followed by the integration into the human genome (Brosh et al. 2021). 

Reconstitution allows the redesign of virtually any aspect of a locus and has been used to 

disentangle the contributions of retinoic acid response elements and distal enhancers in the 

regulation of HOX genes (Pinglay et al. 2022), to understand the context-dependency of the H19 
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and SOX2 enhancers (Ordoñez et al. 2023), and to discover a type of regulatory sequence that 

facilitates the action of other enhancers in the alpha-globin and SOX2 loci (Brosh et al. 2023; 

Blayney et al. 2023), reminiscent to the interaction observed by enhancer integration into multiple 

landing pads (H. Thomas et al. 2023). To more comprehensively learn and predict regulatory 

grammar, we will likely have to probe many more variants in many more loci. While synthetic 

reconstitution is powerful, it is also labor intensive, requiring the utilization of three different 

model organisms (yeast, bacteria, and the target mammalian cell line) as well as molecular biology 

and DNA synthesis and is therefore not easily scalable. An ideal method could generate a large 

number of complex variants directly in mammalian cells (discussed in Chapter 3). 

1.3 Highly rearranged genomes 

Another way to understand genome organization and gene regulation is through the study of 

highly rearranged genomes that provide many natural examples of the consequences of moving 

DNA sequences out of their normal context. Ideally, these rearranged genomes would have a 

counterpart that is still in wild-type configuration so that direct comparisons can be drawn. Three 

very different organisms and model systems can currently provide such insight: (1) balancer 

chromosomes in the fruit fly, (2) chromothripsis in cancers, and (3) the scramble system built into 

synthetic yeast genomes (Figure 1.4). 

 

 

 
Figure 1.4: Examples of highly rearranged genomes. a.  Balancer chromosomes in fruit flies 

have several large and nested inversions and are only viable with a normal chromosome. b. 

Chromothripsis is a mutational event where usually one allele of a chromosome arm becomes 

shattered into hundreds of fragments which are subsequently lost or stitched together in random 

order c. Synthesized yeast chromosomes have hundreds of loxPsym sites integrated (white 

diamonds) and Cre induction can result in vastly changed chromosome architectures. 

Jonas Koeppel
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1.3.1 Balancer chromosomes 

Balancer chromosomes in Drosophila are heavily rearranged chromosomes that suppress the 

recombination with wild-type chromosomes in meiosis (Oster, 1956). Comparing gene expression 

from the wild-type and balancer alleles is an opportunity to understand the consequences of 

structural changes (Ghavi-Helm et al. 2019). The structural variants on the balancer chromosomes 

caused extensive changes to chromatin topology, but only a handful of genes around variant 

breakpoints changed expression as a consequence (Ghavi-Helm et al. 2019). It remains an open 

question why some genes are sensitive to chromatin topology while others are not. While balancer 

chromosomes have more variants than usual Drosophila chromosomes, the majority of results 

from the study came from only eight large and nested inversions. Further, balancer chromosomes 

are highly selected to behave like wild-type chromosomes and might thus be depleted from 

changes with drastic effects on gene expression. In contrast, chromothriptic derivative 

chromosomes can harbor thousands of variants. 

1.3.2 Chromothripsis 

Chromothripsis is a catastrophic mutational event where the arms of one or more chromosomes 

are shattered into hundreds or thousands of pieces. Some fragments are lost in the process and the 

remaining pieces are re-joined in a seemingly random order and orientation (Stephens et al. 2011). 

As a result, cells that survived chromothripsis will have heavily rearranged chromosomes that 

show a characteristic copy number oscillation around two or three copy number states (Korbel 

and Campbell 2013). Chromothripsis can amplify oncogenes or inactivate tumor suppressor genes 

and is pervasive in cancers, affecting around 30% of whole-genome sequenced cancer samples 

(Cortés-Ciriano et al. 2020). One mechanism through which chromothripsis arises is from lagging 

chromosomes in mitosis which can become encapsulated in aberrant nuclear structures called 

micronuclei. Within micronuclei, DNA replication is delayed and DNA repair impaired (Krupina, 

Goginashvili, and Cleveland 2021). Rupture of micronuclei can additionally expose lagging 

chromosomes to cytosolic factors. Together these factors can lead to the shattering of the 

chromosome(s) within nuclei (Krupina, Goginashvili, and Cleveland 2023; Hatch et al. 2013; C.-

Z. Zhang et al. 2015). Attempts to repair the shattered pieces can result in chromothriptic 

chromosomes that are eventually re-incorporated into the main nucleus after mitosis (Ly et al. 

2019; Crasta et al. 2012). 

 

The high density of rearrangements in chromothripsis provides unique examples of genes that are 

repositioned to novel genomic neighborhoods and thus makes it an ideal model system to study 

the importance of gene order, orientation, as well as transcriptional and epigenetic neighborhoods 

on gene expression. Since chromothripsis usually only affects one of two alleles, the wild-type 

Jonas Koeppel

Jonas Koeppel
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copy can serve as a reference for ‘normal’ gene expression. Ijaz et al. reconstructed a 

chromothriptic chromosome 6 from an esophageal cancer organoid and resolved 916 structural 

variations (Ijaz 2021). They discovered that more genes were differentially expressed between 

the chromothriptic and wild-type chromosomes compared to two wild-type chromosomes and 

that differentially expressed genes reside closer to structural variants than non-differentially 

expressed genes. Structural variants changed TAD structures and moved genes into regions with 

different chromatin marks. For example, chromothripsis moved the AKA12 gene from active 

chromatin (H3K27ac and H3K4me3 marks) into more repressive chromatin (H3K27me3 marks) 

which resulted in a 570-fold downregulation. These results demonstrate that the integrated study 

of structural variants, genome topology, histone and DNA modifications, and gene expression can 

yield insights into the grammar of genome usage. 

 

Both balancer and chromothriptic chromosomes are post-selection systems. It is unclear how 

often complex rearrangements occur that produce derivative chromosomes incapable of survival 

and are therefore never seen. To understand the effects of structural variants on gene expression 

and cell viability better, an ideal system would allow us to take a snapshot of all variants that were 

generated after a period of genome instability and then additional snapshots as cells with lethal 

variants are depleted. Synthetic yeast chromosomes with hundreds of recombinase sites enable 

that. 

1.3.3 Scrambled yeast genomes 

Our capacity to synthesize and assemble DNA from the ground up has advanced remarkably over 

the last three decades. The prospect of crafting synthetic genomes for complete cells has come 

within reach. Following the synthesis of the compact genome of the Mycoplasma mycoides 

bacterium (Gibson et al. 2010), an international consortium aimed to synthesize the substantially 

more complex genome of the eukaryotic single-celled yeast, Saccharomyces cerevisiae 

(Richardson et al. 2017; J. S. Dymond et al. 2011). The design diverged from the wild-type 

genome in five ways: All TAG stop codons were reassigned to TAA, repeat elements, tRNAs, 

and many introns were removed or relocated, short recoded sequences (PCR tags) were 

introduced into open reading frames (ORFs) and symmetrical loxP sites (loxPsym) were inserted 

into the 3’ UTRs of all non-essential ORFs. Each of the hundreds of loxPsym sites in synthetic 

yeast chromosomes could act as an anchor for recombination by Cre recombinase. Collectively, 

these sites form the substrate of an inducible genome evolution system called SCRaMbLE 

(synthetic chromosome rearrangement and modification by loxP-mediated evolution) (J. Dymond 

and Boeke 2012). Recombinase expression will trigger thousands of deletions, inversions, 
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duplications, and translocations across the yeast population creating a myriad of diverse genome 

architectures and phenotypes. 

 

The diversity created in a SCRaMbLE experiment can be harnessed to evolve cells towards 

desired phenotypes or to understand genome biology. SCRaMbLE has demonstrated its 

effectiveness across diverse contexts, successfully enhancing the biosynthesis of carotene, 

lycopene, violacein (Blount et al. 2018; W. Liu et al. 2018; Gowers et al. 2020; Juan Wang et al. 

2018; Jia et al. 2018; Wu et al. 2018), bolstering the resistance to acetic acid, alkali, caffeine, 

ethanol, heat, and salt (Kang et al. 2022; Ma et al. 2019; W. Liu et al. 2018; Luo et al. 2018), as 

well as facilitating growth on xylose as an alternative carbon source (Blount et al. 2018). Key to 

the success of SCRaMbLE in finding genomic architectures with beneficial phenotypes is the 

large combinatorial rearrangement potential. For example, a study in a yeast strain with six 

synthetic chromosomes detected over 260,000 unique rearrangements following Cre induction 

(Zhou et al. 2022). Studying heavily rearranged genomes also uncovered novel biology. Through 

the careful examination of 612 SCRaMbLE-induced gene repositions, Brooks et al. discovered 

that transcriptional neighborhoods predictably regulate transcript isoform lengths and expression 

levels (Brooks et al. 2022). 

 

The yeast genome is relatively simple, 250 times smaller than the human genome and 73% are 

protein-coding (Mewes et al. 1997). In contrast, the human genome is vast, mostly repetitive, non-

coding, and poorly understood. There is likely an expanse of novel genome biology to discover if 

we implemented a SCRaMbLE system in human cells. SCRaMbLE in yeast was achieved through 

complete genome synthesis but the size of the human genome still puts it out of reach for de novo 

synthesis. Instead, to scramble human cells, we need to engineer existing genomes and for this, 

we need versatile and effective tools. 

1.4 Tools for the programmable manipulation of genomes 

While single-gene knockouts and the introduction of point mutations have been effective in 

making sense of the coding genome (e.g. (Findlay et al. 2018; Meyers et al. 2017; Hart et al. 2015; 

Costanzo et al. 2010; Winzeler et al. 1999; Findlay et al. 2014)), the sparsity of the non-coding 

genome demands tools that can delete/invert and transpose sequences at a much larger scale. 

Making these types of programmable changes has been historically challenging. However, in 

recent years a convergence of technologies has enabled this type of genome manipulation at an 

unprecedented scale. These technologies are (1) CRISPR prime editing, (2) highly multiplexed 

editing, (3) site-specific recombinases. Each is discussed in more detail below. 
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1.4.1 CRISPR/Cas systems 

While several approaches to engineering genomes (summarized in (Klug 2010; Bogdanove and 

Voytas 2011)) existed before CRISPR/Cas systems, these approaches lacked rapid 

programmability and each additional target site required the design of a novel protein. The 

aspiration for the genome engineering field was to find an enzyme that could be programmed to 

make precise manipulations in the genome at any desired location without the need to create a 

protein from scratch for each new target. The discovery and characterization of a remarkable 

adaptive microbial immune system was a major leap toward this goal (Bhaya, Davison, and 

Barrangou 2011). Upon phage infection, CRISPR/Cas systems can integrate small nucleotide 

sequences (protospacers) from the invading phage genome into the CRISPR locus of the host 

genome. Once expressed, the protospacers will serve as guides to recruit Cas nucleases to cut the 

DNA of invading phages and prevent infection.  

 

By now, many diverse CRISPR systems have been characterized across the tree of life (including 

eukaryotes (Saito et al. 2023; K. Jiang et al. 2023)), with functions beyond adaptive immunity 

(Meers et al. 2023). We will focus on the most widely characterized CRISPR/Cas9 system (Jinek 

et al. 2012). Here, the Cas9 protein binds to a complex of a transactivating guide RNA (tracrRNA) 

and a crRNA which guides the ribonucleoprotein complex to target sites with complementarity to 

the protospacer next to a short protospacer-adjacent motif (PAM – NGG for Streptococcus 

pyogenes Cas9). At the target site, the Cas9 enzyme cuts both DNA strands, destroying the 

invader. Excitingly, the tracrRNA:crRNA complex could be replaced with an artificial RNA 

sequence which made it possible to guide Cas9 to any desired DNA target (Jinek et al. 2012). In 

2020, Doudna and Charpentier were awarded with the Nobel Prize for their characterization of 

CRISPR systems as programmable nucleases. 

 

The programmability of the CRISPR/Cas9 system made it an ideal candidate for the development 

of a mammalian genome editor. This was achieved through a combination of innovations: fusion 

of the crRNA and tracrRNA into a single guide RNA (sgRNA) (Jinek et al. 2012), the endowment 

with a nuclear localization signal, and codon optimization for mammalian expression (Cong et al. 

2013; Mali et al. 2013; Jinek et al. 2013). Cas9 could now in principle make a double-strand break 

at any position in the genome next to a PAM site (Figure 1.5a). 

 

Mammalian cells can repair double-strand breaks in one of three ways. Non-homologous end-

joining and microhomology-mediated end-joining are error-prone and typically create short 

insertion and deletion mutations around the cut site which could be exploited to knock out target 

genes or disrupt the binding of regulatory factors. This is beneficial to study the function of genes 
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in the laboratory or to disrupt pathogenic proteins in disease. Alternatively, homology-directed 

repair (HDR) can precisely fix the lesion by using complementary information from the sister 

chromatids or homologous chromosomes. HDR can be leveraged to install precise mutations 

including long insertions by supplying exogenous donor DNA templates encoding the edits and 

homologies to the cut site (Cong et al. 2013). However, HDR is inefficient in non-dividing cells 

(Rothkamm et al. 2003) and is usually accompanied by many alternative alleles with mutations. 

In addition, more recent work has demonstrated that double-strand breaks can result in 

catastrophic events including large, on-target deletions, chromothripsis (discussed later), and 

aneuploidies (Nahmad et al. 2022; Adikusuma et al. 2018; Papathanasiou et al. 2021; Weisheit et 

al. 2020). Nevertheless, the versatility and ease of use propelled CRISPR into countless molecular 

biology research laboratories and the first CRISPR-based therapeutics are showing great promise 

in clinical trials. 

 

 

 
Figure 1.5. The CRISPR/Cas toolbox. a. The Cas9 nuclease recognizes DNA sequences 
complementary to the protospacer sequence and next to a protospacer adjacent motif to induce 
two DNA breaks. b-c. CRISPR inhibitors and activators fuse dead Cas9 with a co-repressor or 
co-activator recruiting domain (here KRAB or VPR) to repress or activate nearby genes. d. Base 
editors fuse a deaminase domain to nicking Cas9 to mediate base conversions. e. RuvC and 
HNH: endonuclease domains of Cas9. e. Prime editors fuse a reverse transcriptase to nicking 
Cas9 and also employ a 3’ extended guide RNA (pegRNA) to install precise substitutions, short 
insertions, or short deletions. f. PASTE systems use the prime editor platform to introduce a 
recombinase site and co-deliver recombinase for large cargo insertion. g. In dual flap prime 

editing strategies both DNA strands are targeted. Repair of the lesion can result in large deletions 
and insertions. 
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The downside of Cas9 for engineering is the lack of control and the dependency of the mutation 

outcome on stochastic repair processes (Hussmann et al. 2021; Pallaseni et al. 2023; Cong et al. 

2013). Advancements have been made to nudge the outcomes of repair (Riesenberg et al. 2023; 

Robert et al. 2015) and predict the types of mutations that are generated at a given target site (M. 

W. Shen et al. 2018; Allen et al. 2018), but the precise installation of desired mutations or the 

insertion of novel sequences generally comes with undesired by-products and depends on co-

delivery of an external DNA donor (Mali et al. 2013). These limitations make Cas9 a great 

workhorse for knocking out genes but a blunt tool for precise genome manipulations. 

1.4.2 Precision genome engineering 

A key insight to developing the next generation of genome editors was the separation of targeting 

and effector functions of Cas proteins. Cas9 contains two nuclease domains (RuvC and HNH) 

that can be inactivated separately or together, resulting in nicking and catalytically dead versions 

of Cas9 (nCas9 and dCas9). These modified proteins can still be programmably targeted but no 

longer make double-strand breaks and represent perfect canvases for the addition of novel effector 

domains. For example, transcriptional repression and activation domains can be added to create 

epigenetic editors that silence or activate their target genes (Figure 1.5b-c) (Qi et al. 2013; Gilbert 

et al. 2013). An ingenious next step was the fusion of cytidine or adenosine deaminases to nicking 

or dead Cas9 which made it possible to directly install point mutations (C to T or A to G – and 

their reverse complement) at desired genomic locations (Figure 1.5d) (Komor et al. 2016; 

Gaudelli et al. 2017). Together this toolkit complemented and expanded the use cases of standard 

Cas9 but it was still not possible to precisely install transversion mutations, deletions, insertions, 

or larger structural changes. 

 

Prime editors are a newly developed tool that is poised to finally fulfill our aspirations to 

programmably install any type of precise edits anywhere in the genome (Anzalone et al. 2019). 

Prime editors consist of the Cas9 nickase fused to a reverse transcriptase and a prime-editing 

guide RNA (pegRNA). The pegRNA serves two purposes; it specifies the target and the desired 

edit. At the target site, Cas9 nicking releases one strand of the target DNA which hybridizes to 

the primer binding site of the pegRNA (Figure 1.5e). The reverse transcriptase then copies the 

edit specified in the pegRNA into the genome which can become fixed through a series of DNA 

repair processes. 

 

Prime editing is effective in making substitutions and short insertions or deletions but struggles 

to make edits > 50 bp. The ability to make larger variants is arguably necessary to understand the 

organization of gene regulatory regions and genome organization principles. To expand the 
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capabilities of prime editing, two clever strategies have been implemented. In the first, prime 

editors insert one or multiple recombinase recognition sequences (discussed below) and 

subsequent recombinase expression catalyzes large-scale changes such as deletions, inversions, 

or integration of recombinase site flanked cargo DNA (Figure 1.5f) (Anzalone et al. 2022; Yarnall 

et al. 2022). With the second strategy, two prime editors are targeted to the opposite DNA strands 

to synthesize complementary flaps (Figure 1.5g) (Anzalone et al. 2022; Choi, Chen, Suiter, et al. 

2022; T. Jiang et al. 2022). The flaps can anneal with one another and replace the original DNA 

sequence between the two target sites after DNA repair. Dual flap prime editing has been 

successfully implemented to delete hundreds of DNA bases or install insertions of up to 400 bp 

(Jinlin Wang et al. 2022). 

 

The emerging field of prime editing is advancing rapidly, and we are beginning to understand the 

complex series of events required to make an edit, resulting in several improvements to the PE 

system (P. J. Chen and Liu 2022). The extensions of pegRNAs are vulnerable to degradation by 

cellular nucleases. Engineered pegRNAs (epegRNAs) fuse a structured RNA motif to the 

extension, which helps to stabilize it from degradation, increasing prime editing efficiencies by 

1.5-4-fold (Nelson et al. 2022). In addition, improving the pegRNA scaffold for better binding to 

Cas9 and more effective transcription from polymerase III promoters further increases editing 

rates (Jost et al. 2020; B. Chen et al. 2013). At the genome, mismatch repair (MMR) limits the 

incorporation of smaller edits and prime editing strategies that circumvent MMR through the co-

delivery of dominant MMR proteins greatly enhancing editing (P. J. Chen et al. 2021; Ferreira da 

Silva et al. 2022). Finally, refining the PE protein architecture through codon optimization, Cas9 

mutations, linker choice, and an optimized nuclear localization sequence further elevates the 

editing rate (P. Liu et al. 2021; P. J. Chen et al. 2021). 

 

Despite advances to the PE system, an important remaining downside of prime editing is its highly 

variable efficiency (Doman et al. 2022). pegRNA design is challenging due to many independent 

parameters that could be optimized and interact with one another (e.g. primer binding site length, 

reverse transcriptase template length, target site, edit type, edit position, spacer efficiencies, and 

so on). Fueled by data from large prime editing screens, several pegRNA prediction tools were 

developed (Weller et al. 2023; G. Yu et al. 2023; Mathis, Allam, Kissling, et al. 2023; H. K. Kim 

et al. 2021) that attempt to aid the design of active pegRNAs. However, due to the large 

combinatorial complexity of the parameters, each tool comes with separate advantages and 

drawbacks. A crucial gap in the field was that none of the data sets included a comprehensive 

analysis of short insertions (1-100 nt), which we attempted to fill (Chapter 2). Programmable 

insertion of short sequences is particularly useful for tagging proteins, fixing deletion mutations 
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by incorporating the missing sequence, and inserting recognition sites for site-specific 

recombinases. 

1.4.3 Site-specific recombinases 

While prime editing facilitates the precise insertion of short sequences (1-200 bp) and paired 

prime editing the deletion of moderately long sequences (thousands of bp), neither method is 

suitable for inversions or precise insertions/deletions at the scale necessary to interrogate genomes 

(thousands or millions of base pairs). Site-specific recombinases can fill this gap (Kilby, Snaith, 

and Murray 1993). Similar to restriction enzymes and CRISPR systems, site-specific 

recombinases were discovered as a component in the ancient arms race between bacteria and 

bacteriophages (Sternberg and Hamilton 1981; Abremski and Gottesman 1982). They mediate 

the circularization, integration, or excision of phage genome from host cells by recognizing two 

short DNA sequences on the phage and bacterial genomes, breaking them apart, and rejoining the 

ends in a new orientation (Sadowski 1986). Based on the active site amino acid residue used to 

catalyze this reaction, recombinases generally fall within two categories (Figure 1.6). 

 

 
Figure 1.6: Rearrangements mediated by tyrosine and serine recombinases. a. Cre 
recombinase can make inversions (left) or deletions (right) depending on the orientation of the 
flanking loxP sites. The recombinase site remains unchanged throughout the process and 
therefore the reaction is reversible. b. Serine recombinases catalyze a rearrangement between 
an attB and an attP sequence, converting them into attL and attR hybrid sequences. Depending 
on the orientation and identity of the sites this can result in inversions (left), deletions (middle), or 
integrations (right). The rearrangement is unidirectional in the absence of recombinase 
directionality factors (RDFs). For clarity, only rearrangements in G1 and between the same 
molecule or a circular cargo are shown. 

 

Tyrosine recombinases include the most widely used Cre recombinase derived from the P1 

bacteriophage (Sternberg and Hamilton 1981). Cre drives the recombination between two 34 bp, 

near palindromic loxP sequences (locus of X-over P1). The outcomes can be different based on 

the orientation of the DNA ends joined and the relative location of the sites. If two loxP sites are 

on one DNA molecule, Cre will generate a deletion-minicircle between two sites of the same 
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orientation or an inversion for ones in opposite orientations. If the two sites are located on two 

different DNA molecules, recombination will generate translocations or integration of episomal 

DNA. More complicated events are possible in the S and G2 phases of the cell cycle owing to 

recombination between sister chromatids (Ramírez-Solis, Liu, and Bradley 1995). LoxP sites 

derive their orientation from seven central nucleotides that are non-palindromic. For an 

engineered version of the loxP site with palindromic central nucleotides (loxPsym), Cre 

stochastically catalyzes deletions or inversions (Hoess, Wierzbicki, and Abremski 1986). 

Additional mutations in the loxP site (lox5171 and lox2271) were engineered that recombined 

with themselves but not the wild-type sequence (G. Lee and Saito 1998), enabling orthogonal 

Cre-lox circuits. Other mutations can enable unidirectional rearrangements (similar to serine 

recombinases discussed below) (Araki, Araki, and Yamamura 1997). Their combined use with 

several similar but orthogonal recombinases (Flp, Dre, Vika) enables the construction of intricate 

genetic circuits (Golic and Lindquist 1989; Sauer and McDermott 2004; Karimova et al. 2013). 

 

Most tyrosine recombinases rearrange two identical sites and the reaction is therefore 

bidirectional. In contrast, large serine recombinases recombine two distinct sequences, attB 

(attachment site from the bacteria) and attP (attachment site from the phage), resulting in a pair 

of recombinant sites (attL and attR) (Brown et al. 2011). This reaction is unidirectional in the 

absence of additional phage-encoded recombination directionality factors. Unidirectionality is 

ideal for integrating large DNA constructs into the genome or for making inversions (Liberante 

and Ellis 2021). Xu et al. characterized 15 different recombinases and determined BxB1 as the 

best candidate for integrating DNA into human genomes (Xu et al. 2013). More recent work 

systematically mined nucleotide sequences across the tree of life for novel recombinases and 

discovered additional candidates that are potentially more efficient than BxB1 or have other 

desirable properties such as having attachment sides that are already present in the human genome 

(Durrant et al. 2023). 

 

Recombinases are a powerful tool to induce defined rearrangements into genomes. In early work, 

Ramires-Solis et al. demonstrated that it is possible to create megabase scale deletions, inversions, 

and duplications in mouse embryonic stem cells by targeting loxP site containing cassettes to the 

desired breakends and inducing Cre (Ramírez-Solis, Liu, and Bradley 1995). Similarly, 

rearranging two non-homologous chromosomes was leveraged to make mouse models of human 

leukemia-associated translocations (Buchholz et al. 2000; E. C. Collins et al. 2000). Subsequent 

work established that recombination efficiency on the same chromosome is ~10% for sites less 

than 10 Mb apart and drops to ~ 0.01% at 60 Mb, still much higher than for sites on non-

homologous chromosomes (~0.001%) (Zheng et al. 2000). Such low-efficiency events can be 

enriched by adding split selection markers on the loxP cassettes that are reconstituted upon 
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successful recombination (Y. Yu and Bradley 2001). Recombination is also useful to make mouse 

models with conditional knockouts (Plück 1996). Here a gene is flanked by two loxP sites 

(‘floxed’) and the recombinase is expressed under the control of a tissue-specific or inducible 

promoter resulting in selective gene loss upon Cre expression. 

 

One of the perhaps most impressive displays of recombinase-mediated genome engineering is the 

work by Lee et al. who completely humanized the mouse immunoglobulin locus (E.-C. Lee et al. 

2014). To enable this, the authors first inserted lox sites and selection markers into the mouse 

immunoglobulin locus in mouse embryonic stem cells, creating a landing pad. Next, they 

retrieved bacterial artificial chromosomes (intermediates from the human genome sequencing 

project) that contain the human immunoglobulin locus, installed lox sites and selection markers, 

and integrated them into the mouse landing pad. Through clever design, integration of the payload 

creates a novel landing pad and mobilization with the PiggyBac transposase can excise used 

selection markers, freeing them up for the next round of integration. Thus, it was possible to 

iteratively integrate 2.7 Mb of human DNA into the mouse genome. Finally, to prevent the mouse 

variable segments from forming functional antibodies, the authors used Cre and targeting of 

recombinase sites to invert a ~20 Mb region at the heavy chain locus. This technology formed the 

backbone for the therapeutic antibody company Kymab which was acquired by Sanofi for $1.1 

billion in 2021. 

1.5 Engineering genomes at scale 

Weaving the threads together, we have a genome and a solid map of its contents but an incomplete 

understanding of how this content underpins function. More specifically, we do not know how 

dispensable the vast non-coding and repetitive sequences between and within the islands of 

instructions are, and neither do we know how precisely the order and spacing of regulatory 

sequences and genes interplay to ensure faithful expression. However, building on decades of 

previous work, we now possess powerful molecular machines to precisely manipulate genomes, 

and combining these technologies might provide a path forward to address the most pressing 

unanswered questions. 

 

The first powerful combinations are prime editing and recombinases. Recombinases have been 

held back by the need to first laboriously integrate their recognition sequences which prime 

editors could address, enabling structural manipulation of the genome at scale. In addition, this 

strategy is attractive because it avoids double-strand DNA breaks, causes few undesired on-target 

mutations, and, unlike HDR, works in non-dividing cells. Yarnall et al. optimized prime editor-

recombinase fusion constructs for the one-pot insertion of a serine recombinase attachment site 
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followed by recombination and payload integration. This method, dubbed PASTE, enabled 10-

30% integration efficiencies of payloads up to 36 kb (Yarnall et al. 2022). Anzalone et al. explored 

a similar strategy but focussed on using dual flap prime editing to install attachment sites and did 

not fuse the recombinase and prime editor (Anzalone et al. 2022). In addition, they demonstrated 

the successful inversion of a 40 kb region with single-digit efficiencies by co-targeting attB and 

attP sites to the variant breakends (Anzalone et al. 2022).  

 

To effectively combine prime editing and recombinases, we first need to understand the 

determinants that govern how prime editors insert small sequences. In chapter two I use prime 

editing to systematically install thousands of small sequences into the genome, including 

recombinase recognition sites, and measure the efficiencies of each insert. Based on these data I 

could work out determinants of efficiency for writing small sequences with prime editing and 

uncover novel biology on how cells repair insertion prime edits. 

 

The second ingredient for manipulating gnomes at scale is to make lots of changes at once. With 

CRISPR systems, each edit is usually specified by one unique guide or pegRNA. It is possible to 

make several edits to the genome by introducing multiple guides into one cell. For example, Chen 

et al. converted 33 instances of the TAG stop codon into TAA with base editing and a single 

transfection (Y. Chen et al. 2022). In chapter four I use this strategy to tile an enhancer cluster in 

the OTX2 locus with recombinase sites to study the consequence of hundreds of inversion and 

deletions on gene expression. 

 

Simultaneous transfections are fundamentally limited by the number of guides that can be 

introduced into the cell at once. An alternative to introducing many edits into the same genome is 

to target a promiscuous sequence. This strategy has been used to inactive 62 copies of porcine 

endogenous retroviruses in the pig cell genome to pave the way for safer trans-species transplants 

(Yang et al. 2015) and to understand the dynamics of DNA repair following Cas9 cleavage (Zou 

et al. 2022). In the most ambitious example of multiplexed editing, Cory et al. target catalytically 

dead base editors to LINE-1 retrotransposons to make more than 10,000 edits in a single genome. 

In chapter three, I target prime editors to LINE-1s to insert hundreds of recombinase sites into a 

single genome. Cre induction generates thousands of rearrangements throughout the genome 

which we could trace over time, illuminating the features of variants that survive compared to 

those that do not. Finally, surviving clones provided a unique resource with defined structural 

changes whose effect on gene expression we could study.
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2  

Determinants of efficiency for short 

sequence insertion using prime editing 
 

Prime editing was just published before I started my PhD and we sought to leverage it to make 

structural changes in genomes at scale. While examples in the initial publication showed that it 

was possible to insert recombinase sites (Anzalone et al. 2019), no work had been done to 

systematically establish the cellular and sequence determinants governing short sequence 

insertions and how to optimize editing reagents for maximum efficiency. Our group had just 

published a manuscript on the prediction of mutations generated by Cas9 (Allen et al. 2018) and 

was working on another story about predicting base editing outcomes (Pallaseni et al. 2022). It 

was therefore natural for me to take on a project to deeply characterize short sequence insertions 

with prime editing. I designed a library of 3,604 sequences of various lengths and measured the 

frequency of their insertion into four genomic sites in three human cell lines, using different prime 

editor systems in varying DNA repair contexts. I found that length, nucleotide composition, and 

secondary structure of the insertion sequence all affect insertion rates. I also discovered that the 

3′ flap nucleases TREX1 and TREX2 suppress the insertion of longer sequences. I designed the 

experiments and analyzed the data but had help from Elin Madli Peets for the execution of the 

experiments and teamed up with Juliane Weller who built a computational model to predict 

editing efficiencies based on the experimental results. Much of this chapter is adapted from 

‘Prediction of prime editing insertion efficiencies using sequence features and DNA repair 

determinants’ on which I am the lead author (Koeppel et al. 2023). 
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2.1 Introduction 

The efficient insertion of short DNA sequences into genomes could change the course of 

biotechnology and medicine (Anzalone et al. 2022; Yarnall et al. 2022). Small insertions can 

encode protein tags for purification and visualization, or manipulate protein function by altering 

protein localization, half-life, or interaction profiles. Integrating sequences for transcription factor 

binding sites and splicing modulators provides control over gene expression while introducing 

structural elements or recombinase sites can change DNA conformation and provide a substrate 

for large-scale engineering. For therapeutic opportunities, over 16,000 small deletion variants 

have been causally linked to disease (Landrum et al. 2016, 2018), and could in principle be 

restored by inserting the missing sequence (Geurts et al. 2021; Schene et al. 2020). A prominent 

example is cystic fibrosis, where 70% of cases are caused by a 3 nucleotide (nt) deletion (Drumm, 

Ziady, and Davis 2012; Zielenski and Tsui 1995). To enable reversing these mutations in practice, 

a technology must integrate insertions efficiently, accurately, and safely, avoiding the unintended 

outcomes and double-strand break stress that hampers existing Cas9-based therapies (Leibowitz 

et al. 2021; Allen et al. 2018; Kosicki, Tomberg, and Bradley 2018). 

  

Prime editors can insert short DNA sequences without generating double-strand breaks or 

requiring an external template. They consist of a nicking version of Cas9 fused to a reverse 

transcriptase domain, which is complexed with a prime editing guide RNA (pegRNA) (Anzalone 

et al. 2019). The pegRNA comprises a primer binding site homologous to the sequence in the 

target, and a reverse transcriptase template that includes the intended edit, all in the 3’ extension 

of a standard CRISPR/Cas9 guide RNA. At the target site, Cas9 nicks one strand of the genomic 

DNA, which then anneals to the primer binding site on the pegRNA, and is extended by the Cas9-

fused reverse transcriptase using the pegRNA-encoded template sequence. Next, DNA repair 

mechanisms resolve the conflicting sequences on the two DNA strands, ultimately writing the 

intended edit into the genome. Where CRISPR/Cas9 was compared to molecular scissors capable 

of disrupting target genes, and base editors were seen as molecular pencils for their ability to 

substitute single nucleotides, prime editors can be described as molecular word processors, able 

to perform search and replace operations directly on the genome (Anzalone, Koblan, and Liu 

2020; G. Liu et al. 2022; P. J. Chen and Liu 2022; Doman et al. 2022). 

  

The prime editing system is complex, and the determinants of its efficiency are not fully 

understood. Several partly independent steps, including three DNA binding events and successful 

DNA repair, are needed to produce an edit, each potentially influenced by the introduced 

sequence. In the largest study to understand these biases (at the time of initiating this chapter), 

Kim et al. comprehensively tested the consequences of varying the reverse transcription templates 
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and primer binding site lengths using a library of 55,000 pegRNAs. The editing rate increased 

with Cas9 sgRNA activity, GC content, and melting temperature of the primer binding site. While 

further optimization of sequences was possible, primer binding sites of 11-13 nt and reverse 

transcriptase templates of 10-12 nt had the highest average editing efficiencies (H. K. Kim et al. 

2021).  

  

The majority of libraries used by Kim et al. contained the same single nucleotide substitution 5 nt 

upstream of the nick site. Similarly, nearly all investigations of prime editing efficacy to date have 

predominantly focused on single nucleotide substitutions (Anzalone et al. 2019; H. K. Kim et al. 

2021; Kweon et al., 2021; Y. Liu et al. 2020; P. J. Chen et al. 2021; Nelson et al. 2022). Of the 

many possible useful sequences in molecular biology, only a handful have been introduced with 

prime editing. Therefore, in contrast to a relatively deep understanding of Cas9 mutagenesis 

(Allen et al. 2018; Doench et al. 2016; Meier, Zhang, and Sanjana 2017; H. K. Kim et al. 2019) 

and base editing outcomes (Pallaseni et al. 2022; Arbab et al. 2020; Song et al. 2020) very little 

is known about how the inserted sequence affects efficiency, and the length range of insertions 

feasible by prime editing has not been defined.  

 

I measured the insertion efficiency of 3,604 sequences in several target sites and a variety of 

cellular and repair pathway contexts and found that insertion sequence length, nucleotide 

composition, and secondary structure all affect insertion efficiency. Moreover, I define the precise 

effect of mismatch repair on thousands of insertion sequences and discover that overexpression 

of the 3’ flap nucleases TREX1 and TREX2 abolished the insertion of longer sequences. Together, 

sequence features and repair pathway activity explained most of the variation in insertion rate. 

Juliane Weller then used these insights to train a sequence-based prediction model informed by 

mismatch repair efficiency that predicts editing outcomes for novel sequences with high accuracy 

and demonstrated the models' usefulness for the selection of optimal reagents for new insertions. 
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2.2 Results 

To systematically assess insertion rates using prime editing, I first established faithful prime 

editing systems in HEK293T and HAP1 cells for the integration of a single loxP site. Once these 

were in place, I could scale the experiment to measure the incorporation of thousands of sequences 

into several genomic target sites and use the resulting data set to understand the sequence, target 

site, repair, and prime editing system features that govern insertion efficiencies. 

2.2.1 Establishing prime editing systems for short sequence insertion 

I first tested the ability of prime editing to insert recombinase site versions into the HEK3 locus 

in HEK293T cells by transient transfection of the prime editing reagents. I assessed editing 

efficiency using capillary gel electrophoresis (Figure 2.1a) and amplicon sequencing 

(Figure 2.1b). The 34 bp core loxP site was integrated at 23% efficiency. LoxP site versions that 

were extended by 10 bp on one or both sides were integrated at substantially lower rates (6% for 

a 44 bp version and 3% for a 54 bp version, Figure 2.1a,b). Notably, indel rates were <1% and 

indistinguishable from a non-transfected control, demonstrating the high on-target precision of 

prime editing (Figure 2.1b). The discrepancy in rates highlighted the importance of the edit 

sequence on incorporation efficiencies and I sought to characterize the rules governing short 

sequence insertions with prime editing more generally.  

 

 

 
Figure 2.1. Variable insertion efficiencies for loxP site variants. a. Bioanalyzer traces for PCR 
amplicons of cells that were transfected with prime editor and the indicated pegRNA constructs 
(panels). The purple triangle indicates the peak corresponding to an insertion and the number 
next to it is the molecular frequency of the insertion product to overall DNA. b. Quantification of 
the frequency (y-axis) of mutation types (colors) from next-generation sequencing of PCR 
amplicons (x-axis, as in a). 
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Besides the desired sequence, the target site as well as the editing cell line and DNA repair context 

could all influence insertion efficiencies. Therefore, I decided to also test prime editing in an 

additional cell line and two different DNA repair contexts. The near haploid HAP1 cell line is 

interesting for genome engineering due to the absence of a confounding second allele (Blomen et 

al. 2015). Based on the finding that mismatch repair inhibits the incorporation of short edits (P. J. 

Chen et al. 2021; Ferreira da Silva et al. 2022), I additionally sought to establish prime editing in 

HAP1 cells that are knockout for the mismatch repair protein MLH1 (hereafter referred to as 

HAP1 ∆MLH1). Since HAP1 cell lines are difficult to transfect, I designed a doxycycline-

inducible prime editor on a PiggyBac transposon (Figure 2.2a) and clonal HAP1 and HAP1 

∆MLH1 cell lines with stably integrated prime editor were derived. To test the ability of these cell 

lines to make edits, Mélanie Gouley, a master student I supervised, infected them with a lentivirus 

with an engineered pegRNA encoding for a loxP site integration into the HEK3 locus. Both HAP1 

and HAP1 ∆MLH1 cells achieved integration efficiencies between 55-78% on day 10 and 72-

85% on day 13 respectively (Figure 2.2b) demonstrating high prime editing activity. 

 

 
Figure 2.2. Stable prime editing cell lines. a. Schematic of the doxycycline-inducible prime 
editor expression construct on a PiggyBac transposon. UCOE: Universal chromatin opening 
element. TREG3G: Doxycycline-inducible promoter. rtTA-3G: transactivator protein. ITR: Inverted 
terminal repeats. b. Integration efficiencies (y-axis) for a loxP site into the HEK3 locus over 13 

days (x-axis) in six clones (markers and lines) stratified by cell line (colors). 

2.2.2 Systematic characterization of insertion efficiencies 

To systematically characterize how the length and composition of inserted sequence, as well as 

cell line, target site, and the version of the prime editor system, affect insertion rates, I designed 

3,604 pegRNAs encoding insertions immediately upstream of the nick site. These comprise 270 

sequences useful for molecular biology (e.g. His-6 tag, recombinase sites, and mNeonGreen11 

(Feng et al. 2017)), 1,957 eukaryotic linear motifs (Dinkel et al. 2014, 2016; Puntervoll et al. 

2003), 439 sequences with variable secondary structure, all single nucleotides, dinucleotides, 
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trinucleotides, tetranucleotides, and one hundred random sequences of each length between 5 and 

10 nt (Figure 2.3a). Insertions ranged from the length of 1 to 69 nt and varied in GC content 

(Figure 2.3b), while the primer binding site and homology arm lengths in the pegRNA were fixed 

to 13 and 34 nt, respectively. The libraries were delivered by lentivirus against four target sites 

(three previously tested: HEK3, EMX1, FANCF (Anzalone et al. 2019) and the safe-harbor 

CLYBL locus (Cerbini et al. 2015)) in two cell lines (HEK293T and HAP1), followed by transient 

transfection of the prime editor 2 plasmid (HEK293T cells) or doxycycline induction of PiggyBac 

transposase integrated prime editor (HAP1 cells, Figure 2.2a), five days of selection, and 

sequencing of two amplicons from the cell pool, one of the targeted locus and one of the pegRNA 

locus (Figure 2.3c). I calculated insertion efficiencies as the fraction of reads in the target site 

amplicon with a given insertion divided by the fraction of reads for the pegRNA encoding it in 

the pegRNA amplicon and analyzed them as the main statistic in the rest of the study. 

 

 
Figure 2.3. A method for high-throughput measurement of prime insertion efficiencies. a. 
Screen setup. Set 1 and Set 2 libraries were screened separately and data merged (Methods); 
panels d-f reflect Set 1 results only. b. Library composition. The number of sequences in the 

library (y-axis) with different insert sequence lengths (x-axis, top panel) and %GC content (x-axis, 
bottom panel). c. Experimental design. 

  
Insertion efficiencies of sequences varied widely. The top 5% of templates were inserted 27-134 

times more efficiently than the bottom 5% across the various target site and cell line combinations 

(Figure 2.4), indicating substantial sequence-dependent variation. The insertion rates were 

consistent across two biological replicates in HAP1 and HAP1 ∆MLH1 cells and three biological 

replicates in HEK293T cells (median R=0.70; Figure 2.5), but differed in magnitude across 

screens (average across pegRNAs 0.18% for the CLYBL locus in HEK293T to 6.7% for the HEK3 

locus in HEK293T cells, Figure 2.6a). The CLYBL and EMX1 target sites with lower overall 

insertion efficiencies, and subsequently lower effective coverage, showed weaker replicate 

correlations compared to the HEK3 locus with high insertion rates (Figure 2.5). 
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Figure 2.4. Insertion rates differ substantially between sequences. a. Screen normalized 
insertion efficiency (y-axis) for the top 5% of pegRNAs with the highest insertion rates across all 
screens and the bottom 5% of pegRNAs (x-axis, colors). Markers are individual pegRNAs. Data 

are presented as mean values +/- standard error of mean. n = 3 biological replicates. b. Example 
of well and poorly inserting sequences with their respective mean insertion rates across screens. 
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Figure 2.5 Reproducibility across large-scale prime editing insertion screens. a. Percent 
insertion in replicate 1 (x-axis) compared to percent insertion in replicate 2 for insert sequences 
of the library Set1 (markers) for different target sites (panels) in the HEK293T cell line. b-c. As in 
(a) but for different replicate comparisons. d-f. As in (a-c) but for the library Set2. g. As in (a) but 
for the HAP1 cell line and screening library set 1 and library set 2 together. h. As in (a) but for the 
HAP1 ∆MHL1 cell line and screening library set 1 and library set 2 together. 

 

To understand the consistency of insertion efficiencies across contexts, I next compared them 

between replicates, cell lines, and target sites. Insertion rates into the same target site in different 

cell lines were more correlated (mean R=0.52) than into different target sites in the same line 

(mean R=0.38). The correlation was weakest when both the target site and cell line differed (mean 

R=0.17, Figure 2.6b-c), demonstrating both target sequence-specific and cell line-dependent 

biases on insertion rates. 

 

Unintended editing outcomes included single base mutations, small insertions, and deletions 

around the nicking site, deletions overlapping the primer binding site and reverse transcription 

template, insertion of mutated library sequences, duplications of the reverse transcription 

template, as well as partial scaffold integrations (Figure 2.6a, Figure 2.7a-c). These outcomes 

were rare overall (0.06%-0.45%). Base changes at the target site (potentially arising from errors 

of the reverse transcriptase) were infrequent in reads with and without insertions (0.038% vs 

0.030%) but slightly elevated upon insertion immediately downstream of the nick site and for the 

first nucleotides after the end of the homology arm (Figure 2.7d-f). Overall, the intended 

insertions were the dominant mutations generated, and I do not consider the unintended edits 

further. 
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Figure 2.6. Target-site and cell line affect prime insertion efficiencies. a. Editing frequencies. 
Average mutation frequency (y-axis) for different screens (x-axis) stratified by mutation type (blue: 
insertions; gray: unintended outcomes). Markers represent one replicate and bars the average 
across n = 3 biological replicates. b. Pearson’s R between replicate correlations or insertion rates 
in two screens (x-axis) for different comparisons (y-axis, colors). Markers: correlation value of one 
pair of screens (for replicate correlations, mean of pairwise comparison across n = 3 biological 
replicates); line and whiskers: mean and standard error of the mean. c. Examples of categories 
from (b). Percent insertion in the HEK3 locus in HEK293T cells (y-axis) compared to values (x-
axis) in other contexts (panels, colors) for insertion sequences (markers). Left panel: comparison 

of biological replicates; other panels: comparison of replicate averages. Label: R of values in 
linear scale. Colors: as in (b). 
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Figure 2.7 Error modes in prime editing screens. a. Schematic of the analysis for unintended 
outcomes. b. Schematic of the various analyzed error modes. RTT: reverse transcriptase 
template. c. Frequencies of unintended outcomes (y-axis) stratified by error types (colors) for 
replicates (x-axis) at various target sites and cell lines (panels). d. The average percentage of 
sequencing reads with complete library insertions (y-axis) with a non-reference sequence 
nucleotide (colors) at positions relative to the nicking site (x-axis). n = 3 biological replicates for 
HEK293T cells and n = 2 biological replicates for HAP1 cells. e. As (d) but instead showing reads 
without insertions or indels. f. As (d) but displaying the fold-changes between the averages for 
reads with complete insertions and for reads without insertions or indels. 
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2.3.1 Insert size and mismatch repair activity effects 

Given the repeatable sequence-dependent variation in insertion rates that spans over three orders 

of magnitude, I sought to understand the responsible features, starting with insert length. Insertion 

frequency did not decrease monotonically with insert length in HEK293T cells, but instead, had 

two modes of high values. First, sequences of 3 and 4 nt were inserted on average 2.0-4.1 times 

more efficiently than others across the four targeted sites (Figure 2.8a). Second, sequences 

between 15 and 21 nt were inserted on average 1.3-1.6 times more efficiently than 10-14 nt ones, 

and 1.5-2.0 times more efficiently than sequences longer than 21 nt (Figure 2.8a). These relative 

biases in efficiency were shared between all target sites, despite a 20-fold range of their average 

insertion rates. Inserts longer than 45 nt were incorporated less frequently, at a screen average 

rate that is 4 to 8 times lower than that of sequences shorter than 45 nt. The longest sequence that 

was inserted at > 1% frequency (1.4%, HEK3 site in HEK293T cells) was 66 nt, demonstrating 

that integration of moderately long sequences is feasible with prime editing. 

  
In contrast to HEK293T cells, the insertion frequency of the short 1-4 nt sequences was not 

substantially higher than that of longer ones in HAP1 cells (0.60-1.27 times, Figure 2.8b). This 

reduced the concordance of insertion rates in the two cell lines at the same site (R = 0.41 for 

FANCF and 0.54 for HEK3, Figure 2.8c-d) compared to replicates (median R=0.78, Figure 2.5). 

One possible explanation is mismatch repair (MMR) proficiency, since HEK293T cells are partly 

MMR deficient due to promoter methylation of the MLH1 gene (Trojan et al. 2002), while HAP1 

cells are not. The MMR pathway recognizes and excises short mismatches of less than 13 nt and 

could therefore remove short insertions in HAP1 cells before the nicked strand is re-ligated 

(Gupta, Gellert, and Yang 2011). Indeed, mismatch repair antagonizes prime editing for 

substitutions and short insertions (P. J. Chen et al. 2021; Ferreira da Silva et al. 2022). Consistent 

with this explanation, I observed strong correlations between insertion rates in HAP1 and 

HEK293T cells for sequences longer than 13 nt that are not affected by mismatch repair (R=0.78 

for the FANCF locus and 0.91 for the HEK3 locus, Figure 2.8c-d). 
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Figure 2.8 Prime insertion efficiency depends on insert length and MMR. a. Insertion rate in 
HEK293T cells. Percent reads with insertion (y-axis, cut-off at 3 standard deviations above mean) 
for different insert sizes (x-axis) of individual sequences (blue markers) and averages for lengths 
with at least 30 measured sequences (dark blue line and markers) at different target sites 
(panels). Data represent the average of n = 3 biological replicates. b. As (a), but for HAP1 cells. 
c. Insertion rate in one cell context (y-axis) compared to in another context (x-axis) at the HEK3 
target of individual sequences (markers), comparing HEK293T to HAP1 cells (left panel) and 
HEK293T cells to HAP1 ∆MLH1 cells (right panel). Red: short sequences (up to 4 nt); blue: 

medium sequences (5-13 nt); teal: longer sequences (>13 nt). Label: R between rates. The data 
are an average from n = 3 biological replicates (HEK293T) or n = 2 biological replicates (HAP1). 
d. As (c) but for the FANCF target. e. As (a), but for HAP1 ∆MLH1 cells.  

  
To experimentally test the hypothesis that rates of inserting short sequences differ between cell 

lines due to mismatch repair activity, the HEK3 and FANCF-targeted libraries were screened in 

HAP1 cells that are knockout for MLH1 (HAP1 ∆MLH1, Figure 2.5h, Figure 2.8e). I found that 

the average insertion rates of 1-4 nt sequences were most affected by the knockout, increasing by 

7.2-11 fold, while the rates of 5-13 nt sequences increased by 2.1-2.7 fold (Figure 2.9a). Overall, 

66% (HEK3) and 67% (FANCF) of the variance in the fold changes (Figure 2.9b-c) were 

explained by a model where the loss of MMR increases the insertion rate of 1 nt sequences by 23-

28 fold and drops 40-48% for every additional nucleotide. The low correlations of insertion rates 

between HEK293T and wild-type HAP1 cells (R = 0.41-0.54) also improved to close to replicate 

concordance when matching MMR status (R = 0.73-0.96 between HEK293T and HAP1 ∆MLH1 
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cell lines, Figure 2.9d-e). In summary, our findings highlight that MMR proficiency is the major 

source of independent variation between the tested cellular contexts for prime insertion of short 

sequences. 

 

 
Figure 2.9. The effects of mismatch repair on sequence insertion with prime editing. a. 
Average insertion rates (y-axis) across insert lengths (x-axis) with at least 30 measured 
sequences in various cell line contexts (colors). Data are presented as mean values +/- standard 
error of mean. n = 3 biological replicates (HEK293T) or n = 2 biological replicates (HAP1). b. The 
ratio of relative insertion rates (Methods) at the FANCF locus between HAP1 ∆MLH1 and HAP1 
cells (y-axis) for different lengths (x-axis) stratified by insert sequence lengths (colors). Box: 
median and quartiles; whiskers: least extreme of 1.5 times the interquartile range from the quartile 
and most extreme values. Line: fit from an exponential model (ratio ~ a * exp(-b*length)+1). n = 2 
biological replicates. c. As (b) but for the HEK3 site. d. Replicate concordance and concordance 
between different cell lines for insertions into the FANCF target. Pearson’s R between insertion 
rates in two screens (x-axis) for different comparisons (y-axis, colors). Markers: correlation value 
of one pair of screens. e. As (d) but for the HEK3 target. 

 

2.2.2 Effects of prime editing steps  

Having confirmed mismatch repair as a length-dependent determinant of insertion efficiency, I 

next sought to understand how different steps of prime editing affect insertion rates of sequences 

in the library. Specifically, I dissected the contributions of (1) pegRNA expression (2) reverse 

transcription by two different reverse transcriptases (3) the presence of a nicking guide, and (4) 

overexpression of 3’ and 5’ flap nucleases (Figure 2.10). 
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Figure 2.10. The molecular steps of prime editing. Schematic of molecular steps involved in 
prime editing. 

 
I first assessed expression levels of pegRNAs targeting the HEK3 site in HEK293T cells using 

deep sequencing. Abundance in the transcriptome was well correlated between replicates (median 

R=0.97, Figure 2.11a) and with the DNA-derived read-count frequency (R=0.56, Figure 2.11b). 

The exceptions were sequences that resulted in four or more consecutive thymines on the pegRNA 

cassette (adenines in the inserted DNA), which act as transcription terminators for RNA 

polymerase III (B. Chen et al. 2013; Porrua, Boudvillain, and Libri 2016). Upon removing 

pegRNAs with terminator motifs, the correlation between measured DNA and RNA sequence 

coverage increased to 0.59 (Figure 2.11b). Sequences with four or more consecutive adenines 

were 4.8-fold less expressed and accordingly, their average insertion rate was 4.8-fold lower 

compared to other sequences (Figure 2.11b-c). Overall, 23 of the 24 inserts (96%) that were not 

observed in any screen contained at least one run of four or more adenines, highlighting this 

feature as a useful filter in pegRNA design. 

 

Second, to disentangle the contribution of the reverse transcription step, Fabio Liberante cloned 

a prime editor construct with the nicking Cas9 fused to an engineered feline leukemia virus 

reverse transcriptase (MashUp RT - pipettejockey.com) with similar fidelity to the murine 

leukemia virus (MMLV) one used in PE2. I included this construct into the prime insertion screens 

and observed 6.7-fold lower average insertion rates compared to the standard PE2 (0.72% and 

4.86% respectively; Figure 2.12a-d) but with high correlation to PE2 (R = 0.80; Figure 2.12e). 

Therefore, the effects of the insert sequence on insertion are not specific to the murine reverse 

transcriptase used in PE2 and highlight the possibility of performing prime editing experiments 

with alternative constructs. 

 



DETERMINANTS OF EFFICIENCY FOR SHORT SEQUENCE INSERTION USING PRIME EDITING 
 

37 

 
Figure 2.11. Consecutive runs of adenines in the insert decrease pegRNA expression and 
insertion efficiency. a. Normalized pegRNA read counts from the transcriptome in one replicate 
(x-axis) compared to another replicate (y-axis) for insert sequences (markers) and different 
pairwise combinations (panels). b. Normalized pegRNA count derived from sequencing of PCR 
amplicons from genomic DNA (x-axis) or PCR amplicons from RNA (y-axis) for the HEK3 site in 
HEK293T cells for individual pegRNAs (markers). Pink: inserts with four or more consecutive 
adenines. Data represent the average of n = 3 biological replicates. c. Average insertion rate 
relative to length bin median (y-axis) for inserts stratified by the longest consecutive run of 
adenines (x-axis). Panels show various target sites and cell lines. Data are presented as mean 
values +/- standard error of mean. n = 3 biological replicates for HEK293T cells and n = 2 
biological replicates for HAP1 and HAP1 ∆MLH1 cells. 



DETERMINANTS OF EFFICIENCY FOR SHORT SEQUENCE INSERTION USING PRIME EDITING 
 

38 

 
Figure 2.12 Prime editor compositions affect overall but not relative insertion rates. a. 
HEK293T cells expressing nicking Cas9 fused to the Feline Leukemia Virus (FeLV) Reverse 
Transcriptase. Comparing percent reads with insertions in replicate 1 (x-axis) to replicate 2 (y-
axis) for library Set1 insert sequences targeting the HEK3 site (markers). b. As (a) but comparing 
replicates 1 and 3. c. As (a) but comparing replicates 2 and 3. d. Editing frequencies for alternative 
prime editing systems. Mutation frequency (y-axis) for three biological replicate screens (markers) 
using different prime editor systems (x-axis) stratified by mutation type (blue: insertions; gray: 
unintended outcomes). Bar: average of markers. e. Insertion frequencies at the HEK3 site in 
HEK293T using the standard MMLV reverse transcriptase (PE2, x-axis) and the FeLV reverse 
transcriptase (PE-FeLV, y-axis) for different insertion sequences (markers). Colors: number of 
neighboring points. n = 3 biological replicates. f. HEK293T cells expressing PE2 and a nicking 
guide RNA that targets 77 nt downstream. Comparing percent reads with insertions in replicate 1 
(x-axis) to replicate 2 (y-axis) for library Set1 insert sequences targeting the EMX1 site. g. As (f) 
but comparing replicates 1 and 3. h. As (f) but comparing replicates 2 and 3. i. Frequencies of 
unintended outcomes (y-axis) stratified by error types (colors) for replicates (x-axis) at the EMX1 
target sites comparing cells without nicking guide RNA (PE2) and with nicking guide RNA (PE3) 
(panels). j. As (e) but comparing PE3 and PE2 at the EMX1 site. 
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The PE3 system includes an additional sgRNA to nick the non-edited strand, which increases 

editing efficiency as well as indel formation rate (Anzalone et al. 2019). I explored how the 

addition of this extra nicking sgRNA affects the insertion frequencies of sequences in the library. 

I chose the EMX1 locus in HEK293T cells where the insertion efficiencies of 0.28% on average 

were poor without the nicking guide RNA and co-transfected a nicking guide RNA that targets 

77 nt downstream of the pegRNA target (P. Liu et al. 2021). The extra nick increased the average 

insertion rate by 5.6-fold to 1.5% (Figure 2.12d, Figure 2.12f-h), and increased the indel rate by 

2.3-fold to 0.31%, including deletions between the nick sites of the pegRNA and sgRNA that 

were not observed for PE2 (Figure 2.12i). Importantly, the relative insertion rates for sequences 

in the library were highly concordant between PE2 and PE3 in HEK293T cells (R=0.84, 

Figure 2.12j). 

  
An important step in prime editing is to resolve between the intermediates with a 5’ flap 

(containing the wild-type sequence) or a 3’ flap (containing the insertion) that compete. The 

activity of the respective flap nucleases might steer the balance between the two outcomes. To 

test this, the 5’ flap nuclease FEN1 and the 3’ flap nucleases TREX1 and TREX2 were 

overexpressed in the context of the HEK3 site targeting screen in HEK293T cells. As a control, 

eGFP was overexpressed in the same backbone used for the nucleases. The insertion rates after 

FEN1 or eGFP overexpression were highly correlated to those measured in screens without 

overexpression (R=0.93 and 0.97, Figure 2.13, Figure 2.14a,b) with similar length dependence. 

Intriguingly, TREX1 and TREX2 overexpression abolished the insertion of longer sequences. For 

cells that did not overexpress nucleases or overexpressed eGFP, the average insertion rate for 

sequences longer than 4 nt was 4.4-6.0% which is 4.4-5.8 times less than for shorter sequences. 

The relatively high insertion rates of longer sequences are in contrast to cells overexpressing 

TREX1 and TREX2, where the average insertion rate for sequences > 4 nt was only 0.66% or 

0.97%; 25.3-26.7 fold lower than that of shorter ones (Figure 2.14c,d). 
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Figure 2.13. Reproducibility across prime editing insertion screens with flap nuclease 
overexpression. a. HEK293T cells overexpressing various constructs (panels). Comparing 
percent reads with insertions in replicate 1 (x-axis) to replicate 2 (y-axis) for library Set1 insert 
sequences targeting the HEK3 site. b. As (a) but comparing replicates 1 and 3. c. As (a) but 
comparing replicates 2 and 3. d. Editing frequencies for screens with overexpression constructs. 
Mutation frequency (y-axis) for three biological replicate screens (markers) using different prime 
editor systems (x-axis) stratified by mutation type (blue: insertions; gray: unintended outcomes). 
Bar: average of markers. 
 
To confirm that TREX1 and TREX2 antagonize prime insertions in a length-dependent manner, I 
co-transfected HEK293T cells with overexpression constructs encoding eGFP, TREX1, or TREX2 
and individual pegRNAs targeting the HEK3 site encoding a 1, 3, 9, or 30 nt insertion (C, CAG, 
BCL6 binding site, and Myc-tag) in the context of 25 or 34 nt homology arms. Overexpressing 
TREX1 and TREX2 decreased editing rates across all insert and homology arm lengths, but 
disproportionately more for longer inserts (1.6-3.0 fold for the 1 nt insertion compared to 20-108 
fold for the 30 nt insertion, (Figure 2.15a-b). This effect could be driven by the length of the insert 
sequence alone or of the entire 3’ flap (corresponding to insertion + homology arm). In line with 
the results from the pooled screens (Figure 2.14d), I observed a strong correlation between the 
log fold change of insertion rates for TREX1/2 over eGFP with the insert sequence length 
(R=0.97) which decreased when considering the total extension length (R=0.86-0.92, Figure 
2.15c), suggesting a more important role for the insertion length than the overall flap length. 
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Figure 2.14. TREX1 and TREX2 antagonize the insertion of long sequences. a. Schematic of 
screens with overexpression constructs. b. Insertion frequencies for different overexpressions (y-
axis and panels) compared to no overexpression (x-axis) for three biological replicate screens 
(markers) stratified by insertion sequence lengths (colors). c. Average insertion rates (y-axis) 
across insert lengths (x-axis) with at least 30 measured sequences for overexpression constructs 
(colors). Data are presented as mean values +/- standard error of mean. n = 3 biological 
replicates. d. As (c) but instead displaying the insertion rate fold changes of screens with 
overexpressions compared to no overexpression (y-axis), calculated from the ratio of sums of all 
sequences (lines) or 10 randomly sampled sequences. 

 

 
The HEK3 locus in HEK293T contains a single nucleotide variation at position 9 after the prime 

editor nick site. The pegRNA homology arm encodes a G for this position, while one of the three 

chromosome copies encodes an A. If a 3’ flap containing the edit and at least 9 nucleotides of the 

homology arm was fixed into the genome, I would expect a decreased frequency of the A allele. 

Indeed, for both pooled and validation screen conditions without TREX1/2 overexpression, I only 

observed 0.95-1.6% (screen averages) of reads with library insertions containing A in the 

+9 position compared to 33-36% for unedited reads (Figure 2.15d). This is in contrast to screens 

overexpressing TREX1/2 where the percentage of the A allele increased to 3.4-6.9%, suggesting 

a higher proportion of flaps where the homology arm was digested to below 9 nt (Figure 2.15d). 

Taken together, this data demonstrates that TREX1/2 antagonize the insertion of longer sequences 

with prime editing, presumably by digesting the 3’ flap intermediate containing the edit. 
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Figure 2.15. TREX1 and TREX2 degrade the 5’flap based on insertion length. a. Insertion 
frequencies (y-axis) of four sequences with varying insert lengths (x-axis) for two biological 
replicates (markers) while overexpressing eGFP, TREX1, or TREX2 (colors), stratified by 
homology arm lengths (panels). Bar: average of markers. b. Top: Average insertion frequency 
(grayscale) of four sequences with varying lengths (x-axis) when overexpressing eGFP stratified 
by homology arm lengths (panels). Bottom: Insertion rate fold changes compared to eGFP (y-
axis) when overexpressing TREX1 and TREX2 (colors). n = 2 biological replicates. c. Insertion 
rate fold changes (y-axis) over eGFP in cells overexpressing TREX1 or TREX2 (columns) for 
sequences stratified by insert sequence length (x-axis, top row) or by the length of the total 3’flap 
(x-axis, bottom row) from two biological replicates (markers). Bar: average of markers. d. Fraction 
of the non-templated adenine allele at the +9 position (y-axis) for cells with overexpression 
constructs (x-axis and colors) stratified by experiment and homology arm lengths (panels). 
Markers show screen averages from three biological replicates for the pooled screen or from 
separate pegRNAs for the individual validation experiment. 
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2.2.3 Sequence content effects on insertion efficiency 

I next examined sequence content-dependent variation in insertion rate. To address this in a 

length-independent way, I calculated the insertion rate of each insert relative to sequences with 

the same or similar length by dividing the insertion rate by the median insertion rate for sequences 

of the same length (for sequences < 10 nt) or the median across length bins for the sparser longer 

sequences. I then measured the correlation of length-adjusted insertion rates with sequence 

features, computed from the perspective of the written sequence (i.e. the reverse complement of 

the pegRNA molecule sequence). I observed a consistent cytosine preference across all four target 

sites and cell lines (Figure 2.16 a,b), with each extra percent cytosine in the insert increasing the 

relative insertion rate by an average of 2.2%. Conversely, the percent of adenine and thymine 

decreased insertion rates for all loci and cell lines (Figure 2.16a,b). 

 

 

 
Figure 2.16 The impact of nucleotide composition on insertion efficiencies. a. Correlation 
of length-normalized insertion rate with nucleotide frequency in the insert (colors) for each 
nucleotide (y-axis) in each screen (x-axis). Data represent the average of n = 3 (HEK293T) or 
n = 2 (HAP1) biological replicates. b. As (a) but instead showing percent change in length-
normalized insertion rate per % increase in insert nucleotide content. 
 

 
The observations of nucleotide content effect were limited to four target sites, and moderately 

variable. To confirm whether the sequence influences hold more broadly, an additional set of 

screens was performed in HEK293T cells, targeting the original HEK3 site and five novel sites 

within 1 kb of the HEK3 site (dubbed HEK3-S2 to HEK3-S6) with pegRNA libraries encoding 

356-388 18 nt inserts on pegRNAs with 15 nt homology arms (average insertion rate 3.2%, 

median R between replicates 0.81, Figure 2.17). Reassuringly, the sequence preferences were 

recapitulated in this experiment, with a strong preference for cytosines (average R between 

insertion rate and cytosine fraction = 0.47, Figure 2.18a,b). 
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Figure 2.17. Reproducibility across prime editing screens inserting 18 nt sequences in 
novel target sites. Percent insertion in one replicate (x-axis) compared to percent insertion in 
another replicate for the new set of screens with 18 nt insert sequences (markers) at different 
target sites (rows) within 1 kb of the HEK3 site in HEK293T cells. c. As (a) but for a new set of 
screens with 18 nt inserts and 15 nt homology arms targeting five novel sites within 1 kb of the 
HEK3 site. 
 

 
Figure 2.18 The preference for cytosines in the insert is consistent across five new target 
sites. a. Correlation of length-normalized insertion rate with nucleotide frequency in the insert 
(colors) for each nucleotide (y-axis) for a set of screens with 18 nt inserts and 15 nt homology 
arms targeting HEK3 and five novel sites within 1 kb of the HEK3 site (x-axis). Data represent the 
average of n = 3 (HEK293T) or n = 2 (HAP1) biological replicates. b. As (a) but instead showing 
percent change in length-normalized insertion rate per % increase in insert nucleotide content. 
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I next sought to understand how pegRNA secondary structure affects insertion rates. As the 

strength of the structure depends on the length of the insert, the secondary structure's free energy 

was calculated relative to a large sample of sequences of the same length (Methods). I observed 

that sequences with relatively stronger structures were more efficiently inserted (R=0.46, Figure 

2.19a). To better understand this effect, I considered which combination of the pegRNA parts 

(primer binding site, insert, and homology arm) gives predicted free energies that best reflect 

insertion efficacy. I observed the strongest correlation when the structure was calculated from the 

reverse transcribed portion of the extension (i.e. the combination of insert sequence and homology 

arm; average R across screens = 0.38), and the additional inclusion of the primer binding site 

sequence decreased correlation (Figure 2.19b,c). Further, the free energies of pegRNA extensions 

designed for one target site always predicted insertion efficiency better at the same site than at 

other target sites (Figure 2.19d). Since the homology arm is specific to the target, this also explains 

some of the differences in insertion rates I observed across the target sites. 

 

 
Figure 2.19 Structure in the reverse transcribed portion of the pegRNA improves the 
editing rate. a. Insertion rates at the HEK3 site in HEK293T cells relative to length bin median 
(y-axis) for inserts (markers) with calculated Gibbs free energy (∆G) from ViennaFold (x-axis). 
Line: linear regression fit; shaded area: 95% posterior confidence interval of the fit. Data represent 
the average of n = 3 biological replicates. b. Correlation of length normalized insertion rate 
(colors) with structure calculated from different parts of the extension (y-axis) in each screen (x-
axis, grouped by cell line and screen sets). Data represent the average of n = 3 (HEK293T) or 
n = 2 (HAP1) biological replicates. c. Correlation (x-axis) between insertion rates and insert 
sequence free energy calculated from different parts of the 3’ extension (y-axis). Box: median and 
quartiles; whiskers: least extreme of 1.5 times the interquartile range from the quartile and most 
extreme values. n = 3 (HEK293T) or n = 2 (HAP1) biological replicates. d. Correlation (x-axis) 
between insertion efficiency in different contexts (y-axis) and pegRNA 3’ extension structure free 
energy calculated for pegRNAs against different target sites (colored markers), or the insert 
sequence alone (gray cross). 
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Structure in the insert and homology arm could increase prime editing efficiency by protecting 

the pegRNA itself from nuclease degradation, a strategy explored in engineered pegRNAs 

(epegRNAs) which contain structured RNA elements to the 3’ of the primer binding site (Nelson 

et al. 2022; Xiangyang Li et al. 2022; G. Zhang et al. 2022). If this was the case, I would expect 

structured pegRNAs to be more abundant in the transcriptome, which was not the case (Figure 

2.20a,b), suggesting an alternative mechanism. Engineered pegRNAs increase editing rates by 

stabilizing the 3’-extension with a structured cap. To understand if structure in the insert acts 

independently from the structured cap, I screened 439 inserts of varying free energy from the 

original pegRNA library in the epegRNA construct, targeting the HEK3 site in HEK293T cells 

(Figure 2.20c-e). I found that the additional structure in the insert and homology arm also 

increased insertion rates for epegRNAs (R=-0.34) but to a lesser extent than for regular pegRNAs 

(R=-0.53, Figure 2.20f), and that the insertion rates between regular and epegRNAs were highly 

correlated (R=0.79, Figure 2.20g). Together, this implies that structure past the protective cap still 

influences insertion rates independently of transcript abundance and that the results on insertion 

efficiencies are relevant for epegRNAs as well. 

 
 

 
Figure 2.20 Structure past the protective cap influences insertion rates independently of 
transcript abundance. a. Fold-change at the HEK3 site in HEK293T cells between read counts 
in the transcriptome and the genome for inserts (markers) with calculated Gibbs free energy (∆G) 
from ViennaFold (x-axis). Line: linear regression fit; shaded area: 95% posterior confidence 

interval of the fit. Data represent the average of n = 3 biological replicates. b. Schematic 
comparing regular pegRNAs to engineered pegRNAs. c. Percent insertion in replicate 1 (x-axis) 
compared to percent insertion in replicate 2 for engineered pegRNAs encoding 379 structured 
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inserts (markers) in the HEK293T cell line. d-e. As in (c) but for different replicate comparisons. 
f. Insertion rates at the HEK3 site in HEK293T cells relative to length bin median (y-axis) for 379 
structured inserts (markers) with calculated Gibbs free energy (∆G) from ViennaFold (x-axis) 
stratified by engineered and regular pegRNAs. Line: linear regression fit; shaded area: 95% 
posterior confidence interval of the fit. Data represent the average of n = 3 biological replicates. 
g. Insertion rates for sequences (markers) at the HEK3 site in HEK293T for pegRNAs (x-axis) 
and engineered pegRNAs (y-axis). Data represent the average of n = 3 biological replicates. 

 
I further noticed that structure in the reverse transcribed portion of the pegRNA was not correlated 

to the insertion rates of sequences < 5 nt, but was well correlated for longer sequences 

(Figure 2.21a-e). Since insertion rates of longer sequences are more impacted by overexpression 

of TREX1 and TREX2, I speculated that the structure protects the reverse transcribed 3’ DNA flap 

containing the edit from degradation (Figure 2.21f). Indeed, I observed that structure has a 2.4-

2.6 fold stronger effect for cells overexpressing TREX1 or TREX2 compared to cells 

overexpressing FEN1, eGFP, or nothing (Figure 2.21a-e). 

  

 
Figure 2.21 Structure is more protective for longer sequences and in the presence of 
TREX1 and TREX2. a. Percent increase in insertion rate with each standard deviation increase 
in structure strength (colors) for different overexpression constructs (x-axis) and insertion 
sequence lengths (y-axis). b. Correlation of insertion rates at the HEK3 site in HEK293T cells 
relative to length bin median (y-axis) for 84 inserts < 5 nt (markers) with z scores of calculated 
Gibbs free energy (∆G) from ViennaFold (x-axis) relative to a large sample of random sequences 
of the same length. Stratified by overexpression constructs (panels). c-e. As (b) but for sequences 
of different lengths. f. Schematic of a model whereby structured inserts could protect from 
TREX1/2 digestion. 
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Structure plays a role in other parts of the pegRNA molecule as well. For instance, the 13 

nucleotides of the primer binding site are perfectly complementary to the protospacer (positions 

5-17) and can therefore hybridize with each other. If the first nucleotides of the insert create 

further base pairing with the protospacer and scaffold, the strength of this structure is enhanced, 

and the protospacer could be sequestered from base pairing with the target site or 

ribonucleoprotein complex formation with Cas9 could be impaired (Figure 2.22a). To test if this 

additional pairing affects insertion rates, I predicted minimum free energy configurations of the 

primer binding site and the first three insert nucleotides with the spacer and the first guanine of 

the scaffold and observed 27% lower editing rates for inserts with extended base-pairing three 

nucleotides into the protospacer compared to no extension (Figure 2.22a). Finally, I tested if the 

disruption of the structural scaffold loops, which are required for association with Cas9, by the 

insert sequence reduces insertion rates. I calculated the minimum free energy configuration of the 

insert with the scaffold and observed 26% lower average editing for the pegRNAs with the first 

scaffold loop disrupted (screen range 10-43%) and 20% with the second and third loops (screen 

range 11-35%) compared to other inserts of the same length (Figure 2.22b). This loop dependence 

agrees with recent findings that scaffold variants with additional point mutations to stabilize the 

stem-loops can increase prime editing efficiencies (Xiaosa Li et al. 2022).  

 

 
Figure 2.22 Extensive base pairing of insert sequences with the protospacer of scaffold 
loops inhibits prime editing. a. Insertion rates relative to length bin median (y-axis) for 
sequences with a different number of bases of the protospacer pairing to the first three nucleotides 
of the insert (x-axis). Colored lines show screen medians and the thicker black lines and dots 
show the median across all screens. b. As (a) but comparing sequences that disrupt or preserve 
(x-axis) scaffold loops (panels). 

 
Combining effects of insert sequence length, cytosine content, and structure explained why some 

sequences are inserted much better than others. For example, the long 66 nt ELMI003108 

sequence that was inserted in the HEK3 locus at 1.39% insertion frequency (0.66% on average 

for the other 10 sequences > 66 nt) formed a strong structure together with the HEK3 homology 
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arm (minimum free energy = -35.2 kcal/mol; 1.5 standard deviations lower than the average free 

energy of 66 nt sequences, Figure 2.23a). Other longer sequences that were inserted frequently 

relative to their size were recombinase sites that are often near-palindromic and therefore form 

strong structures (Figure 2.23b,c) which will be beneficial for larger genome engineering efforts 

discussed in chapters 3 and 4. Finally, the library included eight codon variations of the His6-tag 

in forward and reverse orientations. The average insertion difference between the best codon 

variant and the worst was 13.3-fold, with the highest insertion rate for the cytosine-richest CAC 

histidine codons (Figure 2.23d). This directly demonstrates the practical utility of this new 

understanding for guiding the codon choice for tags to insert. 

 

 
Figure 2.23 Sequence length, composition, and structure explain why some sequences are 
inserted better than others. The predicted secondary structure of a 66 nt insert sequence 
(ELMI003108) with the HEK3 homology arm. b. Recombinase sites are efficiently inserted relative 
to their size. Average insertion rate relative to the length bin (y-axis) for recombinase sites or other 
insert sequences larger than 30 nt (x-axis). Bars: Median and standard error of median 
Comparison: ratio of blue to grey bar height. p-value: 1.1x10-69; two-sided Student's t-test. n = 3 
biological replicates. c. As (b), but for the secondary structure of the inserts. d. The average 

percent of reads with insertions (x-axis) for different codon versions of the His6 tag in forward and 
reverse orientation (y-axis) at the HEK3 site in HEK293T cells. 

2.2.4 Predicting insertion rates 

The careful dissection and annotation of pegRNAs with sequence features presented an 

opportunity to predict the relative efficiencies of inserting different sequences into the same site. 

Juliane Weller, a PhD student in our lab, took on this challenge and built a computational model 

that could predict insertion rates with a correlation of 0.68 (Pearson’s R) on held-out data. We 

called the model MinsePIE (Modeling insertion efficiency for Prime Insertion Experiments) and 

incorporated it into a package available at https://github.com/julianeweller/MinsePIE and 

produced a web application to predict prime editing insertion rates at https://elixir.ut.ee/minsepie/. 

Detailed descriptions of the model architecture, training, and validation, as well as use cases are 

published in (Koeppel et al. 2023). 
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2.3 Discussion 

In this chapter, I presented a comprehensive analysis of prime editing insertion efficiencies using 

3,604 pegRNAs and diverse follow-up experiments. I found determinants of insertion efficiencies 

that include target sites, repair contexts, prime editor systems, cytosine content, and the tendency 

of insert sequences to form secondary structures. I confirmed that active mismatch repair 

antagonizes the insertion of shorter sequences and discovered that the overexpression of the 

3’ flap nucleases TREX1 and TREX2 inhibited the insertion of longer sequences. 

  

I uncovered a complex relationship between insertion sequence features and efficiency that is 

shaped by DNA processing and repair mechanisms. For the shortest sequences of up to 10 nt, it 

is increasingly appreciated that MMR proficiency is a strong factor (P. J. Chen et al. 2021; Ferreira 

da Silva et al. 2022), and I directly and comprehensively reaffirm this connection here. 

Surprisingly, sequences between 15 and 21 nt could insert at higher rates than shorter ones in 

MMR-proficient cells, and elongating the insertion can improve its insertion efficacy. This effect 

is likely due to a combination of antagonization by MMR for the shortest sequences, and potential 

steric issues for the 10-14 nt ones.  

  

Sequences longer than 30 nt are incorporated less frequently. This could partly be explained by 

the discovery that the 3’ flap nucleases TREX1 and TREX2 antagonize prime editing in an insert 

sequence length-dependent way. One explanation, supported by my observation that more 

structured long sequences insert at higher frequencies due to factors beyond RNA stability is that 

DNA flaps with longer insertions and less structure likely spend more time in a non-hybridized 

state and expose more single-stranded DNA even when hybridized, thus making them more 

vulnerable to nuclease degradation. This demonstrates that flap nucleases modulate prime editing, 

which motivates strategies for the next generation of long sequence insertions. 

  

I further discovered that a stronger secondary structure of the reverse transcribed portion of the 

pegRNA led to higher insertion efficiency. This effect was evident when comparing different 

inserts into the same target, but also explained variable rates when attempting to write the same 

sequence into different target sites. I also observed strong correlations between structure and 

insertion rates in the context of epegRNAs, and correlation was highest when the structure was 

confined to the insert and the homology arm, indicating that the effects of structures in these two 

regions are separate. Therefore, I hypothesize that while the epegRNA structure improves editing 

rates by preventing degradation of the RNA 3’-extension, the structure in the transcribed template 

does so by preventing degradation of the ssDNA flap intermediate by flap nucleases. Indeed, flap 

nucleases had a smaller impact on insertions that resulted in more structured flaps. Alternatively, 
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structured inserts could ease the pairing of the edited strand with the non-edited strand due to 

being sterically smaller via folding onto themselves. 

  

The improved understanding of insertion efficiency using the prime editing system naturally leads 

to recommendations for experimental design. First, I suggest choosing sequences with high 

cytosine content that are prone to form secondary structures. Inserts with runs of adenines should 

be avoided when using the U6 promoters for pegRNAs. For sequences shorter than 14 nt, 

transiently inhibiting mismatch repair (as implemented in PE4 or PE5 systems) (P. J. Chen et al. 

2021), or knocking out MLH1 will drastically improve insertion rates in MMR-proficient cells. If 

mismatch repair inhibition is undesired, padding the sequences to 18 nt or installing additional 

silent mutations on the reverse transcriptase template can increase insertion rates. 

   

I measured the insertion efficiencies for thousands of sequences into 9 target sites in three cell 

lines across four prime editor systems. Nevertheless, there are several factors that I did not assess. 

First, I focused on precise on-target insertions but did not assay genome-wide off-target editing 

and only briefly touched on rare, undesired on-target mutations. Second, to comprehensively 

understand the determinants of prime editing efficiency requires the systematic assessment of 

several variables. Among the ones that are shaping up to be most important are (1) edit type, (2) 

target site, (3) PBS and RTT optimization, (4) repair context, (5) chromatin context, and (6) prime 

editor optimizations. Edit types and repair context were the most important dimensions for the 

complex genome manipulations I describe in chapters 3 and 4, and were among the least 

understood aspects of prime editing when I started to work on this chapter. Therefore, I 

deliberately focussed on insertions and repair but did not comprehensively characterize the other 

dimensions. Other efforts have inserted a smaller number of edits into a large number of synthetic 

target sites while exhaustively screening PBS and RTT variation (H. K. Kim et al. 2021; G. Yu 

et al. 2023; Mathis, Allam, Kissling, et al. 2023) and more recent work has focused on chromatin 

context (Xiaoyi Li et al. 2023) as well as prime editor optimization (Doman et al. 2023) and repair 

context (P. J. Chen et al. 2021). An ideal model would combine all these elements to predict 

optimal prime editing reagents for any given experiment. Such a model would require generating 

very large data sets. A preprint combining chromatin context, target sites, and edit types that came 

out at the time of writing this thesis is a first step in this direction (Mathis, Allam, Tálas, et al. 

2023). 

  

The prime editing field is moving rapidly (Scholefield and Harrison 2021; P. J. Chen and Liu 

2022). Diverse applications are already emerging (Erwood et al. 2022), and some of the most 

exciting ones are specifically built around the insertion of short sequences. Examples include 

insertion of recombinase sites using prime editing to enable directed insertion of large DNA cargo 
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of up to 36 kb(Anzalone et al. 2022; Yarnall et al. 2022), creating long deletions and insertions 

using paired pegRNAs (Jinlin Wang et al. 2022; Anzalone et al. 2022; T. Jiang et al. 2022; Choi, 

Chen, Suiter, et al. 2022; Kweon et al. 2022), as well as clever utilization of short sequence 

insertion to generate a molecular recorder for sequential cellular events (Choi, Chen, Minkina, et 

al. 2022; Loveless et al. 2021; W. Chen et al., 2021). A better understanding of how cellular 

determinants and pegRNA features affect prime editing rates provides a foundation for these 

advances. The work presented in this chapter adds the important dimension of short sequence 

insertion in different DNA repair contexts, which holds promise in enabling both sophisticated 

genome engineering and the correction of thousands of pathogenic mutations. 

2.4 Methods 

Mammalian cell culture 
I purchased the human HEK293T cell line from AMS Biotechnology (EP-CL-0005) and the 

HAP1 ∆MLH1 cell line from Horizon discovery (HZGHC000343c022). The HAP1 WT cell line 

was provided by Andrew Waters (Wellcome Sanger Institute). HEK293T cells were cultured in 

DMEM (Invitrogen) and HAP1 cells in IMDM (Invitrogen), both supplemented with 10% FCS 

(Invitrogen), 2 mM glutamine (Invitrogen), 100 U/ml penicillin and 100 mg/ml streptomycin 

(Invitrogen) at 37 °C and 5% CO2. For cryopreservation, pellets of 1-10 million cells were 

resuspended in 1 ml of full media supplemented with 10% DMSO and frozen at -80˚C in 

MrFrosties (Nalgene) or CoolCell (Corning) freezing containers before transfer to liquid nitrogen 

for long-term storage. 

 
Plasmid cloning 
Important plasmids and benchling links to annotated sequences are listed in Table 2.1. pCMV-

PE2-P2A-PuroR was cloned by replacing eGFP from pCMV-PE2-P2A-GFP (Addgene 132776) 

with the puromycin resistance gene. To do so, a gene fragment containing parts of the MMLV 

reverse transcriptase and the puromycin resistance gene was ordered from Integrated DNA 

Technologies. The gene fragment and pCMV-PE2-P2A-GFP were digested using AgeI, purified 

with the Monarch PCR & DNA Cleanup Kit (New England BioLabs), and ligated with T4 DNA 

ligase (New England BioLabs). The ligation product was transformed into XL10-Gold 

Ultracompetent Cells (Agilent) and plasmid DNA isolated using the Plasmid Plus Midi Kit 

(Qiagen). 

 
pCMV-PE-FeLV-P2A-EGFP was generated by replacing the MMLV coding sequence between 

the XTEN linker and the 2A cleavage peptide with a synthesized gene fragment from Integrated 

DNA Technologies using Gibson Assembly. The gene fragment contained a human codon-
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optimized version (codon optimization by Integrated DNA Technologies) of the MashUp reverse 

transcriptase (pipettejockey.com) that was engineered from the Feline Leukaemia Virus (UniProt 

Q85521). Fabio Liberante conceived the idea and helped with cloning. 

 
pLentiGuide-BlastR was generated by replacing the puromycin resistance gene from 

Lenti_gRNA-Puro (Addgene 84752) with a blasticidin resistance gene. A gene fragment 

containing parts of the EF1a promoter and the blasticidin resistance gene was ordered from Twist 

Biosciences. The gene fragment and Lenti_gRNA-Puro were digested using FseI (New England 

BioLabs) and MluI-HF (New England BioLabs), purified with the Monarch PCR & DNA 

Cleanup Kit (New England BioLabs), and ligated with T4 DNA ligase (New England BioLabs) 

and transformed into XL10-Gold Ultracompetent Cells (Agilent). Plasmid DNA was isolated 

using the Qiagen Spin Miniprep Kit. 

  
pPB-TREG3G-PE2-rtTA3G-P2A-eGFP was generated by fusing three gene fragments with 

restriction cloning. The first part contains the ITR sequences for the PiggyBac transposase, the 

second part contains prime editor 2 under the control of the third-generation doxycycline-

inducible rtTA3G promoter, and the third part was synthesized by Twist Biosciences and contains 

a PGK promoter followed by the rtTA3G protein, a P2A sequence and eGFP.  

  
pTwist_FEN1-T2A-tagBFP, TREX1-T2A-mScarlet, TREX2-T2A-emiRFP670, and Acceptor-

T2A-eGFP were ordered from Twist Biosciences in a pTwist EF1 Alpha cloning vector. The 

protein sequences encoded by the primary transcripts of FEN1, TREX1, and TREX2 were 

identified on ensembl.org (July 2022), fused with the T2A sequence, and the respective 

fluorophores and reverse translated into codon-optimized nucleotide sequences (Twist 

Biosciences).  

  
Table 2.1. Important plasmids used in this chapter 

Name Description Benchling link 
pCMV-PE2-P2A-
PuroR 

Prime editor expression plasmid with 
puromycin resistance 

https://benchling.com/s/seq-
JxYVGybwwOovqgONpITH?m=sl
m-7R0qOn9t8xIHTPi7UZno 

pLentiGuide-
BlastR 

Lentiviral acceptor vector for 
pegRNAs with blasticidin resistance 

https://benchling.com/s/seq-
of3MsHcYymrO04VXMqN5?m=sl
m-6njEl8yUYq48oeEWe8nG 

pLentiGuide-
BlastR-Library 

Example of a library vector 
containing the loxP site and targeting 
the FANCF locus 

https://benchling.com/s/seq-
FjvxjpC95r4xbyJUBhQd?m=slm-
iW7NNuOXt9FzJyXv5YBb 
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pPB-TREG3G-
PE2-rtTA3G-
P2A-eGFP 

Piggybac vector with doxycyclin-
inducible prime editor 

https://benchling.com/s/seq-
rCcJG0pk2TUvOSVljikl?m=slm-
2LxVK7M5LvfREDcBRfgX 

pLenti-PEG-
HEK3-loxP 
 

Lentiviral guide RNA vector to insert 
a loxP sequence into the HEK3 locus 

https://benchling.com/s/seq-
hcqrsiKZ655IuGHrVd8Q?m=slm-
hGVxYWhbjf6QFKFLYWaO 

pTwist_EF1a_FE
N1-T2A-tagBFP 

FEN1 and tBFP overexpression 
vector 

https://benchling.com/s/seq-
P9kog1NtZ4NGlP84RcPL?m=slm
-uxtWyuiTq9hk2EKYig0o 

pTwist_EF1a_TR
EX1-T2A-
mScarlet 

TREX1 and mScarlet overexpression 
vector 

https://benchling.com/s/seq-
bDzcTrQqGtapgEJDOxLy?m=slm
-VuDGiBXtGTrXBejWriiA 

pTwist_EF1a_TR
EX2-T2A-
emiRFP670 

TREX2 and emiRFP670 
overexpression vector 

https://benchling.com/s/seq-
fE0LXpErRwfbgEGF5frx?m=slm-
h6ggd0mB9n7BCDbjVYMK 

pTwist_EF1a_Ac
ceptor-T2A-
eGFP 

Overexpression vector with a cloning 
site and eGFP 

https://benchling.com/s/seq-
C6ZKV8n8oCzml5oufiuw?m=slm-
Mt6rXWRjdQZvWbdVrmgw 

 
 

Generating HAP1 cell lines that stably express prime editor 
HAP1 cell lines expressing prime editors were generated by co-transfecting pCMV-hyPBase 

(Yusa et al. 2011) and pPB-TREG3G-PE2-rtTA3G-P2A-eGFP. 500,000 HAP1 WT and 500,000 

HAP1 ∆MLH1 cells were each seeded into one well of a six-well plate one day before transfection. 

For each transfection, 3 µg of each plasmid were mixed with 6 µl of Plus reagent and 7.5 µl of 

Lipofectamine LTX (Invitrogen) reagent, incubated for 30 minutes, and then added to the cells. 

Two weeks post-transfection, cells were sorted into single clones based on eGFP expression. Two 

different individual clones were used for each screen. To test prime editing on a single locus, I 

infected cells with a lentivirus containing a pegRNA targeting the HEK3 site and encoding a loxP 

sequence (Table 2.1). We selected for guide integration with 2µg/ml puromycin and then induced 

prime editor expression with 1 µM doxycycline and determined editing rates by visualizing 

amplicons (P7/8 and P9, Table 2.2) on the bioanalyzer (Agilent). I had help in the creation of 

HAP1 and HAP1 ∆MLH1 cell lines from Mélanie Gouley, a master student I supervised. 

 

Table 2.2. Sequences of oligonucleotides used in this chapter 

ID Name Sequence Purpose 
P1 CLYBL_S2_F ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAA

GACCCCAGTGATTCATGCCTC 
NGS of CLYBL target site 

P2 CLYBL_S4_F ACACTCTTTCCCTACACGACGCTCTTCCGATCTACG
AAGACCCCAGTGATTCATGCCTC 

NGS of CLYBL target site 

P3 CLYBL_iPCR_R GAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTC
CGATCTGGCTTGACTAGGGCTGGATGAT 

NGS of CLYBL target site 

P4 1114_EMX1_S1_F  ACACTCTTTCCCTACACGACGCTCTTCCGATCTACA
GCTCAGCCTGAGTGTTGA 

NGS of EMX1 target site 
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P5 1115_EMX1_S7_F  ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAC
GACACAGCTCAGCCTGAGTGTTGA 

NGS of EMX1 target site 

P6 1116_EMX1_ R  GAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTC
CGATCTCTCGTGGGTTTGTGGTTGC 

NGS of EMX1 target site 

P7 912_HEK3_F_S0 ACACTCTTTCCCTACACGACGCTCTTCCGATCTATG
TGGGCTGCCTAGAAAGG 

NGS of HEK3 target site 

P8 913_HEK3_F_S8 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGG
ACACAATGTGGGCTGCCTAGAAAGG 

NGS of HEK3 target site 

P9 995_NGS_HEK3 
_R 

GAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTC
CGATCTCCCAGCCAAACTTGTCAACC 

NGS of HEK3 target site 

P10 1000_FANCF_F_S
3 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGA
attgcagagaggcgtatca 

NGS of FANCF target site 

P11 1001_FANCF_F_S
6 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTA
GAAattgcagagaggcgtatca 

NGS of FANCF target site 

P12 1002_FANCF_R GAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTC
CGATCTGGGGTCCCAGGTGCTGAC 

NGS of FANCF target site 

P13 962_Seqlib_S2_F ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAT
GGCTTTATATATCTTGTGGAAAGGACGAAACACC 

NGS of pegRNA library 

P14 963_Seqlib_S6_F ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTA
GAATGGCTTTATATATCTTGTGGAAAGGACGAAACA
CC 

NGS of pegRNA library 

P15 965_P7_Broad_R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTC
TACTATTCTTTCCCCTGCACTGT 

NGS of pegRNA library 

P16 Goose_F_Universal TTAAGCAAGCAAGCGAGCACTC Amplification of oligos from 
pool 

P17 Goose_CLYBL_R GCGTCAATTCAGGCAACGAAGA Amplification of oligos from 
pool 

P18 Goose_EMX1_R GCTTCAAGCCCTAGTGTCCTCA Amplification of oligos from 
pool 

P19 Goose_FANCF_R ACAACTCTCTGAATGCGCTTGC Amplification of oligos from 
pool 

P20 Goose_HEK3_R CCCGAGGAAATGATAGGGCGAT Amplification of oligos from 
pool 

P21 PE1.0 AATGATACGGCGACCACCGAGATCTACACTCTTTCC
CTACACGACGCTCTTCCGATC*T 

Forward primer indexing 
PCR 

P22 Rev primer CAAGCAGAAGACGGCATACGAGATN10GAGATCGGT
CTCGGCATTCCTGCTGAACCGCTCTTCCGATCT 

Reverse primer for 
indexing PCR 

DNA oligonucleotides were designed using Benchling (https://www.benchling.com/) and ordered 

from IDT or Sigma Aldrich with standard desalting for purification. 

  
Library design 
Set 1: The insert sequence libraries contained 2,666 unique sequences, made up of useful 

molecular biology sequences, the Eukaryotic Motif Library, and sequences with strong secondary 

structures. I designed four separate versions of this library with identical insert sequences to target 

the CLYBL, EMX1, FANCF, and HEK3 sites. The pegRNAs contained a 13 nt PBS and a 34 nt 

homology arm on the RT template. The utility sequences were hand-picked for their usefulness 

in molecular biology. The Eukaryotic Motif Library instances library with the corresponding fasta 

file of the genes was downloaded from elm.eu.org/instances.html?q= (Puntervoll et al. 2003; 

Dinkel et al. 2016, 2014) on 2020/11/19 and filtered to only contain sequences from “homo 

sapiens” that are longer than 1 amino acid. The amino acid motifs were extracted from the fasta 

file based on the indicated start and end sites. Finally, the amino acid motifs were reverse 

translated into DNA sequence using the ‘reversetranslate’ R package (version 1.0.0) and using 

the most frequent codon from the homo sapiens codon table. For the secondary structure library, 
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100,000 random DNA sequences of 20 and 30 nt length were generated (RBioinf::randDNA 

function; version 1.48.0), and their secondary structure was calculated (see insert sequence 

structure section). The sequences were distributed into 10 bins based on the strength of their 

secondary structure and 20 sequences were randomly picked from each structure bin to be 

included in the library. Finally, 30 random perfect 20 and 30 nt RNA hairpins were generated and 

amended to the secondary structure library. The combined library of insert sequences is deposited 

as Supplementary Data 1 in (Koeppel et al. 2023). The insert sequences were then flanked with 

primer binding sites, random nucleotide stuffer sequences for shorter inserts, BsmBI sites, and 

target vector compatible overhangs, resulting in 11,166 sequences of 199 nt. The oligonucleotide 

library was ordered from Twist Biosciences. 

  
Set 2: This set of insert sequences was focused on short sequences between 1 and 10 nt. It included 

all 1, 2, 3, and 4 nt sequences and 100 random sequences (RBioinf::randDNA function; version 

1.48.0) respectively of 5 to 10 nt, and 61 sequences < 10 nt from Set1 for a total of 999 unique 

inserts (938 were recovered in screens). The libraries were endowed with target-site-specific 

adaptor sequences and ordered the same way as Set1. 

  
18 nt insert sequence libraries: This set of sequences consisted of six sublibraries that were 

designed to target the HEK3 site and five additional nearby sites (within 1 kb), dubbed HEK3-2, 

HEK3-3, HEK3-4, HEK3-5, and HEK3-6. The sublibraries shared 100 identical, randomly 

generated (RBioinf::randDNA function; version 1.48.0) 18 nt insert sequences and 256-288 

sublibrary-specific 18 nt insert sequences that were picked based on their ability to form 

secondary structure in the RT template. In contrast to Set1 and Set2, I ordered oligos for this set 

of sequences that already included the spacer (20 nt), improved scaffold (86 nt, sequence: 

gtttaagagctatgctggaaacagcatagcaagtttaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgc), PBS 

(13 nt), insert (18 nt), and HA (15 nt). The oligos were endowed with BsmBI sites, overhangs for 

cloning, and primer binding sites for amplification of the oligo pool. The oligonucleotide library 

was ordered from Twist Biosciences. 

 
Library cloning 
Set1 and Set2: First, a separate, site-specific backbone was cloned for each target site. A gene 

fragment was ordered containing the protospacer, guide RNA scaffold, parts of the reverse 

transcriptase template and primer binding site, a stuffer sequence flanked with BsmBI sites for 

insert library insertion, and the T7 terminator motif. 100 ng of the gene fragments were digested 

with BsaI-HFv2 (New England BioLabs) and purified with the Monarch PCR & DNA Cleanup 

Kit (New England BioLabs). The pLentiGuide-BlastR plasmid was digested with BsmBI-V2 
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(New England BioLabs) at 55°C for 8h followed by 20 min heat inactivation at 80°C and gel 

purification using the QIAEX II Gel Extraction Kit (Qiagen). The gene fragments were ligated 

into the backbone using T4 DNA ligase (New England BioLabs) and transformed into XL10-

Gold Ultracompetent bacteria (Agilent). The plasmids were purified with a Qiagen Spin Miniprep 

Kit. 

  

Second, pegRNA insert libraries were inserted into the site-specific backbones. The insert 

libraries were synthesized as oligonucleotide pools and amplified using KAPA HiFi HotStart 

ReadyMix (Roche). Libraries for individual target sites were amplified with separate primers 

(Table 2.2). The products were purified using the Monarch PCR & DNA Cleanup Kit, digested 

with BsmBI-v2 at 55°C for 4h, and heat-inactivated at 80°C for 20 min alongside 5 µg of site-

specific plasmids. The digested oligos were purified using the Monarch PCR & DNA Cleanup 

Kit. The vectors were treated with quick CIP (New England BioLabs) for 15 minutes at 37°C and 

then purified using QIAquick PCR Purification Kit (Qiagen). Inserts were ligated into vectors 

using Golden Gate assembly. A 1:3 molar ratio of insert and vector was mixed with BsmBI-v2 

and T4 DNA ligase and incubated in a thermocycler for 30 cycles, alternating between 5 minutes 

at 42°C and 5 min at 16°C and finishing with a heat inactivation step at 60°C for 5 min. The 

ligation products were purified with Monarch PCR & DNA Cleanup Kit and electroporated into 

MegaX DH10B T1R Electrocomp Cells (ThermoFisher). The bacteria were grown overnight in 

liquid culture and plasmid was extracted using the Plasmid Plus Midi Kit. 

 

epegRNA libraries were cloned by first generating a HEK3 site-specific epegRNA backbone with 

a stuffer sequence for the insert libraries (as above). The tevopreQ sequence was added to the 

fragment containing the protospacer, guide RNA scaffold, parts of the reverse transcriptase 

template and primer binding site, a stuffer sequence flanked with BsmBI sites for insert library 

insertion, and the T7 terminator motif by PCR (using P42, P43, Table 2.2). Next, the 379 

sequences with strong structures were amplified from the Set1 oligopool by PCR and cloned into 

the epegRNA HEK3 backbone as described above. 

  

18 nt inserts and codon variation libraries: pLentiGuide-BlastR plasmid was digested with 

BsmBI-V2 (New England BioLabs) at 55°C for 8h followed by 20 min heat inactivation at 80°C 

and gel purification of the vector using the QIAEX II Gel Extraction Kit (Qiagen). Amplification, 

purification, digestion, and repurification, were performed as described above. The oligo 

sequences were ligated into pLentiGuide-BlastR using Golden Gate assembly, the ligation 

product was purified and transformed into bacteria, and the plasmid was extracted after an 

overnight culture as above. I had help with library cloning from Elin Madi Peets, a technical 

specialist in our laboratory, and co-first author of the manuscript. 
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Lentivirus production 
Lentivirus was produced in HEK293FT cells that were transfected with Lipofectamine LTX 

(Invitrogen). 5.4 µg of a lentiviral vector, 5.4 µg of psPax2 (Addgene 12260), and 1.2 µg of 

pMD2.G (Addgene 12259) were mixed in 3 ml Opti-MEM together with 12 µl PLUS reagent and 

incubated for 5 min at room temperature. 36 µl of the LTX reagent was added and the mix was 

incubated for another 30 min at room temperature. 3 ml of the transfection mix was then added 

to 80% confluent cells in 10 ml DMEM media in a 10-cm dish. After 48h the supernatant was 

collected and stored at 4°C. Fresh media was added to the cells and harvested 24 hours later. The 

two harvests were kept separate. For virus titration, Lenti-X GoStix Plus (Takara) was used 

following the manufacturer’s protocol. I had help with lentivirus production from Elin Madi Peets. 

  
pegRNA insertion screens in HEK293T cells 
Infection with pegRNA library. cells were infected with the pegRNA library (separate infections 

for each target site and library set) aiming at a multiplicity of infection of 0.5 and a guide coverage 

of > 1000x. Each screen was performed in 3 biological replicates and independently infected. To 

achieve this, 6x106 cells were plated in three wells of a six-well plate and spin infected for 15-30 

mins at 2000 rpm. Following infection, cells were resuspended and plated at 2x104 cells/cm2. 

Cells were cultured for 7 days and selected for pegRNA integration with 10 µg/ml blasticidin. 

  

Transfection with prime editors. HEK293T cells were seeded at a concentration of 6.9x104 

cells/cm2 in a 15-cm dish. The next day the media was replaced with fresh media and the cells 

were transfected using Lipofectamine LTX reagent. 72 µg PE-Puro or PE-FeLV plasmid were 

mixed with 8 µg pCS2-GFP and 40 µl Lipofectamine P3000 (Invitrogen) in 3.2 ml Opti-Mem 

(Gibco). In another tube, 40 µl of Lipofectamine 3000 and 160 µl Lipofectamine LTX were mixed 

in 3.2 ml Opti-Mem. The solutions were combined, incubated for 30 minutes at room temperature, 

and then added to the cells. For PE3, an additional 6 µg of nicking guide RNA was added. For 

screens with nuclease overexpression, an additional 30 µg of flap-nuclease or eGFP plasmid in 

the pTwist vectors was added. I had help with the pegRNA insertion screens from Elin Madi 

Peets. 

  
pegRNA insertion screens in HAP1 and HAP1 ∆MLH1 cells 
Infection with pegRNA library. The pegRNA library viruses for all target sites and sets were 

individually quantified using the Lenti-X GoStix Plus (Takara) kit and then combined into one 

virus pool. The HAP1 ∆MLH1 and HAP1 ∆MLH1 cells with PiggyBac-integrated PE2 were 

infected with the virus pool aiming at a multiplicity of infection of 0.5 and a pegRNA coverage 
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of > 1000x. Each screen was performed in 2 biological replicates with separate PiggyBac prime 

editor clones and independently infected. To achieve this, 6x106 cells were plated in three wells 

of a six-well plate and spin infected for 15-30 mins at 2000 rpm. Following infection, cells were 

resuspended and replated at 2x104 cells/cm2. Cells were cultured for 7 days and selected for 

pegRNA integration with 10 µg/ml blasticidin. 

  

For each replicate, 30 million cells were seeded into 5-layer flasks and induced with 1 µM 

doxycycline (Selleckchem). The cells were split once at day 4 and the doxycycline was refreshed. 

Finally, cells were harvested on day 7 post-induction. I had help with the pegRNA insertion 

screens from Elin Madi Peets. 

  
DNA extraction and library preparation for next-generation sequencing 
Genomic DNA extraction and sequencing library preparation for screens were done as described 

in Allen et al., 2018 (Allen et al. 2018). Briefly, cell pellets were resuspended in TAIL BUFFER 

A (100 mM Tris-HCl, 5 mM EDTA, 200 mM NaCl) and then mixed with 1 volume of TAIL 

BUFFER B (100 mM Tris-HCl, 5 mM EDTA, 200 mM NaCl, 0.4% SDS) supplemented with 

freshly thawed Proteinase K (20 mg/ml final). The lysate was incubated overnight at 56˚C. On 

the next day, RNase A was added to a final concentration of 10 µg/ml and incubated at 37˚C for 

30 min - 4 h. One volume of isopropanol was added and the DNA spooled on a sterile inoculation 

loop. The DNA was washed three times by dipping it into consecutive 5 ml tubes containing 70% 

ethanol. The DNA was air-dried for 5-10 mins and resuspended in TE buffer (pH 8.0). 

  

For each screen, two independent amplicons were generated by PCR using Q5 Hot Start High-

Fidelity 2X Master Mix (New England BioLabs). One amplicon for the targeted locus and one 

amplicon for the pegRNA locus (primers in Table 2.2). To maintain high coverage for each 

sample, 40 µg of gDNA was used as the template and each PCR reaction was run in 50 µl aliquots 

containing no more than 5 µg DNA. The PCR reactions were column-purified using the QIAquick 

PCR Purification Kit (Qiagen). Sequencing adaptors and barcodes were added with a second 

round of PCR using the KAPA HiFi HotStart ReadyMix (Roche), primers P3 and P4 (Table 2.2), 

and 1 ng of template DNA. Amplicons were purified with Agencourt AMPure XP beads in 0.7:1 

ratio (beads to PCR reaction volume) and quantified with the Quant-iT™ High-Sensitivity 

dsDNA Assay Kit (Invitrogen). The amplicons were pooled together and sequenced on the 

Illumina HiSeq 2500 using HiSeq Rapid SBS Kit v2 (500 cycles, 250 paired-end). I had help with 

DNA extraction and library preparation from Elin Madi Peets. 
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Reverse transcription of pegRNA libraries. 
Frozen cell pellets containing 4.5-6.1 million cells from screens targeting the HEK3 site in 

HEK293T cells were washed with 500 µl PBS and the RNA was extracted using the mirVana™ 

miRNA Isolation Kit (Invitrogen). 8.4 µg-16.6 µg of template RNA split across 8 reactions were 

used for gDNA digestion and cDNA synthesis with the SuperScriptTM IV VILOTM Master Mix 

with ezDNase (Invitrogen). For cDNA synthesis, a primer was used that was the reverse 

complement to the 13 nt PBS with extra nucleotides on the 5’ end to provide additional base-

pairing for PCR amplification (ATCGAGTTTCAGACTGAGCACG, Table 2.2). pegRNAs were 

amplified from the cDNA mixture by 27 cycles of PCR using KAPA HiFi HotStart ReadyMix 

(Roche) and primers P39 and P40 (Table 2.2). Library preparation and sequencing were 

performed as described in the “DNA extraction and library preparation of next-generation 

sequencing” section (page 59). I had help with RNA extraction and library preparation from Elin 

Madi Peets. 

  

Generating read count tables 
Paired forward and reverse reads from Illumina sequencing were merged using PEAR v0.9.11. 

Data for different sequencing lanes of the same screen were concatenated. The resulting merged 

fastq files were processed as follows: First, DNA sequences were trimmed to contain the 10 nt up 

and downstream of the nick site (for target site amplicon) or to contain 15 nt up and downstream 

of the nick site (pegRNA amplicon). On average, 98% of reads were matched for the target site 

amplicon and 84% for the pegRNA amplicon. The trimmed sequences were then matched to each 

insert in the pegRNA library flanked by 10 nt of target site sequence (for target site amplicon) or 

flanked by 15 nt pegRNA plasmid sequence (pegRNA amplicon), requiring no mismatches. 

Adding the flanking sequences is to ensure that only insertions at the correct location are 

considered. On average 92% of reads were matched to the unedited locus or an insertion for both 

the target site amplicon and the pegRNA amplicon. 

  
Combining replicates 
pegRNAs where any replicate had fewer than 20 reads in the pegRNA amplicon mapping to it 

were filtered out. Insert counts were normalized to frequencies by dividing the reads for each 

insert by the number of reads in each screen. Insertion efficiencies were calculated for each 

replicate and screen by dividing the target insert frequency by the pegRNA insert frequency (Note: 

calculating insertion frequencies this way likely underestimates them, as it does not take cells that 

were not infected with the library into account. In addition, an average of 16% of reads in the 

pegRNA amplicons did not match to any sequence in the library). Finally, insertion efficiencies 

were averaged across replicates. 
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Mutation rates around the insertion site and indel detection 
The fastq reads of the target sites were trimmed by matching a stretch of ten nucleotides directly 

upstream of the PBS and 60 nt downstream of the insertion site (CLYBL: CTGAATGGTG, 

CAGAGTTCCA; EMX1: GGGCCTGAGT, ATGGGGAGGA; FANCF: CCTCATGGAA, 

AGCACCTGGG; HEK3: CCTTGGGGCC, AGCTTTTCCT). The occurrence of library 

insertions was detected by pattern-matching the trimmed reads for library sequences. Indel 

detection: The trimmed reads were filtered in a series of steps. First, sequences with insertions at 

the nick site that perfectly match a sequence in the insert libraries were removed (this also means 

that the method cannot detect single/double/triple nucleotide insertions at the nick site because 

the library contains all possible singlets/doublets/triplets). Second, sequences that contained ‘N’ 

were removed. Third, sequences with a perfectly preserved sequence around the cut site were 

removed. Fourth, sequences that are 83 nt long were removed (83 nt corresponds to the length of 

a sequence without indels). The remaining sequences were annotated according to the indel type. 

Scaffold integrations were sequences that contained five or more nucleotides of the scaffold 

(GCACC) directly downstream of the RTT. Mutated insertions were sequences that matched any 

sequence > 10 nt in the library with no more than 3 mismatches (fuzzyjoin R package ‘v0.1.6’, 

optimal string alignment method). Duplications were sequences that contained two or more copies 

of the homology arm sequence. Deletions at the target sites were deletions that overlapped up to 

10 nt up and/or downstream with the nick site. Other deletions were deletions that did not overlap 

with the nick site and all remaining sequences are classified as ‘other’. 

 

SNV detection: Going from the outside to the inside of the trimmed sequence (with the nicking 

site being between the two innermost nucleotides), the occurrence of the four nucleotides was 

counted at every position. Non-reference nucleotides were classified as mutations except a non-

reference SNP (A) in HEK293T cells for 1 of 3 alleles at position +9. The RT template on the 

pegRNA corresponds to the sequence of the major allele (G).  

  
Data analysis and feature generation 
Merging data from Set1 and Set2: For each target site and cell line, the insertion rates in Set2 

were multiplied by the ratio of the mean insertion rate of the shared sequences in Set1 and the 

mean insertion rate in Set2. For the 140 shared insert sequences, the mean insertion rate between 

both sets was calculated. Length-normalized insertion rates: Length residuals were calculated by 

dividing the insertion rate by the median insertion rate for sequences of the same length (for 

sequences < 10 nt) or by dividing sequences into length bins. The length bins consisted of 

sequences from 10-14, 15-19, 20-24, 25-29, 30-39, 40-49, 50-59, and 60-69 (sequences with 

lengths above 30 nt were divided into length bins of 10 nt because there were fewer longer 
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sequences in the library). Juliane Weller calculated the tendency of insert sequences (alone or in 

the context of PBS and/or HA) to form secondary structures using the RNA fold (version 2.4.16) 

algorithm of the ViennaRNA (2.5.0a) package (Gruber et al. 2008; Hofacker 2003). The free 

energy was normalized to the mean and standard deviation (z score) of 1000 random sequences 

with the same length and in the same context. 

  

Comparison of HAP1 and HAP1 ∆MLH1 lines 
To account for screen batch effects for direct comparisons, the mean insertion rates across wild-

type and MLH1 knockout HAP1 cell lines were scaled to be identical for > 13 nt sequences that 

are not affected by MMR. The fold changes of the scaled insertion efficiencies between HAP1 

∆MLH1 and HAP1 lines were then calculated for each sequence in the library. 

 
Validation of nuclease overexpression with individual pegRNAs. 
I chose four different insertions (C, CAG, a BCL6 recognition sequence: TTCTAGGAA, and a 

Myc-tag: GAGCAGAAGCTGATCAGCGAAGAGGACCTC) from the pooled library for 

validation and cloned them into HEK3 site targeting pegRNAs endowed with 25 or 34 nt 

homology arms. One day before transfection, HEK293T cells were seeded in two 24-well plates 

at 50,000 cells per well. All transfections were done in replicates and each well was transfected 

with 500 ng of pCMV_PE2_P2A_PuroR, 150 ng pTwist nuclease or eGFP overexpression 

constructs, and 100 ng prime editing guide RNA using Lipofectamine LTX according to the 

manufacturer’s protocol. Successful transfection one day later was confirmed by fluorescence 

microscopy and 2 µg/ml puromycin was added one day later. Cells were harvested five days post-

transfection by direct lysis of cell pellets using home-made quick extract buffer (1 mM CaCl2, 3 

mM MgCl2, 1 mM EDTA, 1% Triton X-100, 10 mM Tris pH 7.5) with freshly added proteinase 

K (0.2 mg/ml) followed by 15 min incubation at 65°C and 20 min incubation at 95°C. 1.5 µl of 

the lysate was directly added to 25 µl of amplicon PCRs. Sequencing adaptors and barcodes were 

added by a second round of PCR and the purified products were sequenced on Illumina Miseq 

(300 cycles). Correctly edited reads were identified by pattern matching for the insert sequence 

flanked by 10 nt of the target site to each end. Unedited sequences were detected by matching the 

20 nt of wild-type sequences around the nick site. The insertion rate was calculated by dividing 

the number of edited reads by the number of wild-type reads. 

 
Statistics and reproducibility 
The n numbers denoted in the figure legends refer to independent experiments that were separately 

infected with the pegRNA library. Measurements were always taken from distinct samples. No 

statistical methods were used to predetermine the sample size. The experiments were not 
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randomized and the investigators were not blinded to allocation during experiments and outcome 

assessment. Wherever correlations were indicated, Pearson’s R was used. T-tests were performed 

as two-sided tests. Normal distribution of the underlying data was assumed and no adjustments 

for multiple comparisons were made. 

   

Software 
BaseSpaceCLI (1.4.0); Geneius codon optimization webtool from Eurofins Genomics (accessed 

2022); benchling (accessed between 2019-2023); PEAR (0.9.11); Python (3.8.10); Python 

packages: Biopython (1.79), more-itertools (8.5.0), pandarallel (1.6.1), scikit-learn (0.24.2), scipy 

(1.5.3), shap (0.39.0), statannot (0.2.3), XGBoost (1.4.0); R (4.0.2); ViennaRNA (2.5.0); R 

packages: Broom (0.7.9), fuzzyjoin (0.1.6), ggpointdensity (0.1.0), RBioinf (1.48.0), 

reversetranslate (1.0.0), ShortRead (1.46.0), spgs (1.0-3), Tidyverse (1.3.1), Viridis (0.6.1). 
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3 

Randomizing the human genome by engineering 
recombination between repeat elements 

    

 

Nick Lane writes in his 2015 book, What is Life: “If we had to sum up the architectural constraints 
on genomes in a single phrase, it would have to be ‘anything goes’”. But is this the case and how 
could we test ‘what goes’? One way would be by creating and studying the phenotypes for many 
versions of a genome that all differ in organization and content. 
 
In this chapter, I lay out a strategy to create deletions, inversions, translocations, and 
extrachromosomal circular DNA at scale by highly multiplexed insertion of recombinase 
recognition sites into repetitive sequences. Combining learnings on short sequence insertions with 
prime editing and targeting of LINE-1 elements, I derived stable human cell lines with several 
thousand clonal insertions. Subsequent recombinase induction generated an average of more than 
one hundred megabase-sized rearrangements per cell, and thousands across the whole population. 
The ability to detect rearrangements as they are generated and to track their abundance over time 
allowed me to measure the selection pressures acting on different types of structural changes. I 
observed a consolidation towards shorter variants that preferentially delete growth-inhibiting 
genes and a depletion of translocations. I isolated and characterized 21 clones with multiple 
recombinase-induced rearrangements. These included viable haploid clones with deletions that 
span hundreds of kilobases and triploid HEK293T clones with aneuploidies and fold-back 
chromosomes. I mapped the genetic changes to RNA expression to decipher how structural 
variants affect gene regulation. The genome scrambling strategy developed here makes it possible 
to delete megabases of sequence, move sequences between and within chromosomes, and implant 
regulatory elements into new contexts which will shed light on the genome organization principles 
of humans and other species. 
 
I had help from Gareth Girling in the LINE-1 editing time courses and the derivation of scrambled 
clones. I collaborated with Raphael Ferreira from the Church lab on this project, and only my 
results are presented in this chapter. The results will be preprinted in early 2024 and I will be the 
lead author on the manuscript. 
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3.1 Introduction 

Only ~1% of our genomes are made up of protein-coding sequences, ~8% consists of non-coding 

sequences with biochemical marks correlating with regulatory activity (ENCODE Project 

Consortium et al. 2020), and the majority (54%) is repetitive (Hoyt et al. 2022). It remains unclear 

how much DNA in our genomes is dispensable for cellular survival and how the expression of 

genes changes when manipulating the order and position of nearby sequences. 

 

The importance of genome structure, order, and content can be probed by comparing how 

alternative genome configurations behave in cells. Experimentally, site-specific recombinases can 

induce diverse DNA sequence alterations such as deletions, inversions, and translocations which 

have shed light on genomic organization principles (Tian and Zhou 2021; Olorunniji, Rosser, and 

Stark 2016; Zheng et al. 2000). However, the application of recombinases has been primarily 

confined to investigating individual loci and not the entire human genome. Alternatively, complex 

genome-shattering events can be observed in pathologies such as chromothripsis in cancer, and 

illuminate the space of viable genome configurations (Stephens et al. 2011; Forment, Kaidi, and 

Jackson 2012). These drastic alterations can lead to an unexpected increase in cellular adaptability 

including drug resistance (Shoshani et al. 2021). Despite the instructive nature of these natural 

genomic phenomena, our observations are confined to post-selection results and we remain 

without the means to initiate these rearrangements at will or monitor them in real-time. 

 

A method to generate variants at the genome scale and in an experimentally controllable way has 

been pioneered in the baker’s yeast, S. cerevisiae, through the incorporation of hundreds of 

symmetrical loxP sites (loxPsym) into synthetic chromosomes. Each of the sites could act as an 

anchor for recombination by Cre recombinase. Collectively, these sites form the substrate of an 

inducible genome evolution system called SCRaMbLE (synthetic chromosome rearrangement 

and modification by loxP-mediated evolution) (J. Dymond and Boeke 2012) (J. S. Dymond et al. 

2011; Zhou et al. 2022). This approach is uniquely targeted, avoids double-strand breaks, and 

preserves exon integrity. A wealth of knowledge about genome rearrangements has been obtained 

through this system. For example, scrambling one synthetic chromosome and moving genes 

across varying expression neighborhoods affected isoform selection (Brooks et al. 2022) while 

scrambling six synthetic chromosomes linked rearrangement patterns with chromatin 

accessibility and 3D arrangements, connecting chromatin structure with genome evolutionary 

dynamics (Zhou et al. 2022). However, the human genome is vastly larger compared to the yeast 

genome, putting the synthesis of chromosomes for SCRaMbLE currently out of reach. In addition, 

the sparsity of genes in the human genome would likely result in a different landscape of tolerated 

variation. 
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Scrambling human cells would require inserting recombinase sites into the genome at scale. Prime 

editing is a novel genome-editing technique that makes it possible to precisely engineer small 

sequence changes without double-strand DNA breaks and external DNA donor templates 

(Anzalone et al. 2019; Anzalone, Koblan, and Liu 2020; P. J. Chen and Liu 2022). To achieve the 

necessary scale, recurring patterns of repetitive elements offer a unique opportunity to insert many 

recombinase sites simultaneously (Yarnall et al. 2022). Long-interspersed elements-1 (LINE-1) 

are a class of transposable elements that make up 17% of the human genome. Previous studies 

have targeted these abundant repetitive elements with base editors and demonstrated the 

feasibility of highly multiplexed genome editing (Smith et al. 2020; Zou et al. 2022).  

 

Here, I combine the SCRaMbLE and prime editing technologies to derive stable cell lines with 

hundreds of loxPsym insertions into LINE-1 elements, despite the considerable toxicity 

associated with manipulating numerous loci. I characterize these prime-edited cell lines and 

explore the features of LINE-1 elements that make them amenable to editing. Scrambling cell 

lines with hundreds of integrated recombinase sites generates thousands of diverse structural 

variants. By comparing variants generated shortly after induction and those remaining in culture 

after two weeks, I map the selection pressures acting on these variants. In the process, I discover 

megabase scale deletions that can survive in haploid genomes and characterize changes in gene 

expression in cell clones with multiple Cre-induced rearrangements. These findings help elucidate 

the selective forces shaping structural changes of the genome and provide a strategy to manipulate 

mammalian genomes at previously unseen scales.  
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3.2 Results 

The strategy described in this section consists of four steps (Figure 3.1). (1) Targeting prime 

editors to high copy number LINE-1 retrotransposons to insert hundreds of recombinase sites into 

the genomes of cell lines. (2) Treating cells with Cre recombinase to induce and sequence 

thousands of structural variants. (3) Keeping cells in culture for two weeks and sequencing the 

persisting variants to learn about the selection pressures acting on rearrangements. (4) Deriving 

single-cell clones with Cre-induced rearrangements and characterizing them deeply. 

 

 
Figure 3.1 A strategy to scramble human genomes. Schematic of a strategy to scramble 

mammalian cells. Thousands of loxPsym sites are inserted into LINE-1 with prime editing. 
Induction of Cre recombinase shuffles the chromosomes. Surviving derivative clones are 
sequenced and phenotyped. 

3.2.1 Stable cell lines with hundreds of recombinase site insertions 

I hypothesized that prime editors could simultaneously insert hundreds of recombinase sites into 

the genome of a cell if targeted to high copy-number elements. The feasibility of large-scale 

genome editing at repeating sequences in mammalian cell lines has been demonstrated by Smith 

et al., who targeted base editors to LINE-1s introducing more than 10,000 mutations in a single 

genome (Smith et al. 2020). Their best-performing sgRNA targeted a highly conserved region in 

the second open reading frame (ORF) of the LINE-1 retrotransposon (Figure 3.2) and had 5,832 

perfect matches to the human reference genome (17,496 in a triploid genome). I converted this 

sgRNA into a prime editing gRNA (pegRNA) by adding a 3’ extension containing a reverse 

transcriptase template with 34 nt overlap to the LINE-1 sequence, a loxP site, and a 13nt primer 

binding site (Figure 3.2) and co-transfected the pegRNA with prime editor 2 (PE2) into HEK293T 

cells (Figure 3.3a). I observed successful editing of 1.5% of all targeted LINE-1s (average of 200-

300 insertions in triploid genomes of the population) after two days. However, the fraction of 

edited elements plummeted to only 0.02% by day 11 (Figure 3.3b), indicating that prime editing 

of a high copy number element was detrimental to survival. 
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Figure 3.2 A prime editing guide RNA to insert recombinase sequences into thousands of 
sites across the genome. Schematic of a LINE-1 retrotransposon with two open reading frames 
(ORF), the target site, and protospacer of the pegRNA in blue. Lower panel: Nucleotide 
frequencies (y-axis) in a 100 bp window around the nicking site (x-axis) for all 14,297 LINE-1 
sequences with 2 or fewer mismatches to the protospacer. The positions and sequences of the 
primer binding site (PBS) and reverse transcriptase template (RTT) including loxPsym insertion 
and homology arm are indicated. 

 

The nicking Cas9 in prime editors creates single-strand DNA breaks and I speculated that 

thousands of simultaneous nicks could trigger the DNA damage response in the edited cells. 

Indeed, RNA sequencing (RNA-seq) of cells transfected with prime editor and the LINE-1 

targeting pegRNA identified the upregulation of pathways associated with the DNA damage 

response, such as the p53 pathway (Figure 3.3c). Concurrently, there was downregulation in 

growth-related pathways, including Myc signaling and the oxidative phosphorylation pathway 

suggesting that cells might be slowing down growth in response to DNA damage. Similarly, 

Smith et al. observed toxicity when editing LINE-1 elements with nicking, but not with nuclease-

dead base editors (Smith et al. 2020). Using nuclease-dead Cas9 is not currently possible for prime 

editing due to the chemistry of the reaction, which requires a single-strand break for priming. 

 

While a burst of high prime editor activity from transient transfection overwhelms the cell, lower 

levels of editing and accumulation of loxPsym insertions into LINE-1 elements over a prolonged 

period may be tolerated. To enable this, I integrated multiple copies of doxycycline-inducible 

prime editors into HEK293T and HAP1 cells using the PiggyBac transposon system (Wolff et al. 

2021) (Using the same cell line presented in Figure 2.2 which can insert a symmetrical loxP site 

into a single locus (HEK3) with up to 80% efficiency after 10 days). I further improved efficiency 

by using engineered pegRNAs (epegRNAs) that introduce a protective RNA pseudoknot motif to 

avoid 3’-end degradation and adding the p53-inhibitor piftherin-alpha and basic fibroblast growth 

factor (Niu et al. 2017; Nelson et al. 2022). 
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Figure 3.3. Prime editing thousands of sites simultaneously is detrimental to cells. a. 
Schematic of the experimental protocol for transient LINE-1 targeting pegRNAs. Samples at day 
3 were taken for RNA sequencing (c) and samples transfected with both prime editor and pegRNA 
were analyzed for insertion frequency at days 3-11 (b). b. Frequencies of LINE-1 amplicon reads 
with loxPsym insertions (y-axis) over 11 days (x-axis) following transfection of the prime editing 
reagents. Markers and lines show one of n = 3 biological replicates. c. Top and bottom 5 
differentially expressed pathways (by p-value) between cells transfected with prime editor alone 
or with prime editor and the LINE-1 targeting pegRNA. n = 2 biological replicates. 

 

 
Figure 3.4 Continuous engineering of LINE-1 elements results in high insertion rates. a. 
Schematic of an editing time course with 25 days of editing and subsequent puromycin selection. 
Arrows pointing down indicate time points at which samples were taken for amplicon sequencing. 
b. Frequencies of LINE-1 amplicon reads with loxPsym insertions (y-axis) over 25 days of editing 
and after selection with puromycin at the end of the time course (x-axis) in HAP1 and HEK293T 
cells with stably integrated prime editor and engineered pegRNAs (panels). Markers and lines 

show one of N = 2 biological replicates. c. The percent of surviving cells after puromycin treatment 
(y-axis) for HEK293T and HAP1 cells (x-axis) after 25 days of loxPsym site insertion into LINE-
1s. The integrated pegRNA vector encodes for puromycin resistance. 
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Putting these ideas together, I infected the stable, prime editing HEK293T and HAP1 cell lines 

with lentivirus encoding the LINE-1-targeting epegRNA, selected for lentiviral integration with 

puromycin. Editing was induced with 1 µM doxycycline and 10 µM piftherin-alpha (Figure 3.4a) 

and the insertion rates were monitored every 3-4 days. I observed an increase in edited LINE-1 

elements over the first 2-5 days, peaking at an average of 1.7% on day 10 for HEK293T cells and 

0.62% on day 4 for HAP1 cells followed by a gradual decline (Figure 3.4b). The apparent decline 

could be caused by cells that have inactivated the prime editor or the epegRNA and outcompete 

the cells that are still capable of editing. Indeed, selection for active expression from the epegRNA 

cassette using puromycin in the cell population after 32 days killed more than 90% of all cells 

(Figure 3.4c) and increased the average fraction of edited LINE-1 elements to 2.7% in HEK293T 

cells and 0.79% in HAP1 cells (Figure 3.4b) corresponding to the insertion of hundreds of 

recombinase sites. 

 

I reasoned that single-cell sorting after a period of active editing could separate actively editing 

cells from cells that silenced the prime editing complexes (Figure 3.5a). After 11 days of editing, 

I derived and analyzed 16 clones for HEK293T cells and 15 clones for HAP1 cells, and observed 

editing rates between 0 and 3.3% for HEK293T cells and 0 and 2.1% for HAP1 cells 

(Figure 3.5b). To further increase the number of loxPsym site insertions, I subjected one HAP1 

clone with 1.9% initial editing to another 12 days of doxycycline induction followed by a second 

round of subcloning which resulted in up to 8% LINE-1 editing (Figure 3.5c). 

 

 
Figure 3.5 Engineering clones with hundreds of loxPsym insertions. a. Schematic of an 
editing time course with two subcloning steps to enrich cells with hundreds of loxPsym insertions. 
b. Frequencies of LINE-1 amplicon reads with loxPsym insertions (y-axis) for HEK293T or HAP1 
clones (markers) after one round of subcloning. c. Frequencies of LINE-1 amplicon reads with 
loxPsym insertions (y-axis) for HAP1 clones (markers) after two rounds of subcloning. 
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3.2.2 Characterization of edited cells with hundreds of loxP insertions 

To precisely map the locations and number of integrated loxPsym sites, I submitted two LINE-1 

edited clones - HAP1-loxPsym(301) and HEK293T-loxPsym(638) for whole-genome sequencing 

using long-read technology (Oxford Nanopore, Figure 3.6). Mapping the 301 clonal insertions in 

the HAP1 and 638 in the HEK293T clone revealed a broad distribution across the genome with 

14.3 sites on average per chromosome (range 1-34) for the HAP1 cells and a strong correlation 

with the number of LINE-1 elements with perfect matches to the pegRNA (HAP1: R2=0.83, 

HEK293T: R2=0.90, Figure 3.7a). The insertions across the two clones mapped to largely 

different LINE-1 elements and only 26 were shared (Figure 3.7b). The median allele frequencies 

of loxPsym site insertions were 1.00 for HAP1 cells and 0.35 for HEK293T-loxPsym(638) cells, 

consistent with their haploid or mostly triploid genomes (Figure 3.7c). 

 

 
Figure 3.6. Cell lines with hundreds of loxPsym sites distributed across their genomes. 
Locations of loxPsym site integrations (vertical bars) and the number of supporting sequencing 
reads (y-axis) across chromosome positions (x-axis) for three clones (panels). 
 

LINE-1 sequences represent sources of near-identical sequences that could be used to understand 

variation in prime editing efficiencies. To map insertion sites at higher throughput, I devised a 

Cas9-enrichment-based long-read sequencing method that targets the Cas9 nuclease to LINE-1s 

with loxPsym insertions (Gilpatrick et al. 2020; McDonald et al. 2021) (Figure 3.8). Hereby, high 

molecular weight genomic DNA is harvested and dephosphorylated to prevent spurious adaptor 

ligation. Next, I designed a guide RNA that targets a hybrid sequence containing a loxPsym 

insertion and a PAM and sequence from the surrounding LINE-1 (Figure 3.8). Sequencing 

adaptors can only ligate to phosphorylated DNA ends released by Cas9 cleavage of edited LINE-

1s. Editing rates of LINE-1s can then be determined by counting sequencing reads. 
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Figure 3.7. Characteristics of LINE-1 insertions. a. The number of loxPsym insertions (x-axis) 
versus the number of LINE-1 retrotransposons with up to two mismatches to the protospacer (y-
axis) in HAP1 and HEK293T cells (panels) for chromosomes (markers). b. Overlap of loxPsym 
sites between the two sequenced clones (colors, circles). The area of the Venn diagram is 
proportional to the number of loxPsym sites. c. The abundance of loxPsym insertions (percent of 
the allele frequency with maximum abundance, y-axis) at various allele frequencies (x-axis) in the 
two sequenced clones (colors). 
 

 

 

 
Figure 3.8. A strategy to identify edited LINE-1 elements with high throughput. Schematic 
of a strategy to map edited LINE-1s at high throughput. The sequence at the top represents a 
LINE-1 with loxPsym insertion (teal) to which the Cas9-enrichment crRNA can bind (pink). 

 

I observed that LINE-1s with up to two mismatches to the protospacer were still successfully 

edited at 25 days, but at lower frequencies (27% and 15% in HAP1 and HEK293T cells, Figure 

3.9a). In contrast, one and two mismatches in the 34 nt homology arm of the reverse transcriptase 

template were well tolerated, but editing rates dropped for elements with three or more 

mismatches (Figure 3.9b).  
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Figure 3.9. The effect of mismatches on prime editing rates. Average sequencing reads from 
targeted sequencing of edited LINE-1s normalized to no mismatches (y-axis) for LINE-1s with 
different numbers of mismatches to the pegRNA protospacer (x-axis) across two cell types 
(panels). Error bars: standard error of the mean of n = 2 biological replicates. (E) As (D) but for 
LINE-1s with mismatches with the reverse transcriptase template (x-axis). The sum of n = 2 
biological replicates. 

 

To understand how chromatin affects prime editing, I collected eight publicly available DNase, 

ATAC-seq, and ChIP-seq data sets in HAP1 and HEK293T cells (Table 3.1) and trained the 

ChromHMM model with them to obtain chromatin states (Figure 3.10) (Ernst and Kellis 2017). I 

next correlated the abundance of chromatin states in the LINE-1s and 3 kb of surrounding 

sequence to the editing rate (Figure 3.11a). Editing events were most enriched in LINE-1s with 

transcription and enhancer-related chromatin signatures, and depleted in quiescent (no chromatin 

marks) or repressed/heterochromatic elements (Figure 3.11b-c). This result is consistent with 

recent work exploring chromatin context for prime editing (Mathis, Allam, Tálas, et al. 2023; 

Xiaoyi Li et al. 2023). 

 

Table 3.1: Datasets used to determine chromatin states in HAP1 and HEK293T cells 

Cell line Chromatin Mark Accession number Accession control 

HAP1 H3K4me3 ENCFF461TZF ENCFF247DSQ 

HAP1 H3K27me3 ENCFF708HAB ENCFF247DSQ 

HAP1 H3K9me3 ENCFF528UHF ENCFF247DSQ 

HAP1 K3K36me3 ENCFF216JJJ ENCFF247DSQ 

HAP1 H3K4me1 ENCFF639UYT ENCFF247DSQ 

HAP1 DNase-seq ENCFF162WTC ENCFF247DSQ 

HAP1 H3K27ac ENCFF742SZS ENCFF247DSQ 
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HEK293T DNase-seq ENCFF969MBJ None 

HEK293T H3K4me1 SRR10981645 None 

HEK293T H3K36me3 SRR5627148 None 

HEK293T H3K9me3 SRR11453034 None 

HEK293T H3K27me3 SRR8937480 None 

HEK293T H3K4me3 SRR8937479 None 

HEK293T H3K27ac SRR1016003 None 

 

 

 
Figure 3.10 Chromatin states in HAP1 and HEK293T cells. a. The overlap of ChromHMM 
emission states (y-axis) with chromatin marks (x-axis). b. As in (a) but for different types of 
sequence regions in the genome. c. The enrichment of ChromHMM emission states (y-axis) 
relative to varying distances to transcription start sites (x-axis). d. Manual annotation of emission 
states based on (a-c). e-h. As in (a-d) but for HEK293T cells. 
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Figure 3.11 LINE-1s in active chromatin are edited more frequently. a. Schematic of the 
comparison in chromatin composition between edited (n > 1 read) and unedited (n = 0 reads) 
LINE-1s. b. Fraction of edited to non-edited LINE-1s (y-axis) for overall nucleotides in chromatin 
state (x-axis) in HAP1 and HEK293T cells (panels) colored by the fraction of all nucleotides in the 
human genome that are in a given state. Cross bars represent averages from n = 2 biological 
replicates (markers). 
 

3.2.3 Scrambling the human genome 

To scramble the genome of clones with hundreds of loxPsym sites, I treated the cells with 

membrane-permeable TAT-Cre protein for 4 hours, recovered for 16 hours, and used long-read 

sequencing to map the Cre-induced rearrangements (Figure 3.12a). I developed a computational 

pipeline to call Cre-induced variants by first running standard variant callers in relaxed settings 

and then filtering stringently for rearrangements that originate within 300 bp of a pegRNA target 

site and contain a loxPsym sequence at the breakpoints (Figure 3.12b). 
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Figure 3.12 Experimental setup and variant calling strategy for Cre-induced 
rearrangements. a. Schematic of the Cre-induction protocol. Cell lines with loxPsym insertions 
were treated with membrane-permeable TAT-Cre protein and sequenced with long-read 
technology. b. Schematic outlining the bioinformatics pipeline used to process sequencing data 
and call Cre-induced structural variants. pod5 files were base called using Guppy and aligned 
with Minimap2. Nanomonsv was used with relaxed parameters to call raw structural variants 
which were filtered based on proximity to LINE-1s, absence of decoy chromosomes, read depth 
thresholds, and the presence of loxPsym sequence fragments between breakpoints. 

 

At this early time point, selection pressures would not have had time to deplete variants that are 

detrimental to survival or chromosome segregation. Each read with a rearrangement likely 

represents an independent recombination, since the complexity of the cell pool is much higher 

than the sequencing coverage, the cells had no time to replicate, and the DNA was not amplified 

for sequencing. The number of rearrangements scales linearly with the number of loxPsym sites 

per chromosome, both for variants within the same chromosome (cis) (R2=0.92/0.95 in HAP1 and 

HEK293T) and across different ones (trans) (R2=0.83/0.77, Figure 3.13). This suggests that 

increasing the density of loxPsym sites should also increase the number of rearrangements per 

cell. With 50x and 23x genome coverage, I detected 6,481 and 1,166 rearrangements in HAP1 

and HEK293T cells respectively (Figure 3.14). Assuming haploidy in HAP1 and triploidy in 

HEK293T, Cre treatment induced 131 or 143 rearrangements per cell on average. 
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Figure 3.13. The number of rearrangements scales linearly with the number of loxPsym 
insertions per chromosome. The number of loxPsym insertions (x-axis) versus the number of 
variant breakpoints on chromosomes (y-axis) in HAP1 and HEK293T cells (panels) for 
chromosomes (markers). 

 

 

 
Figure 3.14 Cre recombinase induced thousands of rearrangements. Overview of all 
structural variants produced in the two clones after 4 hours of scrambling and 16 hours of 
recovery. From outside to inside: Chromosomes (ideograms), integration locations and 
rearrangement frequencies for loxPsym sites (bars), Cre induced structural variants (arcs). 
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Whenever Cre recognizes two loxPsym sites and catalyzes a rearrangement, the outcome can fall 

into different classes based on the orientation of the DNA ends joined and whether this occurs in 

cis or trans. These different events can be distinguished based on the mapping of sequencing reads 

at breakpoints (Figure 3.15a). If two loxPsym sites are located in cis, Cre can produce a pair of 

inversions (10% or 14% of rearrangements in HAP1 and HEK293T cells respectively, Figure 

3.15b), or a pair consisting of an extrachromosomal circular DNA (ecDNA) (HAP1: 11%; 

HEK293T: 10%) and a deletion (HAP1: 4.5%; HEK293T: 6.6%). In contrast, if the two sites are 

located on two non-homologous chromosomes in trans, the outcome will be a translocation 

(HAP1: 10%; HEK293T: 11%). 

 

Curiously, the most common class of variants that I observed were fold-backs (HAP1: 68%; 

HEK293T: 58%) which could arise between homologous chromosomes or two sister chromatids 

of the same chromosome after replication. The fraction of fold-backs was indeed reduced 3.1-

fold, down to 22% of total variants, when HAP1-loxPsym(301) cells were arrested in G1 using 

the CDK4/6 inhibitor palbociclib (Figure 3.16) before Cre induction (Figure 3.15b). Therefore, 

cell cycle modulation can alter the types of variants generated. This is important since fold-backs 

that generate a pair of acentric (no centromere) and dicentric (two centromeres) chromosomes 

could be catastrophic for cell survival due to chromosome segregation errors during cell division. 

Overall, the frequency of variant types was similar between the two cell lines despite their 

different ploidy (Figure 3.15b). 

 
Figure 3.15. Cre induction generates a variety of variant classes. a. Schematic of the classes 
of variants that can be generated by Cre induction. Gray and blue lines represent chromosome 
sequence according to the reference genome with diamonds indicating the locations of loxPsym 
sites. Arcs represent rearrangements that join two DNA segments of varying orientation and 
location. Color according to variant class. h2h: head to head, t2t tail to head. b. The types of 
structural variants produced (x-axis, color according to a) and their counts (y-axis) and separated 
by cell line and whether they were inhibited in G1/S during Cre induction (panels). 
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Figure 3.16. Palbociclib arrests cells in G1 before scrambling. a. Schematic illustrating the 
experimental protocol for treating cells with palbociclib. b. Frequencies (y-axis) of DNA content 
(x-axis) in untreated cells (top panel) and cells treated with 500 nM palbociclib (bottom panel). 
Likely genome copies (1n, 2n, 4n) are indicated. 

 

The frequency of deletions and inversions decreased with increasing distance between loxPsym 

sites, with 71% or 63% of variants shorter than 10 Mb for HAP1 and HEK293T cells (Figure 

3.17a). The median variant length was 3.0 or 4.9 Mb (HAP1/HEK293T), which in HAP1 cells is 

15.7 times smaller than the expectation of 47 Mb assuming an equal probability of recombination 

for any given pair of loxPsym sites on the same chromosome (Figure 3.17b, middle panel). The 

observed data could be predicted better by reducing the expected frequency of two loxPsym sites 

rearranging by 7.5% for each Mb distance between them (exponential decay model, Figure 3.17b, 

lower panel, Figure 3.17c), consistent with previous observations that the efficiency of Cre-

induced rearrangements decays with distance (Zheng et al. 2000). 

 

The exponential decay model of generating rearrangements in cis predicts a dearth of long 

variants; however, I observe a tail of very long deletions and duplications (Figure 3.17a). This 

suggests that other factors, such as distance in 3D, may influence the probability of observing a 

rearrangement. A model that uses 3D distance as assessed by counting Hi-C read pairs fits the 

data better (Pearson’s R = 0.68 (Hi-C, (Lohia, Fox, and Gillis 2022)) vs 0.55 (log-transformed 

length), Figure 3.17d). A linear model with both linear distance and Hi-C pairs only modestly 

outperformed one with only Hi-C pairs (R = 0.68 vs 0.67) suggesting that 3D contact frequency 

between two recognition sites is a better explanation of Cre efficiency. Overall, these results are 

consistent with a recent study by Zhou et al. profiling 260,000 Cre-induced rearrangements in 

SCRaMbLEd yeasts (Zhou et al. 2022) and observed that rearrangement frequency was driven by 

contact frequency and DNA accessibility. 
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Figure 3.17. Rearrangement frequency decays with increasing distance between loxPsym 
sites. a. The number of structural variants in cis (y-axis) stratified by the distance between the 
two breakpoints (x-axis). b. Histograms contrasting the number of observed rearrangements 
(upper panel, y-axis) with those generated by simulation assuming equal likelihood of 
recombination between any two sites on the same chromosome (middle panel) across different 
rearrangement sizes (x-axis, with 50 bins) in HAP1 cells or assuming a 7.5% decrease in 
recombination likelihood per mb (bottom panel). c. The Wasserstein distance between simulated 
and observed data (y-axis) for various reductions in rearrangement likelihood per Mb (in 
increments of 0.1%, x-axis). d. Number of supporting sequencing reads (y-axis) for cis-variants 
in HAP1 cells (markers) with different numbers of read pairs in an independent Hi-C experiment 
in HAP1 cells (x-axis). Line: linear regression fit. 

3.2.4 Selection pressures shape surviving variants 

To understand how selection acts on the various types of rearrangements generated after Cre 

induction, I grew out the HAP1 and HEK293T cells that survived the scrambling process for 13-

15 days and long read sequenced the cell pools at 53-164 times whole genome coverage. In 

addition, I single-cell sorted cells that showed evidence of recombination based on an integrated 

reporter and sequenced 21 expanded colonies. I observed a 188-fold (HAP1) or 87-fold 

(HEK293T) depletion of variants in the pools over two weeks of growth (Figure 3.18a), implying 

strong selection against the majority of rearrangements. After selection, an average of 

0.7 rearrangements remained per HAP1 cell (assuming haploidy) or 1.6 per HEK293T cell 

(assuming triploidy). Similarly, cells that rearranged an integrated Cre activity reporter (and 

switched from dsRed to tBFP expression upon recombination) depleted from 68% on day 1 to 1% 

on day 10 suggesting strong selection against cells that took up Cre (Figure 3.18b,c). The 

depletion was less pronounced for both the reporter and remaining variants in the pool (2.4 on 

average per cell) if the cells were arrested in the G1 phase with palbociclib before Cre induction 

(Figure 3.18a,b), consistent with the generation of fewer fold-backs (Figure 3.15b). 
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Figure 3.18. The majority of cells with rearrangements do not persist after weeks in culture. 
a. Number of total Cre-induced rearrangements per sequencing coverage (y-axis) for early and 
late cell pools that were untreated or inhibited in G1 prior to scrambling (x-axis). Bars are colored 
by variant type (lighter blue: fold-backs, darker blue: all other types). b. Percent of cells that were 
BFP-positive in flow cytometry (y-axis) after rearranging a genome-integrated Cre reporter 
(schematic bottom) at different time points (x-axis). The cells were either restricted in G1/S with 
palbociclib or not before scrambling (x-axis).  c. Schematic of the Cre reporter. d. Upper panel: 
The types of structural variants produced (x-axis) and their counts (y-axis) in HAP1 and HEK293T 
cells (panels) 13-15 days after Cre induction. Lower panel: The percent difference in variant 
abundance per sequencing coverage compared to day 1. 

 

The frequency of variant types I observed before (Figure 3.15b) and after scrambling 

(Figure 3.18d) differs starkly. Because Cre joins up all DNA ends of the two loxPsym sites 

involved in the recombination, all structural variants are initially balanced. However, some 

rearrangement products lack centromeres (ecDNAs and acentric chromosomes from fold-backs 

or translocations), cannot be segregated properly and will be lost during subsequent cell cycles. 

Indeed, between HAP1 and HEK293T cells, I see a 99.9/99.6% depletion of ecDNAs, a 

99.8/99.7% depletion of fold-backs, and a 99.5/100% loss of translocations (Figure 3.18d). 

However, the depletion of translocations cannot be explained by centromere configuration alone 

since 50% of translocations should result in two derivative chromosomes with one centromere 

each. Deletions (HAP1: -93.0%, HEK293T: -97.8%) and inversions (HAP1: -92.4%, HEK293T: 

-91.0%) were less depleted compared to ecDNAs, fold-backs, or translocations, but fewer than 1 

in 10 variants remained. 

 

Deletions might be selected against because they remove essential genes. To test this 

experimentally, I analyzed data from a genome-wide CRISPR knockout screen in wild-type 
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HAP1 cells that Elin Madil Peets from our lab performed (Peets et al. 2019). I defined essentiality 

as the average fold change of gene-targeting guides after two weeks in culture. Essentiality values 

< 1 indicate a growth defect and values > 1 indicate a growth advantage upon loss. The essentiality 

values were correlated between replicates (R = 0.57, Figure 3.19a), and essential genes (average 

essentiality = 0.72) were overlapping but separated from non-essential genes (average = 1.1) and 

non-targeting controls (average = 2.0, Figure 3.19b). 

 

 

 
Figure 3.19. Genome-wide CRISPR knockout screen in HAP1 cells. a. Fold change in gene 
perturbation frequency over the plasmid library between two independent replicates (axes) 
colored by the number of neighboring data points. b. Frequencies (y-axis) of fold change to 
plasmid library (x-axis) for gene perturbations categorized by gene essentiality (panels and 
colors). 

 

Equipped with this data set, I could analyze if the essentiality of genes deleted early and late 

differed. Only 2/17 deletions removed any gene with a >50% growth defect in the HAP1 knockout 

screen, in contrast to early deletions where 137/185 did (Figure 3.20a). Longer variants have more 

chance to delete essential DNA and I indeed see a consolidation towards 4.5 to 5.0-fold shorter 

deletions after weeks in culture for HEK293T and HAP1 cells respectively (median early 

3.0/4.2 Mb vs late 0.60/0.93 Mb, Figure 3.20b). Moreover, genes contained within persisting 

deletions were enriched for ones whose loss conferred a growth advantage in the CRISPR 

knockout screen (average of genes in the deletions = 1.3, t-test p=10-17, Figure 3.20c). A much 

weaker selection was apparent for inversions (average = 1.08, p = 5x10-5, Figure 3.20d). 
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Figure 3.20 Late deletions are depleted in essential genes. a. Median essentiality scores for 
genes (y-axis) affected by deletion (top) and inversion (bottom) variants (markers), stratified by 
occurrence in early or late time points (x-axis). Bars indicate the mean and standard error of the 
mean. b. Variant length (y-axis) for early and late variants (x-axis) stratified by cell line and variant 
type (panels). Box: median and quartiles. Whiskers: Largest or smallest value no further than 1.5 
interquartile ranges from the hinge. c. Average fold changes of four guides targeting a gene 
(markers) in a HAP1 CRISPR knockout screen (y-axis) for all genes, genes intersecting early 
deletions (day 1) or intersecting late (day 13-14, x-axis). d. As in (c) but for inversions. 
 

To better understand the genomic features under selection Thomas Vanderstichele compared 822 

early and 70 late time point inversions and deletions from HAP1 cells across 47 features spanning 

chromatin states (Figure 3.10), conservation, mutational constraint, regulatory elements, and 

sequence features. Late deletions were significantly depleted in constrained regions (gnomAD z-

score), gene annotations (coding sequences, exons, start and stop codons, UTRs), and active 

regulatory elements (transcription start sites and enhancers) (Figure 3.21, Figure 3.22). 

Conversely, late deletions were enriched for polycomb repressed regions and lamina-associated 

domains, which are usually heterochromatic. As expected, inversions showed weaker signals of 

selection across all features but were significantly shorter at later time points and depleted of 

super-enhancers. Together this data suggests that deletions are under strong selection that can be 

explained through variant features. However, it should be noted that while some of the feature 

enrichments will be true imprints of selection, others could show up due to correlation with 

features under selection (Figure 3.21b). For example, gene annotations are correlated with active 

chromatin and anticorrelated with lamina-associated domains (Figure 3.21b).  
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Figure 3.21 Surviving variants have a set of features that is distinct from initially generated 
variants. a. Log odds (x-axis) for features (y-axis) between early variants and surviving variants 
colored by variant type. Markers represent the log odd and whiskers 95% confidence intervals. 
Unless indicated otherwise, the fraction of each variant covered by the respective feature is used 
as the statistic. Only significant features are shown. b. Heatmap of correlations (colored by 
Pearson’s R) between various genomic and epigenomic features (x and y axes) and their 
frequency of occurrence within deletion and inversion structural variants. 

 

Many of the remaining deletions in HAP1 cells were millions of base pairs long (Table 3.1), 
highlighting that even in haploid cells substantial amounts of DNA are dispensable for growth 
under cell culture conditions. One 4.3 Mb variant on chromosome 18 deleted 19 expressed (TPM 
> 0.1) genes with an average essentiality of 1.43. This variant removed both a selectively essential 
as well as a strongly growth-suppressing gene: 3-ketodihydrosphingosine reductase (KDSR) had 
a relative fitness of 0.2 in HAP1 and was selectively essential in the cancer dependency map 
(183/1095 cell lines (Meyers et al. 2017)). Conversely, PMAIP1 is a pro-apoptotic gene and its 
loss was highly growth-promoting in the HAP1 screen (relative fitness = 2.9) and 1035/1095 
cancer dependency map cell lines. Curiously, the loxPsym site marking the end for this deletion 
was the starting point for another, independent deletion that covered another 5.1 Mb on 
chromosome 18 (Table 3.2) but did not contain any essential genes in the CRISPR screen (fold 
change range of 11 deleted genes: 1.0-2.0). Since the sequencing was done from a pool of cells it 
is possible that some of the variants observed did not happen in isolation or occurred in cells that 
previously reverted to diploidy (14% of the cell population at the time of sequencing). This is 
likely the case for one 25.6 Mb variant that deleted 231 genes on chromosome X including many 
essential ones. 
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Figure 3.22 A variant-by-variant view on features of surviving variants. a-t. Feature level (y-
axis) for early and late time point deletions (x-axis) in HAP1 for each significant feature (from 
Figure 3.21a). Markers represent individual structural variants. Box: median and quartiles. 
Whiskers: Largest or smallest value no further than 1.5 interquartile ranges from the hinge. 
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Table 3.2 Megabase-sized surviving variants in a haploid cell 

Chr Start 
[Mb] 

End 
[Mb] 

Variant size 
[Mb] 

N genes 
affected 

Mean 
essentiality 

ChrX 129.9 155.4 25.6 231 1.29 

Chr18 59.4 63.7 4.3 19 1.43 

Chr18 63.7 68.8 4.1 14 1.36 

Chr4 21.3 23.6 2.4 4 1.55 

Chr8 34.5 36.5 1.9 2 1.63 

 

Together, these data demonstrate that continued survival and growth in cell culture consolidated 

an initially mixed pool of variants towards shorter deletions and inversions that affect fewer and 

preferentially growth inhibiting genes, avoided enhancer-like elements, and highly constrained 

DNA. 

3.2.4 Scrambled clones 

Clones that survived the scrambling process represent a unique collection of novel human cell 

lines that only differ in specific structural variants. I sought to leverage this resource to understand 

how such variants affect gene expression and ultimately cell fitness by generating shallow-depth 

whole genome sequencing for 21 clones and RNA sequencing for three clones with interesting 

genetic architectures. 

 

The first investigated HAP1 clone had three Cre-induced variants (Figure 3.23a), a 23 kb deletion 

that did not overlap with any genes, a 599 kb deletion that deleted the EPHA7 receptor tyrosine 

kinase gene (Figure 3.23b), and a 40 kb inversion that affected the last three exons of TMEM38B, 

a cation channel involved in calcium homeostasis (Figure 3.23c). EPHA7 and TMEM38B were 

indeed the top and 21st most downregulated genes (5000 and 24-fold respectively, Figure 3.23d). 

For the inversion and deletions, none of the genes within 3 Mb of the structural variant were 

significantly dysregulated (Figure 3.23e,f). To understand if the three variants collectively 

affecting 662 kb of DNA would affect the fitness of the clone, I competed it against parental cells 

and observed no difference in growth speed (Figure 3.23a, Clone 1). 
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Figure 3.23 Genotype to phenotype map of the first scrambled HAP1 clone. a. A table with 
variants found in the HAP1 scrambled clone 1. b. Integrated genomic profile displaying a 240 kb 
region encompassing a 40 kb inversion. Tracks from top to bottom represent ATAC-seq and 
DNase-seq data indicating open chromatin regions; histone modification marks H3K27ac and 
H3K4me1 associated with active regulatory elements; RNA-seq data from HAP1 clone 1 and 
parental lines; gene annotation; and variant supporting sequencing reads, with alignments 
depicting the inversion breakpoints. c. As (b) but for a 798 kb deletion in clone 1. d. Significance 
of differential gene expression (y-axis) and expression fold change (x-axis) between clone 1 and 
parental HAP1 cells (DEseq2) for genes with at least 10 reads (markers) from n = 2 biological 
replicates. e. Changes in gene expression (y-axis) between the scrambled clone and parentals 
for genes (markers) located +/- 3 Mb of a 599 kb deletion (x-axis, deletion shaded gray). Marker 
size and color according to significance. n = 2 biological replicates. f. As in (e) but around a 40 kb 
inversion. g. Changes of clone abundance post mixing with parental cells (y-axis) for two 
scrambled HAP1 clones (colors) with two biological replicates (lines) over 7 days (x-axis). 
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The second HAP1 clone I examined had one 745 kb deletion that affected two genes, OLA1 and 

SP3 which were the top and second most downregulated genes in this cell line (Figure 3.24a,b). 

The 10 Mb surrounding the 742 kb deletion are gene-rich and contain 68 expressed genes. 

However, none of the surrounding genes were significantly misregulated (Figure 2.24c). 

Intriguingly, the variant almost exactly excises a single TAD containing OLA1 and SP3 

(Figure 3.24d). The regulatory elements that were within the TAD (Figure 3.24e) might not be 

able to influence genes outside the TAD, and consequently, their deletion would not affect 

neighboring gene expression. OLA1 is weakly essential (HAP1 knockout screen fold change: 

0.64) and many genes were significantly differentially expressed in this cell line (652 up, 172 

down; adjusted p-value < 0.01, Fold change < 0.5 or > 2). Growth-promoting pathways (Myc 

target genes 1 and 2) were downregulated and the cell line had a growth defect compared to 

parental cells (Figure 3.23g, Clone 2). 

 

Lastly, one HEK293T scrambled clone had a 683 kb deletion on chromosome 3 and a fold-back 

on the minor allele of the triploid chromosome 14 (Figure 3.25a-c). The fold-back should have 

resulted in a dicentric/acentric pair of isochromosomes. The dicentric derivative chromosome 

persisted, which raised the copy number for 24.5 Mb of the underlying sequence from three to 

four (Figure 3.25d) and changed the single nucleotide polymorphism B allele frequency from 

0.33/0.66 to 0.5/0.5 (Figure 3.25e). The acentric derivative chromosome was lost, resulting in a 

decrease of copy number for 76.5 Mb of sequence from 3 to 2 and loss of heterozygosity 

(Figure 3.25e). The genes encoded on the affected sequences followed the expected trend (a 

median increase of 34% for duplicated sequences and a decrease of 27% for lost sequences). In 

addition, the clone lost entire copies of chromosomes 1, 2, 4, 7, 10, 11, and 20 resulting in an 

average karyotype of 61 chromosomes compared to 68 chromosomes of the parental cell line 

(Figure 3.26). These pervasive chromosome losses could have been caused by missegregation 

after scramble events that created dicentric-acentric pairs. This clone highlights how scramble in 

cells with higher ploidy can create isochromosomes and aneuploidies, thus forming a useful 

resource to study how aneuploidy affects growth and gene expression and how dicentric 

chromosomes are resolved. 
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Figure 3.24 Genotype to phenotype map of the second scrambled HAP1 clone. a. Table of 
variants in HAP1 clone 2. b. Significance of differential gene expression (y-axis) and expression 
fold change (x-axis) between clone 2 and parental HAP1 cells (DEseq2) for genes with at least 
10 reads (markers) from n = 2 biological replicates. c. Changes in gene expression (y-axis) 
between the scrambled clone and parentals for genes (markers) located +/- 3 Mb of a 742 kb 
deletion (x-axis, deletion shaded gray). Marker size and color according to significance. n = 2 
biological replicates. d. Triangle heatmap showing the frequency of chromatin interaction read 
pairs (color gradient) within a 1741 kb segment (deletion shaded gray) and gene annotations 
below the heatmap. e. Integrated genomic profile displaying a 942 kb region encompassing a 742 
kb deletion. Tracks from top to bottom represent ATAC-seq and DNase-seq data indicating open 
chromatin regions; histone modification marks H3K27ac and H3K4me1 associated with active 

regulatory elements; RNA-seq data from HAP1 clone 2 and parental lines; gene annotation; and 
variant supporting sequencing reads, with alignments depicting the deletion breakpoints. 
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Figure 3.25. Genotype to phenotype map of a scrambled HEK293T clone with a fold-back 
chromosome. a. Integrated genomic profile displaying a 1082 kb region encompassing a 692 kb 
deletion. Tracks from top to bottom represent ATAC-seq and DNase-seq data indicating open 
chromatin regions; histone modification marks H3K27ac and H3K4me1 associated with active 
regulatory elements; RNA-seq data from HEK293T clone 1 and parental lines; gene annotation; 
and variant supporting sequencing reads, with alignments depicting the inversion breakpoints. b. 
As (a) but for a fold-back on chr 14. Schematic of a fold-back on chr 14 is shown in the bottom 
right corner. c. A table with variants found in the HEK293T scrambled clone 1. d. Log2-fold 
changes between clone and parental (y-axis) for mean whole-genome sequencing read depth in 
50 kb windows (gray markers) or gene expression (black markers) along chromosome 14 (x-axis). 
n = 2 biological replicates. e. B allele frequencies (y-axis) for heterozygous SNPs along chr 14 (x-
axis) for clone and parental (panels). Dashed lines at 0.5 and 0.33.  
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Figure 3.26 Karyotype of a scrambled HEK293T clone. a. Median copy number (y-axis, 
normalized to chromosomes 12 and 19 which are triploid in parental and clone) per chromosome 
(x-axis) for parental HEK293T-loxPsym(638) cells and a scrambled clone (colors). Red arrows 
indicate chromosomes with copy number differences > 0.5. b. Most common B allele frequencies 
(BAF) for the scrambled clone and parental per chromosome. ‘Mix’ for chromosomes where no 
single BAF made up at least 50% of the chromosome. LOH: Loss of heterozygosity. c. 
Representative G-band karyotype of parental and the scrambled clone (n = 23 metaphase 
spreads). Red boxes indicate chromosomes that are absent in the scrambled clone and arrows 
indicate translocations (the blue one points to the abnormal chromosome 14 in the scrambled 
clone). d. Number of chromosomes (y-axis) assessed by karyotyping of 24 metaphase spreads 
of parental or clone1 cells (x-axis). Bars and numbers indicate average, error bars the standard 
error of mean. 

 

3.3 Discussion 

In this chapter, I leveraged prime editing of repetitive elements to engineer the incorporation of 

thousands of Cre-recombinase sites into the human genome, creating a substrate to induce 

thousands of distinct recombinations at will. The variants affect all chromosomes and encompass 

deletions, inversions, ecDNAs, fold-backs, and translocations. I found that several megabase-

scale deletions are viable in haploid cells for growth in culture. More broadly, I defined the 

characteristics of tolerated structural variation by comparing sequence, gene annotation, 

regulatory, mutational constraint, and conservation features between generated and surviving 

variants. Finally, I characterized clones with several large Cre-induced rearrangements, including 

an isochromosome, and found that variants strongly affected gene expression when they modified 

copy numbers but did not influence the expression of nearby genes. 
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Prime editing is currently the most versatile genome editing technology because it enables direct 

search and replace operations on DNA. Here, I used it to insert thousands of sequences into the 

same genome, obtaining engineered cell lines with the highest number of novel sequence 

insertions that I am aware of. The integrated recombinase sites made it possible to scramble a 

mammalian genome for the first time, a starting point of forays into the vast space of potential 

genomes for biotechnology and basic research. Manipulation of genomes at this scale was 

previously only achievable through de novo genome synthesis in a genome 0.3% the size of ours 

(Richardson et al. 2017; Y. Zhao et al. 2023; Schindler et al. 2023). 

 

Our strategy to scramble the human genome to generate thousands of distinct structural variants 

for study gives an inroad to illuminate the extensive but understudied non-coding genome. In one 

such experiment, I detected more than 200 deletions and 500 inversions that together span 4 or 9 

gigabases of sequence, several times the size of the entire human genome. So far, most of our 

knowledge on structural variation comes from heavily pre-selected germline variants in the 

human population (1000 Genomes Project Consortium et al. 2010; Sudmant et al. 2015; R. L. 

Collins et al. 2020; Abel et al. 2020; Vanderstichele et al. 2023) or somatic variants in cancers 

(Y. Li et al. 2020; Cosenza, Rodriguez-Martin, and Korbel 2022)  that represent the small fraction 

of all variants that are compatible with survival. In contrast, Cre-induced rearrangements at early 

time points have not yet entered the selective ratchet, and the vast majority of the initially diverse 

landscape of genomic alterations did not persist over two weeks in culture. Still, the remaining 

deletions and inversions together affected over 3% and 12% of the genome, respectively - more 

than the protein-coding sequences combined. The advantage of the strategy presented here is that 

the persisting variants can be directly compared against the baseline of all generated ones to 

illuminate the selection pressures acting on the genome. For example, I saw that the remaining 

variants were enriched in quiescent and heterochromatic regions and avoided coding regions as 

well as gene regulatory elements. 

 

Alongside deletions, inversions, translocations, and fold-backs, Cre recombination also created 

hundreds of ecDNAs. Most of these ecDNAs lack centromeres and cannot be actively separated 

upon cell division. Accordingly, they did not persist in the context of the transformed human cell 

lines used as models here. Yet, ecDNAs are common and associated with poorer prognosis in 

human cancers where their uneven distribution across daughter cells can boost copy numbers into 

the hundreds, amplifying underlying oncogenes such as EGFR, MDM2, and MYC (H. Kim et al. 

2020; Yi et al. 2022). A recent study used a similar Cre-lox system to engineer ecDNAs in primary 

cells and demonstrated that ecDNAs containing MDM2 would accumulate over several weeks 

and help the primary cells overcome p53-dependent senescence (Pradella et al. 2023). Genome-
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wide scramble in more primary cell types could identify regions that are positively selected for 

when amplified as ecDNA, and shed light on the genesis, propagation, and biology of ecDNAs. 

 

I engineered, scrambled, and characterized the effects of structural variants and aneuploidies on 

the survival and gene expression of two cell lines. While insights from these cell lines will be 

highly valuable for bioproduction (HEK293T) and basic research (HAP1), both are transformed 

cells with abnormal karyotypes. Regulatory sequences are highly context-specific (Boix et al. 

2021) and sequences that can be deleted in one cell line might be essential in another context. To 

generalize towards more contexts, my collaborator Raphael Feirrera from the Church lab (Harvard 

Medical School) attempted to expand the method to stem cells (fibroblasts and iPSCs). While the 

transformed cells described in this chapter were able to tolerate highly multiplexed prime editing, 

non-cancerous cells exhibited substantial cytotoxicity. This suggests that non-cancerous cells may 

possess distinctive DNA repair mechanisms or heightened stress responses upon extensive 

nicking, consistent with previous work showing that catalytically inactive Cas9 is required for 

successful editing in iPSCs using the same sgRNA (Smith et al. 2020). Notably, HAP1 and 

HEK293T cells harbor multiple mutations known to inhibit apoptosis and promote cell survival 

(Carette et al. 2011; DuBridge et al. 1987) and future endeavors in stem and primary cells would 

require strategies to prevent apoptosis in response to extensive genomic nicking. Nevertheless, 

the HAP1 model system has been instrumental for the classification of pathogenicity in protein 

variants (Radford et al. 2022; Buckley et al. 2023; Findlay et al. 2018) and findings on the 

properties of tolerated structural changes should also generalize more broadly.  

 

The size, number, and diversity of variants that can be created is a function of the number of 

integrated loxPsym sequences. In the HAP1-loxPsym(301) clone, recombinase sites are separated 

by a median of 7 Mb, expected to contain over 40 genes, several of which are essential. This is in 

contrast to the synthetic yeast chromosomes where loxPsym sites are only separated by a few 

hundred base pairs (J. S. Dymond et al. 2011). Several improvements to prime editing and 

pegRNA design have been published in the meantime (Doman et al. 2023; Mathis, Allam, 

Kissling, et al. 2023; G. Yu et al. 2023; Mathis, Allam, Tálas, et al. 2023) which should all make 

it easier to insert a higher number of sequences with prime editing of repetitive elements. Here I 

focused on LINE-1 retrotransposons, but other repetitive elements (Alu sequences, endogenous 

retrovirus, and various types of microsatellites) could also be targeted (Zou et al. 2022; Niu et al. 

2017). An approach incorporating multiple types of repetitive elements, each with a unique 

genomic distribution, could enhance the number of rearrangement anchors and achieve a more 

diverse landscape of rearrangements. 
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Unlike evolution through point mutations, structural changes generated by scrambling can 

simultaneously affect tens to hundreds of genes and megabases of non-coding regions. By 

exploring a much larger mutational space genome scrambling enables a more comprehensive 

assessment of a phenotypic landscape. I envision that these properties open up exciting 

possibilities in two major applications.  

 

First, scrambling can generate novel cell lines with evolved properties. By coupling scrambling 

as a source of sequence diversity to phenotypic selection, cellular properties could be optimized 

and the resulting evolutionary paths analyzed for a better understanding of genotype-phenotype 

landscapes. These types of experiments have already been successful in yeast strains with 

synthetic chromosomes (W. Liu et al. 2018; Gowers et al. 2020; Kang et al. 2022; Ma et al. 2019). 

In mammalian cells, scrambling could shed light on mechanisms of drug resistance, and growth 

under adverse conditions (e.g. in minimal medium), or help in biomanufacturing. For example, 

the HEK293 derivative cell lines are used to produce the ChAdOx1 nCoV-19 vaccine (Michalik 

et al. 2022), as well as a wide range of proteins (Tan et al. 2021). 

 

Second, the random generation of large deletions opens up the exciting possibility of assaying the 

essentiality of sequences genome-wide. With an increasing diversity and density of recombinase 

site positions across a population of cells, the generation of 10,000s of deletions spanning the 

genome many times over becomes feasible. By measuring variant dropout, genome-wide maps of 

essentiality could be built. Such essentiality maps, like the maps being generated from saturation 

genome editing studies (Fowler et al. 2023), will be invaluable for the interpretation of pathogenic 

variants and provide a deeper understanding of genome structure and function.  
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3.4 Methods 

Cell lines 
HEK293T cells were acquired from AMS Biotechnology (AMS.EP-CL-0005) and the HAP1 

∆MLH1 cell line was purchased from Horizon Discovery (HZGHC000343c022). HEK293T cells 

were cultured in DMEM (Invitrogen) and HAP1 cells in IMDM (Invitrogen), both supplemented 

with 10% FCS (Invitrogen), 2 mM glutamine (Invitrogen), 100 U/ml penicillin and 100 mg/ml 

streptomycin (Invitrogen) at 37 °C and 5% CO2. 

 

Compounds 
Palbociclib (S1116 Selleck), Paclitaxel (Cambridge Bioscience), Doxycycline (Selleckchem), 

Pifithrin-alpha (Merck Life Science UK Limited, P4359-5MG) were dissolved in DMSO to 

generate stock solutions of 10 mM. Pyromycine (ThermoFisher) was dissolved in water to a 

concentration of 10 mM and used at 2 µg/ml. 

 

pegRNA cloning 
Regular pegRNAs for transient transfection were cloned using golden gate assembly as described 

in (Anzalone et al. 2019). Briefly, for each pegRNA, forward and reverse oligonucleotides were 

ordered for the spacer, scaffold, and 3’-extensions (Integrated DNA Technologies or Merck). The 

pegRNA acceptor plasmid (Addgene #132777) was linearized with BsaI, oligonucleotides 

hybridized, and the scaffold phosphorylated. The components were assembled using a golden gate 

reaction (with BsaI and T4 ligase) and transformed into XL10 gold ultracompetent bacteria 

(Agilent). Correct constructs were confirmed by Sanger sequencing. Lentiviral engineered 

pegRNA plasmids were cloned the same way but using a lentiviral epegRNA acceptor construct 

as the starting point (Table 3.3) which was linearized with BsmBI instead of BsaI. In addition, an 

optimized scaffold was used (cr772, gtttaagagctaagctggaaacagcatagcaagtttaaataaggctagtccgtt 

atcaactcgaaagagtggcaccgagtcggtg). 

 

Inserting loxP sites into LINE-1 retrotransposons by transient transfection 
One day before transfection, 500,000 HEK293T cells were plated into each well of a six-well 

plate and two cell pellets with 2 million cells each were frozen for RNA extraction. 2 µg of PE2 

plasmid (Table 3.3) and 500 ng of pegRNA plasmid (Table 3.3) were transfected per well using 

Lipofectamine LTX (Invitrogen, using 2.5 µl plus reagent and 7.5 µl LTX solution). After 3 days, 

cells from 3 wells were frozen for RNA extraction. The remaining 3 wells were split 1:5 and 

replated in a 6-well plate. The remaining cells from the split were frozen for amplicon sequencing. 

The splits and cell pellet freezings were repeated on days 7, 9, and 11. 
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Table 3.3. Plasmids used in this chapter 

Name Description Benchling link Reference 

pPEG-LINE-1-
loxP 

Insertion of loxP 
sequence into LINE-1s 
by tansient transfection 

https://benchling.com/s/seq-
yDBpUYN5dw8wM0ueqCMO?m=slm-
xWV9ro7ehnq2cLCuSaE9 

Chapter 3 

pCMV-PE2 Prime editor 2 plasmid 
for transient transfection 

https://benchling.com/s/seq-
hgB6PmTgl7x0mhNbRgUG?m=slm-
WbcOCQNuzi3g7MwLfu4Y 

Anzalone et al., 
Nature, 2019 

pPB-
TREG3G-
PE2-rtTA3G-
P2A-eGFP 

Piggybac vector with 
doxycyclin-inducible 
prime editor 

https://benchling.com/s/seq-
rCcJG0pk2TUvOSVljikl?m=slm-
2LxVK7M5LvfREDcBRfgX 

Chapter 2 

pCMV-
hyPBase PiggyBac transpoase Not available Yusa et al, Proc Natl 

Acad Sci USA, 2011 

pLenti-PEG-
HEK3-loxP 

Lentiviral guide RNA 
vector to insert a loxP 
sequence into the HEK3 
locus 

https://benchling.com/s/seq-
hcqrsiKZ655IuGHrVd8Q?m=slm-
hGVxYWhbjf6QFKFLYWaO 

Chapter 2 

pLenti-ePEG-
LINE-1-
loxPsym 

Lentiviral guide RNA 
vector to insert the 
loxPsym sequence into 
LINE-1. 

https://benchling.com/s/seq-
ZxDgLLb1ixt6phIbSLSC?m=slm-
PZgJaReU5l3K5Z8jh37e 

Chapter 3 

pLent-ePEG-
acceptor 

Acceptor vector for 
lentiviral epegRNA 
cloning 

https://benchling.com/s/seq-
hMFGqUh7AKlqmrRfEwAb?m=slm-
XVvkjqPa52w1U7sYZB9E 

Chapter 3 

 
Generating HAP1 ∆MLH1 and HEK293T cell lines that stably express prime editor  
HAP1 and HEK293T cell lines expressing prime editors were generated by cotransfecting pCMV-

hyPBase (Yusa et al. 2011) and pPB-TREG3G-PE2-rtTA3G-P2A-eGFP (Table 3.3) (Koeppel et 

al. 2023). First, 500,000 HAP1 ∆MLH1 and HEK293T cells were each seeded into one well of a 

six-well plate one  day before transfection. For each transfection, 3 µg of each plasmid was mixed 

with 6 µl of Plus reagent and 7.5 µl of Lipofectamine LTX (Invitrogen) reagent, incubated for 

30 min, and then added to the cells. At two weeks post-transfection, cells were sorted into single 

clones based on eGFP expression. 

 

Table 3.4. Oligonucleotides used in this chapter 

ID Name Sequence Function 

P1 HEK3_F ATGTGGGCTGCCTAGAAAGG Amplification of the HEK3 locus to assess 
editing rate of prime editing clones 

P2 HEK3_R CCCAGCCAAACTTGTCAACC Amplification of the HEK3 locus to assess 
editing rate of prime editing clones 

P3 LINE-1_F_S1 
ACACTCTTTCCCTACACGACGCTCTTCC
GATCTAAAGAGTCCAGGACCAGATGGAT 

Amplification sequencing of LINE-1s to 
assess loxPsym insertion rates (1 nt stagger) 

P4 LINE-1_F_S7 
ACACTCTTTCCCTACACGACGCTCTTCC
GATCTGACGACAAAGAGTCCAGGACCAG
ATGGAT 

Amplification sequencing of LINE-1s to 
assess loxPsym insertion rates (7 nt stagger) 
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P5 LINE-1_R 
GAGATCGGTCTCGGCATTCCTGCTGAAC
CGCTCTTCCGATCTCCCGGCTTTGGTAT
CAGAATG 

Amplification sequencing of LINE-1s to 
assess loxPsym insertion rates 

P6 PE1.0 
AATGATACGGCGACCACCGAGATCTACA
CTCTTTCCCTACACGACGCTCTTCCGAT
C*T 

Indexing primer for NGS 

P7 Rev primer 
CAAGCAGAAGACGGCATACGAGATN10G
AGATCGGTCTCGGCATTCCTGCTGAACC
GCTCTTCCGATC T 

Indexing primer for NGS 

 

Lentivirus production 

Lentivirus was produced as outlined in section 2.4 (page 58). 

 

Flow cytometry 
Samples were run on the CytoFLEX Flow Cytometer (Beckman) for analysis. The data was 

acquired with the CytExpert software and analyzed with FlowJo V10 or CytoExploreR. Events 

were first gated for cells based on forward and side scatter. Next, singlets were distinguished from 

doublets based on the width and height of the side scatter light. Finally, cells were analyzed for 

their respective fluorescence channels. Sensitivity was set so that the mean fluorescence intensity 

of the negative population was around 101 - 103. Cells were sorted for single clones on either Sony 

MA900, Sony SH800S, or MoFlo XDP. I had assistance from the flow cytometry core facility for 

sorts on MoFlo XDP. 

 

LINE-1 editing time course 
500,000 HAP1 and HEK293T cells stably expressing PiggyBac-integrated prime editor and 

pLenti-ePEG-LINE-1-loxPsym were seeded into 6 well plates and editing was induced with 1 µM 

doxycyclin in the presence of 10 µM PFT-alpha. The cells were split every 2 or 4 days and 

reseeded at approximately 30% confluency. The remaining cells were harvested for sgRNA 

extraction and analysis. Cell culture work for this experiment was done by Gareth Girling, a 

technical specialist from our laboratory. 

 

Amplicon sequencing of LINE-1s 
Genomic DNA was either extracted from cell pellets using the DNeasy Blood & Tissue kit 

(Qiagen) with the addition of 50 µg RNaseA in the pellet resuspension step or cell pellets were 

prepared by direct lysis using home-made quick extract buffer (1 mM CaCl2, 3 mM MgCl2, 1 mM 

EDTA, 1% Triton X-100, 10 mM Tris pH 7.5) with freshly added proteinase K (0.2 mg/ml) 

followed by 15 min incubation at 65°C and 20 min incubation at 95°C. For library preparation, 3 

µl of genomic DNA (~ 30 ng) or 3 µl of direct lysis extract were used as templates in 50 µl PCR 

reactions using KAPA HiFi HotStart ReadyMix (Roche), primers P3/4 and P5 (Table 3.4). This 
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first PCR was run for 16-19 cycles (3min 95°C, 18x(20sec 98°C, 15sec 66°C, 30sec 72°C), 5min 

72°C) and then purified with Agencourt AMPure XP beads in 1:1 ratio (beads to PCR reaction 

volume). Sequencing adaptors and barcodes were added with a second round of PCR using the 

KAPA HiFi HotStart ReadyMix (Roche), primers P6 and P7 (Table 3.4), and 1 µl of the purified 

first PCR product as template. Amplicons were purified with Agencourt AMPure XP beads in 1:1 

ratio (beads to PCR reaction volume) and quantified using the Nanodrop 2000. The amplicons 

were pooled together and sequenced on the Illumina MiSeq 2500 (500 cycles, 250 paired-end). 

 

Scramble time course with TAT-Cre protein 
Without Cre reporter: HAP1 cells with 301 monoclonal loxPsym site integrations (HAP1-

loxPsym(301)) were plated in 6 well plates with 1.5 million cells per well in 1.5 ml of IMDM 

medium supplemented with FBS. 5 µM or 2 µM of TAT-Cre protein (Cambridge Biochemistry 

Department) was added to the cells. The TAT-Cre-containing medium was removed 4 hours after 

induction and replaced with 2 ml of fresh medium. Cells were trypsinized and seeded into T150 

flasks after 16 hours and harvested and split at the indicated time points. 

 

With Cre reporter: HAP1 cells with 301 monoclonal and HEK293T cells with 638 monoallelic 

loxPsym site integrations and expressing the tBFP-Cre reporter construct (HAP1-loxPsym(301)R 

and HEK293T-loxPsym-638R) were plated in 6 well plates with 1.5 million cells per well in 1.5 

ml of IMDM medium without FBS. 1 µM TAT-Cre protein was added to the cells 30 minutes 

after seeding and removed 4 hours later. 2 ml of fresh medium containing FBS was added to the 

cells. The cells were trypsinized and seeded into T150 flasks after 16 hours. The cells were 

harvested and split at the indicated time points and the fraction of BFP-positive cells was 

monitored by flow cytometry. HEK293T-loxPsym-638R and HAP1-loxPsym(301)R cells were 

sorted for BFP-positive cells at day 13 and day 15 respectively. 

 

Cell cycle inhibition 
500,000 HAP1-loxPsym(301) cells were plated in each well of a 6-well plate. One day later, 3 

wells were treated with 500 nM palbociclib for 24 hours. To confirm cell cycle inhibition, one 

well of cells was harvested, stained for DNA (Hoechst-33342), and analyzed using flow 

cytometry. For the remaining wells, the medium was replaced with IMDM without FBS. After 1 

hour, 1 µM TAT-Cre protein was added to the cells and removed 4 hours later. Palbociclib was 

kept in the media throughout the process. To remove extracellular Cre, cells were incubated in 

TrypLE Express (Theromfisher) for 10 minutes. Fresh media containing Palbociclib was added 

to the cells. 16 hours later, the cells were trypsinized. 2 million cells were harvested for long-read 

sequencing and the rest were plated in larger flasks and grown in full media without Palbociclib 

to restart the cell cycle. 
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High molecular weight DNA extraction 
Between 2 and 4 million cells were harvested by centrifugation and high molecular weight 

(HMW) genomic DNA was extracted using the Monarch High Molecular Weight DNA 

Extraction kit (New England BioLabs) and agitation speeds of 1,500-2,000 rpm. 

 

Long read whole-genome sequencing 
HMW DNA was sheared to 20 kb using Covaris G-Tubes (for shallow-depth sequencing with 

MinION) or using the Megaruptor 3 (Diagenode; for high-depth sequencing with PromethION). 

Nanopore sequencing libraries were prepared using the Ligation Sequencing Kit V14 (Oxford 

Nanopore) and sequenced on the MinION Mk1B using R10.4.1 flow cells (FLO-MIN114) or on 

the PromethION. Base calling was performed using the ‘Super high accuracy model’ 

(dna_r10.4.1_e8.2_400bps_sup.cfg) of the guppy basecaller (versions 6.3.8 or 6.4.6). 

 

Identification of insertion sites for loxPsym sites 
Long-read whole genome sequencing fastq files were aligned to the hg38 reference genome using 

minimap2 (H. Li 2016, 2018). The resulting sam files were sorted and compressed into bam files 

using samtools (H. Li et al. 2009). Structural variants were called with relaxed settings using 

Sniffles2 (Smolka et al. 2023) with the --non-germline --phase --output-rnames --tandem-repeats 

--minsupport 1 --minsvlen 25 parameters. Custom R scripts were used to identify loxPsym 

insertion sites and call Cre-induced rearrangements. For the identification of insertion sites, 

R::agrep with the max.distance = 0.2 option was used to find variants that contain 

‘TAACTTCGTATAATGTACATTATACGAAGTTA’ in the ALT sequence and subsequently 

filtered for insertions < 50 nt. Clonal insertions in HAP1 were defined as sites with >5 supporting 

reads and an allele frequency of > 0.5. Clonal insertions in HEK293T were defined as sites with 

at least 3 supporting reads and an allele frequency of > 0.1. Insertion sites are deposited as Data 

S1. 

 

Identification of Cre-induced variants 
Raw structural variants were called using nanomonsv (Shiraishi et al. 2023). The unscrambled 

parentals were considered as control and the scrambled cell lines as tumor. One supporting read 

was required for the tumor and 0 for the control and a panel of normals (Shiraishi et al. 2023). 

The raw structural variants were filtered to (1) contain fragments of a loxPsym site at the break 

junction (“TAACTTCGTAT | ATACGAAGTTA | AATGTACATTAT | GTATAATGTAC”) (2) 

Start and end within 300 bp of a nicking site of the LINE-1 targeting pegRNA (allowing 3 

mismatches to the protospacer). (3) Do not have coverages higher than 5x the average sequencing 
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depth (regions with higher depth are usually ambiguously mapped). (4) Are located on 

chromosomes 1-22 + X, Y. A schematic of the variant calling process is shown in Figure 3.11. 

 

Further genome analysis. 
Coverages were estimated using samtools bedcov, considering reads with at least quality 10 and 

binning in 10 kb windows. For plotting, depth was calculated using mosdepth (0.3.3 (Pedersen 

and Quinlan 2018)) and 50 kb binning windows. B allele frequencies were calculated using amber 

in tumor-only mode (Cameron et al. 2019). The 4DNFI1E6NJQJ HiC data set was used for HAP1 

cells and visualized using plotgardner (Kramer et al. 2022). 

 

Simulations of contact frequency and 3D distance 
A matrix of all possible recombinations was generated by simulating rearrangements for all pairs 

of loxPsym sites on each chromosome. In the naive model, each variant was equally likely. The 

observed rearrangements were then compared to all possible ones. For the exponential decay 

model, the simulated rearrangements were adjusted to decrease in frequency of occurrence with 

increased distance (between 20% and 0.1% per Mb in 0.1% increments). The distributions 

resulting from simulations were compared to the observed data and their Wasserstein distance 

was calculated. Pearson correlations between the number of sequencing reads (0 if no 

rearrangement between a given pair was observed) and the logarithms of variant length or Hi-C 

read pair numbers (4D nucleome, 4DNFI1E6NJQJ) were estimated using a linear model. 

 

Cas9-enrichment long-read sequencing of edited LINE-1s 
Cas9-enrichment was performed according to the Cas9 sequencing kit protocol (CAS9106 

Protocolv109, Oxford Nanopore Technologies). Briefly, HMW DNA was sheared to 20 kb using 

Covaris G-Tubes, and 5 µg was dephosphorylated. ALT-R tracrRNA and crRNA targeting LINE-

1s with a loxPsym site insertion (ACATTATACGAAGTTATAGG) were ordered from 

Integrated DNA Technologies (IDT) and complexed with HifiCas9 V3 (Integrated DNA 

Technologies) to form RNPs. Dephosphorylated DNA was treated with Cas9 RNPs for 1 hour at 

37˚C. Sequencing adapters were ligated to the cut DNA. The ligation step was extended to 1 hour 

at room temperature. The libraries were then purified using Ampure XP beads (Agilent), washed 

with Long fragment buffer, and eluted in elution buffer for 1 hour. The libraries were sequenced 

with the MinION Mk1B using R9.4.1 flow cells (FLO-MIN106). Base calling was performed 

using the ‘Super high accuracy model’ (dna_r10.4.1_e8.2_400bps_sup.cfg) of the guppy 

basecaller (versions 6.3.8 or 6.4.6). The resulting read files were filtered with seqkit to only 

contain reads that cover LINE-1s by matching the following sequence 

(“AGGAGGAACTGGTACCATTCCTTCTGAAACTATT”) while allowing up to 3 
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mismatches. The filtered read file was aligned to the hg38 reference genome (Dec. 2013 

GRCh38/hg38) using minimap2. The number of reads covering each LINE-1s with up to two 

mismatches from the protospacer (Data S3) was then determined using bedtools multicov 

(Quinlan and Hall 2010) requiring a mapping quality score of at least 5. 

 

Chromatin states and epigenetic analyses 
The following publicly available datasets were collected: HEK293T: DNase-seq ENCFF969MBJ, 

H3K4me1-ChIP-seq SRR10981645, H3K36me3-ChIP-seq SRR5627148, H3K9me3-ChIP-seq 

SRR11453034, H3K27me3-ChIP-seq SRR8937480, H3K4me3-ChIP-seq SRR8937479, and 

H3K27ac-ChIP-seq SRR1016003. HAP1: DNase-seq ENCFF162WTC, H3K4me1-ChIP-seq 

ENCFF639UYT, H3K36me3-ChIP-seq ENCFF216JJJ, H3K9me3-ChIP-seq ENCFF528UHF, 

H3K27me3-ChIP-seq ENCFF708HAB, H3K4me3-ChIP-seq ENCFF461TZF, and H3K27ac-

ChIP-seq ENCFF742SZS (Table 3.1) (ENCODE Project Consortium 2012; J. Zhang et al. 2020). 

For data sets from ENCODE, hg38-aligned bam files were downloaded and for data sets from the 

sequence read archive, fastq files were downloaded and aligned to the hg38 genome build using 

bwa-mem. The resulting bam files were binarized using ChromHMM and a 15-state model was 

learned (Figure 3.9). In addition, the GSM4625025 for CTCF-ChIP-seq in HAP1 and 

ENCSR000DTW for CTCF-ChIP-seq in HEK293T data sets were visualized in IGV. 

 

For the comparison of epigenetic states in edited (> 1 read in the Cas9 sequencing experiment) 

and non-edited LINE-1s (0 reads in the Cas9 sequencing experiment), the fraction of nucleotides 

in each ChromHMM state was calculated across a sequence window consisting of the LINE-1s 

and 3 kb of flanking sequence (to mitigate possible misalignment of short read data in repetitive 

LINE-1s). States that were found in less than 10 edited LINE-1s were filtered out. Enrichments 

(risk ratios) were calculated by dividing the fraction in each state across edited and non-edited 

LINE-1s. 

 

RNA sequencing 
RNA was extracted from 2-5 million flash-frozen cells using the RNeasy plus mini kit (Qiagen). 

Libraries were prepared using the New England BioLabsNext® Ultra™ II Directional RNA 

Library Prep Kit for Illumina (New Englands Biolabs), multiplexed, and sequenced on two 

Illumina-HTP Novaseq 6000 lanes using 150 bp paired end reads. The median insert size was 280 

bp (quartiles 231, 355). Between 58 and 191 million reads were generated per sample. Salmon 

(2.0.0 (Patro et al. 2017)) was used to quantify transcripts against a salmon index built for the 

hg38 human reference genome. Further analysis was done using custom R scripts. Transcripts 

were collapsed to gene level using tximport (1.22.0) (Data S5). Normalization (rlog) and 

differential expression analysis was performed using DESeq2 (1.34.0). The ensembl v110 release 
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was used for gene structure annotation (imported into R using biomaRt (2.50.3). For all analyses 

involving genes, the gene lists were filtered to contain only "protein_coding", "lncRNA", 

"snRNA", "snoRNA", "miRNA", "rRNA", "ribozyme" genes with expression base means > 20. 

Gene set enrichment analysis was done using fgsea (1.20.0) and the h.all.v2022.1.Hs.symbols.gmt 

gene set (https://data.broadinstitute.org/gsea-msigdb/msigdb/release/2022.1.Hs/) 

 

Features of structural variants  
To understand the selection effects acting on structural variants Thomas Vanderstichele, a PhD 

student from the Davenport lab, conducted an enrichment analysis across 47 features comparing 

variants that I observed at early and late time points. PhyloP conservation scores were downloaded 

from the University of Santa Cruz genome browser (Pollard et al. 2010) and each structural variant 

was annotated with the mean, median, and max across all overlapping bases. The fraction of 

conserved elements overlapping each structural variant was computed using GERP++ conserved 

elements (Davydov et al. 2010). The fraction of each structural variant overlapping human 

accelerated regions was computed using annotations from Girskis et al. (Girskis et al. 2021). 

Constraint z-scores passing all quality control checks for coding and non-coding regions were 

downloaded from gnomAD (S. Chen et al. 2022). Structural variants were annotated with the 

maximum, median, and mean gnomAD z-score across all overlapping 1 kb windows as well as 

the fraction of windows with a z-score greater than 2, 3, and 4. Gene features (exon, 5’ UTR, 3’ 

UTR, stop codon, start codon, CDS, and gene) were computed as the fraction overlapping each 

structural variant using GENCODE release v44 (Harrow et al. 2012). The fraction of each 

structural variant overlapping super-enhancers was calculated using annotations from SEdb 2.0 

(Y. Wang et al. 2023). The fractional overlap of each structural variant over TAD boundaries, 

A/B compartments, and lamina-associated domains from HAP1 cells was calculated using data 

from the 4D nucleome project (Sanborn et al. 2015; Reiff et al. 2022; van Schaik et al. 2020). The 

fraction of the structural variant overlapping CpG islands was computed using annotations from 

the University of Santa Cruz genome browser (Gardiner-Garden and Frommer 1987). The mean 

GC content across each SV was calculated using data from the UCSC genome browser. 

 

Candidate cis-regulatory elements in HAP1 cells were downloaded from ENCODE and for each 

variant, the fractional overlap over each type of element was computed (ENCODE Project 

Consortium et al. 2020). The fractional overlap over chromatin states was computed using the 

HAP1 chromHMM annotation described previously. Finally, the length of the structural variant 

was included as a feature. Thomas tested for enrichment for deletions and inversions separately, 

normalizing each feature within each variant class. Thomas performed logistic regression 

modeling whether the structural variant was observed at an early or late time point as a function 
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of each feature individually. 95% confidence intervals for the fitted parameters were calculated 

using the standard normal distribution. 

 

HAP1 essentiality screen 
This screen was performed by Elin Madi Peets. The screening procedures are described in more 

detail in (Peets et al. 2019). The screen in HAP1 cells is briefly described here. 20M Hap1-Cas+ 

cells were transduced in two biological replicates using a spinfection in 6 well plates with 

lentivirus aiming for a multiplicity of infection of 0.3. The spinfection was carried out at room 

temperature for 30 minutes spinning at 1000g and the cells were supplemented with 8 µg/ml 

polybrene (hexadimethrine bromide, Sigma). 2 µg/ml puromycin was added to the cells 24 hours 

post-infection. 2 µg/ml puromycin was kept in the media throughout the screen. Cells were grown 

for 14 days and time points were taken at days 3, 7, 10, and 14 post-infection. For each time point, 

at least 24 million cells were harvested. To derive essentiality scores, the fold changes of guide 

abundance in sequencing reads between day 14 and the plasmid library were calculated for six 

independent guides per gene and collapsed to gene level by taking the average. Finally, the two 

biological replicates were merged by taking the average gene-level fold change (Data S6). 

 

Isolation of scrambled clones 
13 days after scrambling (see section Scramble time course with TAT-Cre protein), Cre reporter 

expressing cells were single-cell sorted for tBFP expression (indicating successful Cre 

recombination) and haploidy (based on cell size in forward and side scatter) into 96-well plates 

containing 200 µl of growth medium per well. Cells were transferred to flasks after visible 

colonies were formed. High molecular weight DNA was extracted as above. Clones were 

sequenced at 3-5x whole genome coverage either on the minion or on the PromethION after 

pooling the DNA from various clones. I had help from Gareth Girling, a technical specialist in 

our lab, for culturing of clones. 

  

Competition assay between scrambled clones and parental cells 
Scrambled clones (tBFP-positive from the rearranged Cre reporter) were mixed with parental cells 

that do not express the Cre-reporter (tBFP-negative) in a 50:50 ratio and grown for 7 days. The 

cell ratio of parental to scrambled cells was determined on the indicated days by flow cytometry 

for tBFP expression. 
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G-band karyotyping 
Complex G-band karyotyping was performed and analyzed by Karyologic, Inc. from samples of 

cryopreserved cells. 

 

Software 
Genomics: bwa (0.7.17), Benchling (accessed between 2019-2023), bedtools (v2.29.0), 

ChromHMM (1.24), guppy (6.3.8 and 6.4.6), minimap2 (2.22), mosdepth (0.3.3), sniffles2 

(2.0.7), samtools (1.14), salmon, seqkit (v.2.0.0), IGV (2.16.2), R (4.1.3), nanomonsv (0.6.0). 

 

Flow cytometry: FlowJo (v10), CytoExploreR (1.1.0). CytExpert. 

 

R packages: biomaRt (2.50.3), DESeq2 (1.34.0), fgsea (1.20.0), ggrepel (0.9.3), ggpointdensity 

(0.1.0), plotgardnerer (1.4.2), plyranges (1.14.0), Repitools (1.40.0), ShortRead (1.46.0), spgs 

(1.0-3), StructalVariantAnnotation (1.10.1), tidyverse (1.3.2), VariantAnnotation (1.40.0), viridis 

(0.6.2), tximport (1.22.0)
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4 

 Randomizing gene regulatory regions 
using prime editing 

 

The genome scramble strategy is powerful and unique because we can generate thousands of 
structural variants in one experiment that collectively cover gigabases of sequence. However, the 
events are random, distributed across the entire genome, and do not have enough granularity to 
gain a detailed understanding of individual regulatory regions. We can use the same basic 
ingredients of prime editing to insert multiple recombinase recognition sequences, recombinases 
to shuffle sequences, and long-read sequencing to understand the resulting variants to devise a 
complementary strategy to illuminate regulatory regions at high granularity. 
  
Enhancer clusters recruit transcription factors and activate genes from afar. However, it is not 
well understood how individual enhancers within a cluster interact and how their spacing and 
relative orientations drive gene expression. To answer these questions, I used prime editing to tile 
an enhancer cluster in the OTX2 homeobox gene with symmetrical loxP sites. Induction of Cre 
recombinase in the engineered cell lines resulted in stochastic inversions and deletions within the 
enhancer cluster. I then used Oxford nanopore long-read sequencing with Cas9-based enrichment 
and methyl-transferase treatment of chromatin to simultaneously map new architectures of the 
enhancer cluster and detect their associated methylation levels and chromatin accessibility. In 
what follows, I discovered and characterized novel enhancer architectures with differential OTX2 
expression. These findings demonstrate the feasibility of highly efficient, multiplexed prime 
insertions, and will shed light on the grammar of gene expression for regulatory elements. 
 
I had help from Mélanie Gouley and Valentin Reberning, two excellent master's and bachelor's 
students whom I supervised. I generated the majority of data, analyzed all the data, and made all 
the plots in this chapter; Mélanie and Valentin designed and cloned constructs for five pegRNAs 
encoding loxPsym insertions; Mélanie helped with the generation and characterization of the 
prime editing HAP1 ∆MLH1 cell line and performed a proof of concept nanopore sequencing 
experiment (data is not included here); Valentin helped with the isolation of clones with two and 
three loxPsym insertions, clones with deletions after scrambling of cell lines with three loxPsym 
sites, and OTX2 qPCRs. All these experiments were done under my direct supervision. 
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4.1 Introduction 

To ensure genes are expressed in the appropriate dose at the right time and place, a diverse set of 

regulatory elements act in concert to modulate the expression of their target genes. Mutations that 

disrupt this process can cause disease and developmental defects (Banerji, Olson, and Schaffner 

1983; Gillies et al. 1983; Kioussis et al. 1983; Lettice et al. 2003). The potential of individual 

regulatory elements to drive gene expression can be measured accurately and at a massive scale 

(Melnikov et al. 2012). However, it is unclear how elements interact with each other, and how 

their embedding in the 3D genome, spacing from each other, and relative orientations come 

together to drive gene expression. 

 

This lack of understanding is rooted in the strategies that are currently used to study gene 

regulatory regions. MPRAs are highly scalable but do not capture the endogenous context 

(Melnikov et al. 2012; Patwardhan et al. 2012). Genomic manipulation of regulatory elements 

retains the context, but the types of edits that are possible are usually limited to deleting, 

inactivating, or activating elements (Lopes, Korkmaz, and Agami 2016). Thus, genetic 

manipulation offers limited clues to questions about the relevance of orientation, distance to the 

target gene, or interactions between elements. Synthetic reconstitution attempts to design and 

synthesize many variations of a large gene locus, bring them into cells, and subsequently test their 

ability to recapitulate the behavior of the endogenous locus (Pinglay et al. 2022; Brosh et al. 2023; 

Ordoñez et al. 2023; Blayney et al. 2023). Reconstitution is a great strategy to dissect interactions 

and context of elements but building loci from scratch is still difficult and requires infrastructure 

and expertise for a series of model organisms (yeasts, bacteria, mammalian cells). 

 

Ideally, a strategy would create hundreds of regulatory architectures of a locus right in the 

endogenous context (Figure 4.1). The combination of prime editing, recombinases, and scalable 

phenotyping should fit this requirement. Prime editing is a genome engineering technology that 

enables the precise insertions of short sequences (such as the loxPsym site) at programmable 

target sites without requiring an external DNA donor (Anzalone et al. 2019, 2022; Yarnall et al. 

2022; Koeppel et al. 2023). Once multiple loxPsym sites are integrated into a regulatory region 

using prime editing, Cre recombinase induction will stochastically delete and invert DNA 

sequence between any possible pair of sites. 
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Figure 4.1 Combining prime editing with Cre recombinase to scramble regulatory regions. 
Schematic of a regulatory region of interest with five enhancers (blue boxes) and a gene of interest 
(brown box). Prime editors (schematic) can be used to insert loxPsym sites (white diamonds) and 
Cre recombinase will create diverse enhancer architectures. 

 

Long-read sequencing of native DNA molecules can be used to simultaneously map the stochastic 

rearrangements generated by Cre as well as CpG methylation of single DNA molecules (Simpson 

et al. 2017; Rand et al. 2017) without the bias of PCR amplification. An additional layer of 

information on chromatin accessibility from the same DNA molecules can be gained by first 

treating the nuclei with a bacterial N6-adenine methyltransferase (m6A) which preferentially 

methylates adenines within accessible chromatin (Stergachis et al. 2020; I. Lee et al. 2020). Since 

human DNA is almost completely devoid of m6A modifications, it can be used as a proxy for 

chromatin accessibility.  

 

Sequencing larger loci of interest (>10 kb) while preserving full-length sequencing reads and 

native DNA modifications remains a major challenge. Nanopore Cas9-targeted sequencing 

enables this at moderate throughput (Gilpatrick et al. 2020). Here, genomic DNA is first 

dephosphorylated and incubated with Cas9 and cr::trRNAs to cut out the site of interest in vitro, 

releasing DNA ends that are accessible for sequencing adaptor ligation. Combining Cas9 

enrichment with single-molecule DNA modification calling makes it possible to reconstruct the 

novel regulatory architecture and its associated level of DNA accessibility and CpG methylation, 

all from single molecules in pools of cells harboring diverse genetic variants.  
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Figure 4.2 Targeted sequencing. Schematic of a Cas9-enrichment protocol that combines 
accessibility information. First nuclei are extracted and treated with a N6A methyltransferase. High 
molecular weight DNA is extracted, dephosphorylated, and cut with Cas9. Only freshly cut sites 
will be phosphorylated and can ligate with sequencing adaptors. 

 

Here, I tiled a 70 kb regulatory region of the OTX2 gene with six loxPsym sites and created tens 

of novel architectures, which I could link to levels of OTX2 expression. For three deletions, I 

could further distinguish differences in CpG methylation and accessibility. Mapping 

rearrangements to associated expression changes highlighted three enhancers in an enhancer 

cluster which contributed to 50% of OTX2 expression. Deleting remaining enhancers while 

simultaneously moving the cluster closer to the transcription start site was compatible with strong 

OTX2 expression.  
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4.2 Results 

The OTX2 homeobox transcription factor combined features that made it a good target for 

regulatory randomization. (1) It is well expressed in haploid HAP1 cells (TPM = 151, Figure 4.3a) 

but not essential. (2) OTX2 expression varies widely across cell lines (Barretina et al. 2012) 

(Figure 4.3b) and tissues (Lonsdale et al. 2013) (High expression in the cerebellum, Figure 4.3c), 

suggesting regulatory complexity. (3) OTX2 is a developmental transcription factor that needs to 

be turned on at the right place and time to ensure faithful forebrain development (Beby and 

Lamonerie 2013), and its loss is embryonically lethal in mice (Acampora et al. 1995), further 

suggesting its functional importance and tight regulation. (4) OTX2 does not share a TAD with 

any other protein-coding genes (Figure 4.4a), and the nearest protein-coding genes are 149 kb (5’, 

TMEM260) or 384 kb (3’, EXOC5) away (Table 4.1). (5) The enhancers are clustered, making it 

possible to read out scrambled architectures using single, long sequencing reads (discussed 

below). 

 

 
Figure 4.3. OTX2 expression is highly variable across cell lines and tissues. a. OTX2 
expression (x-axis) in 1406 cancer cell lines (y-axis, sorted by rank). Gray markers represent cell 
lines with the HAP1 cell line indicated in red. b. Gene expression in two replicates of the prime 
editing HAP1 ∆MLH1 cell line (x- and y-axes). Markers represent genes with OTX2 indicated in 
red. c. OTX2 expression (y-axis) in human tissues (Genotype-Tissue Expression project, axis), 
colored by tissue type. Density plots show the distribution of OTX2 expression, and boxplots 
indicate the median and 25th and 75th percentiles. 

 

 



RANDOMIZING GENE REGULATORY REGIONS USING PRIME EDITING 
 

110 

 
Figure 4.4. A complex set of regulatory elements controls OTX2 expression in HAP1 cells. 
a. Top: Triangle heatmap showing the frequency of chromatin interaction read pairs (color 
gradient) within a 149 kb segment encompassing OTX2 and several regulatory elements 
(bottom). b. An integrated genomic profile displaying the region in (a). Tracks from top to bottom 
represent ATAC-seq and DNase-seq data indicating open chromatin regions; histone modification 
marks H3K27ac and H3K4me1 associated with active regulatory elements; ChIP-seq data from 
CTCF; RNA-seq data from prime editing HAP1 ∆MLH1 cells; Gene structure; Chromatin states 
(colors) obtained from ChromHMM. 
 

To map the regulatory architecture of OTX2, I aligned publicly available HAP1 chromatin 

accessibility, histone modification, and CCCTC-binding factor (CTCF) binding data sets 

(Table 3.1) to the OTX2 locus as well as constraint scores from phylogenetic analysis of 240 

placental mammals (Christmas et al. 2023). To condense the information, I trained a genome-
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wide chromatin state model with the chromatin accessibility and modification data (Ernst and 

Kellis 2017) (Figure 3.9). Together these data indicate that in HAP1 cells, several regulatory 

elements cluster together in a 20 kb region 69 kb from the OTX2 transcription start site. In 

addition, several individual regulatory elements are scattered between the cluster and OTX2 gene 

(Figure 4.4b, Table 4.1). I hypothesized that the cluster regulates the expression of OTX2 based 

on physical contact as measured by Hi-C (Figure 4.2a) and chromatin state patterns in 833 

biosamples (Boix et al. 2021). The OTX2 gene, two intermediate enhancers, and the cluster were 

in the polycomb repressed state in the majority of biosamples, except for pluripotent and 

embryonic stem cells as well as retina cells where the OTX2 gene as well as enhancers were in an 

active chromatin state (Figure 4.5). 

 

Table 4.1 Positions of selected features on chromosome 14 around the OTX2 gene 

Feature Start End Explanation 

TMEM260 56,488,354 56,650,606 Nearest protein coding 
gene in 5’ direction 

OTX2 56,799,905 56,816,693 OTX2 gene 

Enhancer 56,827,800 56,830,200  

loxPsym insertion 56,840,403 56,840,404 Added in the second round 
of experiments 

CTCF 56,843,800 56,845,000  

Enhancer 56,847,000 56,848,400  

loxPsym insertion 56,851,953 56,851,954 Added in the second round 
of experiments 

loxPsym insertion 56,864,718 56,864,719 Added in the second round 
of experiments 

CTCF 56,874,400 56,874,800  

loxPsym insertion 56,884,634 56,884,635 3’ of the cluster 

First enhancer in 
cluster 56,885,800 56,886,200 Start of a 20 kb enhancer cluster 

loxPsym insertion 56,898,376 56,898,377 Within the cluster 

Last enhancer in 
cluster 56,905,400 56,906,000 End of a 20 kb enhancer cluster 

loxPsym insertion 56,907,608 56,907,609 5’ of the cluster 

EXOC5 57,200,507 57,268,905 Nearest protein-coding 
gene in 3’ direction 

In the table, enhancers are defined as ‘Enhancer open’ chromHMM states. If more than one 

state were separated by less than 800 bp, they were considered as one enhancer. 
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Figure 4.5. Chromatin states for the OTX2 gene and nearby enhancers in 833 biosamples. 
Chromatin states (colors, according to annotation on left) in 833 biosamples (y-axis, lines) for a 
region of chromosome 14 (chr14:56790000-56940000, x-axis). Aggregated states are shown on 
the top. The OTX2 gene as well as the positions of the enhancer cluster are annotated. 
 

4.2.1 Engineering the OTX2 locus 

To understand how the 20 kb cluster regulates OTX2, I engineered three loxPsym sites and a 

fluorescent reporter into the same haploid HAP1 cell line with genomically integrated 

doxycycline-inducible prime editor that was also used for the prime insertion screen in chapter 

two and genome scrambling in chapter three (Figure 2.2, Figure 4.6a). 

 

First, I chose three locations to place loxPsym sites – two at either end of the cluster and a third 

in the middle – avoiding peaks in ATAC-seq, DNase-seq, H3K27ac ChIP-seq and H3K4me1 

ChIP-seq (Figure 4.4a). The sites were inserted by inducing prime editor expression with 

doxycycline, co-transfecting HAP1 cells with three pegRNAs encoding for loxPsym sequences, 

and measuring efficiencies by capillary electrophoresis of target site amplicons (Figure 4.6a). The 

5’ and internal loxPsym sites were integrated at 32% and 67% efficiency while there was no 

apparent integration for the 3’ site. The edited population was subcloned and a cell with precise 

clonal integrations in both targets was derived as evidenced by Sanger sequencing (Figure 4.6b). 

Using a new design, I achieved 32% editing for the 3’ site and isolated a cell line with clonal 

integration of three loxPsym sequences (Figure 4.6a,b). 

 

Next, to map regulatory architectures to OTX2 expressions, I tagged the endogenous OTX2 gene 

with the T2A self-cleaving peptide and mScarlet. To achieve this, HAP1 cells with three clonal 

loxPsym sites were transfected with an HDR donor and a Cas9-gRNA ribonuclear complex. The 

7.7% mScarlet-positive cells were single-cell sorted and three clones with correct and on-target 

T2A-mScarlet integration were isolated (Figure 4.7). 
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Figure 4.6. Engineering the OTX2 locus. a. Schematic showing the steps of engineering the 
OTX2 regulatory region. (1) Doxycycline-inducible prime editor construct that was integrated into 
HAP1 ∆MLH1 cells using the PiggyBac transposon. (2) Tiling of the cluster with loxPsym sites. 
The percentages shown are estimations of insertion efficiency by capillary electrophoresis. 
Efficiencies deemed sufficient for subcloning are in blue text. (3) Schematic of T2A-mScarlet 
knock-in. b. Sanger sequencing traces for loxPsym site integrations. The top sequence 
represents the hg38 reference sequence and the second sequence is the one determined by 
sequencing. The relative locations of sites are shown in the schematic at the top. 

 

 

 

 
Figure 4.7. Efficient tagging of OTX2 with a fluorophore. Schematic of the steps for deriving 
a cell clone where OTX2 was tagged with T2A-mScarlet. Left side: Schematic of T2A-mScarlet 
knock-in. Scissors represent cutting by Cas9. Right side: Side scatter (y-axis) and mScarlet 
fluorescence (x-axis) for single cells as assessed by flow cytometry. Cells intersecting with the 
mScarlet-positive gate were single-cell sorted and subcloned. 
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4.2.2 Cre induction randomizes the OTX2 enhancer cluster 

With the engineered cell line in place, I could test the ability of Cre recombinase expression to 

induce random structural changes across the enhancer cluster after treatment with 2 µM of 

membrane-permeable TAT-Cre protein for 6 hours. I sequenced the enhancer architecture using 

Cas9-enriched nanopore sequencing after two weeks of recovery in culture (Figure 4.8a) and 

could detect wild-type reads, all expected simple variants (deletions and inversions of the 

enhancer 1-4 (E1234), enhancers 5-7 (E567), or the entire locus (E1234567), as well as complex 

reads that have more than one variant (e.g. a deletion and an inversion, Figure 4.8a). Full deletions 

of the locus were the most frequent (73% of variants). They also result in the shortest reads and 

could therefore be preferentially enriched by Cas9 sequencing. To test this, Valentin Rebernig 

derived 24 clones from the scrambled population and found 12 full deletions by junction PCR 

(50%, Figure 4.8c), confirming their high abundance. The wild-type architecture was the next 

most frequent in the nanopore reads (17%). None of the remaining variants contributed to more 

than 3% of all reads. This frequency distribution could be caused by the instability of intermediate 

states. The two remaining loxPsym sites from a partial deletion could, for example, continue to 

rearrange towards the full deletion. The same would be true for any inversions. 

 

 
Figure 4.8. Cre recombinase induction randomizes the OTX2 enhancer cluster. a. 
Sequencing reads (gray block arrows) in 29 kb of Cas9-enriched sequence aligned to the hg38 
reference genome. Reads with inversions are shaded in pink and purple. Primary and 
supplementary alignments are connected by thin gray lines. Selected reads are annotated for 
variants. The positions of three loxPsym sites are indicated in teal. Relative locations are shown 
in the schematic at the top. b. Fraction of sequencing reads covering the entire locus (y-axis) 
corresponding to each rearrangement (colors). c. Gel electrophoresis image of a junction PCR 
that only yields a 363 bp band if the entire locus was deleted. 
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After two weeks in culture, the rearranged, but not untreated, cells contained populations with 

weaker mScarlet signal (Figure 4.9a), suggesting that some novel enhancer cluster architectures 

are less able to drive OTX2 expression. To separate regulatory configurations by their enhancing 

potential, I sorted the mixed cell pool into four populations based on mScarlet expression 

(Figure 4.9b). Reassuringly, the OTX2 expression levels remained stable across the four bins after 

seven additional days in culture (Figure 4.9c). I harvested the cells and used Cas9 enrichment to 

sequence the enhancer architectures in each sorting bin.  

 

 

 
Figure 4.9. A strategy to separate enhancer variants in a pooled sorting screen. a. The 
frequency of events (y-axis, normalized to mode) with varying mScarlet fluorescence (x-axis) 
stratified by Cre treatment (colors). b. Schematics of the locus and steps of the screen. c. eGFP 
(y-axis) and mScarlet fluorescence (x-axis) for single cells (markers, colored by density). 
Illustrative sorting gates are drawn. Percentages of cells enriched in each gate are indicated. d. 
Frequency of events (y-axis, normalized by mode) with varying mScarlet fluorescence (x-axis) 
stratified by sorting gates (panels and colors). 

 

Sequencing resulted in 59-605 informative reads for each sorting gate (Figure 4.10a). The types 

of rearrangements found across the four sorting bins differed markedly (Figure 4.10a-c). Wild-

type reads were associated with higher OTX2 expression and made up 66% of all reads in the very 

bright gate compared to only 0.66% in the very dim gate, consistent with the observation that 

scrambling the cluster reduced overall OTX2 expression (Figure 4.9a). Conversely, deletions of 

the entire cluster (delE1234567) were associated with lower OTX2 expression (91% in the very 

dim gate vs 6.8% in the very bright one). 

 

The partial deletions showed an unexpected pattern. Loss of the 5’ half of the cluster (delE567) 

reduced OTX2 expression similarly to loss of the entire cluster while loss of the 3’ half of the 

cluster (delE1234) behaved similarly to the wild-type sequence (Figure 4.10c). The 3’ accessible 
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regions might facilitate the action of 5’ enhancers. However, a deletion would both remove the 3’ 

accessible regions while simultaneously moving the 5’ enhancers closer to the transcription start 

site. The combined effect might be indistinguishable from the wild type. Inversion events, in 

contrast, could provide a glimpse into distance-dependent effects. Unfortunately, inversions were 

too rare (only 12-14 across all sorting gates) to conclusively interpret their effect. Together, the 

distribution of deletion variants across sorting gates demonstrated that the enhancer cluster I tiled 

with loxPsym sites drives OTX2 expression predominantly through three enhancers towards the 

5’ end. Moreover, the results demonstrated that sorting and sequencing cell populations with 

diverse enhancer architectures based on the expression of a fluorescent reporter could resolve 

variants based on their ability to drive target gene expression. 

 

 
Figure 4.10. Enhancers at the 5’ end of the cluster are required for high OTX2 expression. 
a. Count (x-axis) of regulatory architectures (colors) for the four sorting gates (x-axis). b. As (a) 
but for the fraction of events. c. Fraction of events in sorting gate (y-axis) for the four sorting gates 
(x-axis) for eight regulatory architectures (panels and colors). 

 

To measure OTX2 expression from novel enhancer architectures, I isolated two clones with 

deletions of the entire cluster (Figure 4.8c) and three with deletions of enhancers 1-4, and 

estimated mRNA abundance by quantitative PCR (qPCR) and RNA sequencing. Deletion of the 

entire enhancer cluster resulted in an OTX2 downregulation of around 50%, seen both in qPCR 

(Figure 4.11a) and RNA sequencing (Figure 4.11b), with no effect on the two closest genes 

EXOC5 and TMEM260 (Figure 4.11c). In contrast, the deletion of enhancers 1 to 4 did not result 

in OTX2 downregulation (Figure 4.11a), in agreement with the results from population 

sequencing after sorting for mScarlet (Figure 4.10). 
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Figure 4.11 Loss of the cluster reduced OTX2 expression by 50%. a. qPCR results for 
unscrambled parentals, three clones with the delE1234 variant, and two clones with the 
delE123456 variant (x-axis). The y-axis shows the difference in the qPCR cycle threshold until 
the half-maximal signal compared to the TBD housekeeping gene (∆CT) normalized to the wild-
type architecture. Markers are averages of two OTX2 amplicons in a single clone. Bars represent 
the averages of clones. b. OTX2 expression determined by RNA-seq (y-axis) for clones (markers) 
with different enhancer architectures (x-axis). c. Gene expression in clones with the E123456 
deletion (y-axis) compared to expression in parental cells (x-axis). Markers represent genes and 

are colored more strongly if the ratio to wild-type is > 2 or < 0.5. OTX2 and its two closest genes 
are indicated in blue. 

4.2.3 Randomizing an expanded OTX2 regulatory region 

The remaining 50% expression could be driven by the promoter and additional enhancers outside 

the cluster (Figure 4.4). To understand the contributions of these elements and elucidate the 

consequences of changing the relative locations of regulatory elements, I inserted three additional 

loxPsym sequences (Table 4.1) and derived an engineered cell line with six total loxPsym 

insertions that tile 67 kb of non-coding DNA (Figure 4.12a). I confirmed successful locus 

engineering by de-novo assembly from Cas9-enriched nanopore sequencing reads (discussed 

below, Figure 4.12b). 

 

To maximize the diversity of possible rearrangements, I titrated Cre expression. First, Wadia et 

al. observed that TAT-Cre protein is more effective in cell culture media without serum (Wadia, 

Stan, and Dowdy 2004), which I confirmed by measuring the rearrangement of a Cre activity 

reporter (Figure 3.17c, 4.13a). Next, I dosed cells with all six loxPsym integrations with various 

concentrations of TAT-Cre protein and measured mScarlet fluorescence after 14 days 

(Figure 4.13b). Cells treated with 500 nM of TAT-Cre protein had the most diverse expression 

levels, and I sorted them into four expression bins (as in Figure 4.9b) for long-read sequencing. 
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Figure 4.12. Schematic of the OTX2 locus with six loxPsym site integrations. a. Schematic 
of the OTX2 regulatory region with loxPsym sites integrated in the first round indicated with white 
diamonds and loxPsym sites integrated in the second round indicated in teal and with arrows. b. 
An assembly of nanopore reads from Cas9 enriched sequencing of the engineered cell lines 
aligned to the indicated region of the hg38 reference genome. LoxPsym insertion sites are 
indicated in purple. Other colorful lines indicate single-base substitutions. 

 

 

 
Figure 4.13. Finding optimal Cre concentrations for regulatory randomization. a. Percent of 
tBFP-positive cells (indicating the rearrangement of the Cre reporter, y-axis) for varying TAT-Cre 
protein concentrations (x-axis) for cells that were treated in full media or serum-free media 
(colors). b. Frequency of events (y-axis, normalized by mode) with varying mScarlet fluorescence 
(x-axis) stratified by Cre concentration (panels and colors). 

 

With six loxPsym sites, I needed to enrich a 70 kb region with nanopore sequencing which was 

less efficient compared to the previous 24 kb region. Nevertheless, I obtained a maximum 

coverage of 52-157 reads across the four sequencing gates, enough to resolve six architectures 

with more than five reads across all sequencing gates (Figure 4.14a,b). 
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Figure 4.14. Architectures that move the enhancer cluster closer to the transcription start 
site are associated with high OTX2-mScarlet expression. a. Schematic of the OTX2 regulatory 
region with selected Cre-induced variants shown as lines. Numbers correspond to variant lengths 
in bp. b. Count (x-axis) of regulatory architectures (colors) for the four sorting gates (x-axis). c. 
As (a) but for the fraction of events. d. Fraction of events in sorting gate (y-axis) for the four sorting 
gates (x-axis) for eight regulatory architectures (panels and colors). 

 

As with the experiment with three loxPsym sequences, the deletion between the two outermost 

sites (del67205) was most abundant and strongly associated with low OTX2-mScarlet expression 

(74% in the very dim vs 13% in the very bright gate, Figure 4.14c,d). Three additional deletions 

were resolved that all moved the enhancer cluster closer to the TSS while removing the 

intermediate enhancers and CTCF binding sites. All three of these variants showed association 

with higher OTX2 expression. This was most pronounced for a 44231 bp deletion that moves the 

entire cluster towards the TSS (15% in the very bright vs 0% in the very dim gate), and a 57973 

bp deletion that moves the three important 5’ enhancers of the cluster (E5, E6, E7, 17% in the 

very bright vs 0% in the very dim gate, Figure 4.14c,d). 
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4.2.4 DNA modification and accessibility changes 

Native nanopore sequencing reads can not only resolve variants but also detect CpG methylation. 

In addition, I developed a quick and practical protocol inspired by (Stergachis et al. 2020) to 

assess DNA accessibility (proxied by m6A methylation) by treatment with a commercially 

available N6-adenine methyltransferase (EcoGII, in contrast to the original protocol that purified 

their methyltransferases). This treatment added a single 30-minute incubation step to a high 

molecular weight DNA extraction protocol with a standard kit (described in more detail in 

section 4.4). 

 

To understand if these additional layers of information faithfully recapitulate the molecular 

biology of the OTX2 regulatory region, I combined all sequencing reads from previous 

experiments and computed average modification frequencies (Figure 4.12). Indeed, the 

accessibility profile from m6A modification closely resembled the pattern of a publicly available 

HAP1 DNase-sequencing data set (Figure 4.15). Moreover, CpG methylation followed an inverse 

pattern with high average methylation levels (70%) except for CpG dinucleotides located within 

accessible DNA regions (Figure 4.15). 

 

 
 
Figure 4.15. Base modification patterns add complementary information. Schematic of the 
OTX2 regulatory region with the Cas9-enrichment endpoints shown as scissors and expanded in 
plots below. From top to bottom, all aligned to hg38: averaged percent CpG methylation from 
nanopore sequencing reads; Averaged m6A methylation from nanopore reads; publicly available 
DNase-seq data; Assembly of the engineered locus from nanopore reads. LoxPsym insertion 
sites are indicated in purple. 
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Combining variant calls with readouts of CpG methylation and accessibility should paint a fuller 

picture of how loss, inversion, and repositioning of enhancers affect expression levels. I first 

compared CpG methylation for partial deletions of the 20 kb enhancer cluster. Upon loss of the 

E567 area, 84/226 cytosines increased methylation by an average of +6.0% while only 27/226 

cytosines modestly decreased methylation by -1.8% (Figure 4.16). The regions of increased 

methylation overlapped accessible regions (particularly regions 1, 3, and 4, Figure 4.16). More 

CpG methylation across the remaining enhancers suggested that deletion of the E567 enhancers, 

led to less engagement of DNA binding factors across the E1234 area, in line with lower OTX2 

expression in cells with this variant (Figure 4.11). In contrast, deletion of the E1234 area was not 

associated with lower OTX2 expression (Figure 4.11), and no consistent trend was observed for 

methylation of the remaining E567 area (36/92 up by an average of +1.9%, 54/92 down by an 

average of -3.7%, Figure 4.16). 

 

 
 
Figure 4.16. Loss of the E567 region increases methylation in the remaining cluster. 
Schematic of the OTX2 regulatory region with selected Cre-induced variants shown as lines. Data 
of various types aligned to the 20 kb enhancer locus (x-axis) are shown in more detail. Plots from 
top to bottom: Annotation of enhancer regions; averaged percent CpG methylation from all 
nanopore sequencing reads covering the region; Averaged m6A methylation from all nanopore 
sequencing reads covering the region; publicly available DNase-seq data; Differences in CpG 
methylation for reads containing the variants to reads without the variants (color by difference) for 
the E1234 and E567 deletions. 
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Next, I compared CpG methylation and accessibility for a 57973 bp variant that moved the 3’ 

area of the 20 kb enhancer cluster closer to the transcription start site. The effects on CpG 

methylation were overall mixed, slightly increasing at the edges and around regions 5 and 6 

(Figure 4.17a). Conversely, accessibility increased in the regulatory regions (from a maximum of 

6.2% m6A methylation to 8.4% for region 5, Figure 4.17b) and decreased at their edges. However, 

these results were only derived from an average of 10 reads per CpG site, and higher-depth 

sequencing might be necessary to derive conclusive answers on how accessibility and CpG 

methylation change with novel enhancer architectures. 

 

 
Figure 4.17. Relocation of the enhancer cluster and deletion of intermediate regulatory 
elements has subtle effects on methylation and accessibility. Schematic of the OTX2 
regulatory region with selected Cre-induced variants shown as lines. Data of various types aligned 
to the 20 kb enhancer locus (x-axis) are shown in more detail. a. Plots from top to bottom: 
Averaged percent CpG methylation from nanopore sequencing reads containing the del57973 
variant; Averaged CpG methylation from nanopore sequencing reads without the variant; 
Differences in CpG methylation for reads containing the variant to reads without the variant. b. As 
in (a) but for adenine methylation (accessibility) instead of CpG methylation. 
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4.3 Discussion  

In this chapter, I engineered recombinase recognition sequences into the regulatory region of the 

developmental transcription factor OTX2 and randomized the region with Cre recombinase. I 

characterized the resulting variants and associated accessibility as well as CpG methylation using 

long-read sequencing, linking architectures to gene expression. 

 

At the core of this work was complex genome engineering. Specifically, I blended transposons, 

prime editing, recombinases, Cas9 cutting, and homology-directed repair to randomly integrate 

14 copies of a doxycycline-inducible prime editor, tag an endogenous gene with a fluorophore, 

incorporate six recombinase recognition sequences, and create tens of novel enhancer 

architectures. Beyond the single example shown here, this work highlights how genome writing 

technologies have advanced to a point where sophisticated re-design of complex genomes is 

becoming feasible through multiplexed editing. 

 

Several OTX2 enhancers have been discovered and characterized in humans and mice that act 

throughout different tissues, and developmental stages (Emerson and Cepko 2011; Kurokawa et 

al. 2014; Kaufman et al. 2021; Bhansali, Cvekl, and Liu 2020). I focused on an evolutionary 

conserved enhancer cluster that has, to my knowledge, not been described before, and 

demonstrated its contribution to ~50% of OTX2 expression in HAP1 cells. In the cell line setting, 

deleting intermediate enhancers and CTCF binding sites while relocating an enhancer cluster 

closer to the transcription start site created a simpler architecture with a similar expression to the 

original one. However, these intermediate elements might add a layer of more fine-grained control 

to gene regulation during development by adding additional knobs to tune expression and 

allowing varying degrees of interactions between the cluster and transcription start site in response 

to external and internal stimuli. Indeed, the presence of facilitating regulatory elements in 

complex regulatory regions is increasingly appreciated (Blayney et al. 2023; Lin et al. 2022; 

Brosh et al. 2023; H. Thomas et al. 2023). 

 

Haploid HAP1 cells lack confounding alleles and are highly amenable to complex genome 

engineering and subcloning. However, they lack the biological context in which these enhancers 

would usually be active. For example, OTX2 is active in the adult retina, brain tissues, and 

throughout the early embryo (Beby and Lamonerie 2013; Acampora et al. 1995), neither of which 

HAP1 cells represent. Instead, HAP1 cells likely express OTX2 because they contain high levels 

of stem cell factors (Yamanaka factors) after retroviral reprogramming attempts (Carette et al. 

2011; Takahashi et al. 2007). To understand regulatory regions in more native biological contexts, 

enhancer randomization with prime editing and recombinases could be attempted in haploid stem 
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cells (Cui et al. 2020). Differentiation of such stem cells would also illuminate how modified 

enhancer architectures would respond to a changing cell state. Alternatively, the locus of interest 

could be first ‘haplodized’ (Erwood et al. 2022) in a relevant cell line. Nevertheless, DNA 

sequence, epigenetic memory, and the quantity of available transcription factors together 

determine how genes are expressed, and I believe HAP1 cells are a great model to derive a 

mechanistic understanding of how these layers are linked. 

 

The other two low-hanging fruits for optimization are the diversity of Cre-induced outcomes, and 

strategies to shift away from the dominance of full locus deletions and wild-type architectures as 

well as improving the sequencing throughput. I will focus on strategies to scale in the final, fifth 

chapter of this thesis. 

 

In summary, I have developed a novel strategy to study gene regulatory regions in their 

endogenous context by first preparing recombination anchors with multiplexed prime editing, 

subsequent diversification with Cre, and finally pooled readout and phenotyping by sequencing. 

The method employed here should combine well with other methods to study regulatory 

architectures. For example, clones with enhancer deletions will retain a loxPsym site at the center 

of the deletion which represents a novel landing pad for the re-integration of regulatory sequence 

libraries flanked with loxPsym sites whose ability to activate OTX2-mScarlet expression could be 

evaluated by cell sorting and sequencing, akin to an MPRA. Further, the cell lines contain 

endogenous copies of prime editor which could be leveraged to screen libraries of single 

nucleotide substitutions in the individual regulatory elements (successfully implemented in 

(Martyn et al. 2023)), possibly in conjunction with enhancer scrambling, opening exciting new 

paths to study gene regulation.  
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4.4 Methods 

Cell culture 
HAP1 ∆MLH1 cells were cultured in IMDM (Invitrogen) with 10% FBS (Invitrogen) and 

glutamine and penicillin-streptomycin (Invitrogen) at 37 °C and 5% CO2. 

 

HAP1 expression data in cancer cell lines and tissues 
Cancer cell line gene expression data were downloaded from the Cancer Cell Line Encyclopedia 

Data portal (https://sites.broadinstitute.org/ccle/datasets; 22Q2 release (Barretina et al. 2012)). 

Expression data in human tissues were obtained and plotted through the Genotype-Tissue 

Expression data portal (https://www.gtexportal.org/home/gene/OTX2; GTEx Analysis Release 

V8 (dbGaP Accession phs000424.v8.p2; accessed December 2023; (Lonsdale et al. 2013)). 

 

Chromatin states and epigenetic analyses 
The publicly available HAP1 datasets shown in Table 3.1 were collected and analyzed as outlined 

in section 3.4 (page 101). In addition, the GSM4625025 for CTCF-ChIP-seq in HAP1 and 

ENCSR000DTW for CTCF-ChIP-seq in HEK293T data sets were visualized in IGV. The 

4DNFI1E6NJQJ HiC data set was used for HAP1 cells and visualized using plotgardner. 

 

Prime editing cell lines 
Generation of a stable prime editing MLH1 knockout HAP1 cell line was described in chapter 2.4 

(page 54). 

 

pegRNA design 
DeepPrime and PRIDICT were not yet published at the time of pegRNA design. DeepPE was 

available but not trained on insertions. Therefore, I used Cas9-optimized tools for pegRNA 

design. First, suitable protospacers were identified using CHOPCHOP (Labun et al. 2019; 

Montague et al. 2014) (Settings: hg38 assembly, CRISPR/Cas9, knockout). Spacers were filtered 

for ones that had a predicted efficiency score > 40 and no other targets in the genome with 1 or 2 

mismatches. The first nucleotide of the spacer was adjusted to be a G for better U6 expression. 

The pegRNAs were constructed by matching spacers with the cr772 scaffold (Jost et al. 2020) 

gtttaagagctaagctggaaacagcatagcaagtttaaataaggctagtccgttatcaactcgaaagagtggcaccgagtcggtgc and 

endowed with a 3’ extension containing a 13 nt PBS, a 34 nt loxPsym site, and 30 nt homology 

to the target. pegRNA designs are shown in Table 4.2. 
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Table 4.2. pegRNAs used in chapter 4 

Protospacer Scaffold Extension Purpose 

GGACTACCAT
CTATCTGTGT cr772 tgaaaggacgtttgtgatcccagccccacaATAACTTCG

TATAATGTACATTATACGAAGTTATcagatagatggta 

Insertion of loxPsym 
insertion site chr14: 
56,884,634. 

GACATCAAAT
GTACCCCAGT cr772 acttcacaaaattaagggtttctgccaactATAACTTCG

TATAATGTACATTATACGAAGTTATggggtacatttga 
Insertion of loxPsym 
at chr14: 56,898,376. 

GAGGGCATTC
TAAGAGTTAG cr772 ttcaacttcaagaaatcctctattcccctaATAACTTCG

TATAATGTACATTATACGAAGTTATactcttagaatgc 
Insertion of loxPsym 
at chr14: 56,907,608. 

GCTAGAGTAG
GGCAGCTACA cr772 cagcaatgactcctacctgtggatccctgtATAACTTCG

TATAATGTACATTATACGAAGTTATagctgccctactc 
Insertion of loxPsym 
at chr14: 56,840,403. 

GAATTTAGAG
CCCTACGAGG cr772 gctgacagagacaggcggtaggatccacctATAACTTCG

TATAATGTACATTATACGAAGTTATcgtagggctctaa 
Insertion of loxPsym 
at chr14: 56,851,953. 

GATTGGTCCA
GAATGCCCAT cr772 atctctcaggctacgccaatcctacctatgATAACTTCG

TATAATGTACATTATACGAAGTTATggcattctggacc 
Insertion of loxPsym 
at chr14: 56,864,718. 

cr772: gtttaagagctaagctggaaacagcatagcaagtttaaataaggctagtccgttatcaactcgaaagagtggcaccgagtcggtg. All 

cloned in an epegRNA acceptor vector (Addgene #174038). 
 

epegRNA cloning 
Engineered pegRNAs were cloned using golden gate assembly as described in (Anzalone et al. 

2019; Nelson et al. 2022). Briefly, for each pegRNA, forward and reverse oligonucleotides were 

ordered for spacer, scaffold, and 3’-extensions (Integrated DNA Technologies or Merck). An 

engineered pegRNA acceptor plasmid (Addgene #174038) was linearized with BsaI, the 

oligonucleotides were hybridized, and the scaffold phosphorylated. The components were 

assembled using a golden gate reaction (with BsaI and T4 ligase) and transformed into XL10 gold 

ultracompetent bacteria (Agilent). Plasmids were isolated using the Miniprep kit (Qiagen) and 

correct assembly was confirmed by Sanger sequencing of the pegRNA. 

 

Inserting loxPsym sites into the OTX2 enhancer cluster. 
One day before transfection, 500,000 HAP1 cells were plated into each well of a six-well plate. 

One hour before transfection, prime editor expression was induced with 1 µM doxycycline. 

500 ng of each pegRNA plasmid (in most cases three constructs were co-delivered at once) and 

500 ng of a plasmid encoding for BFP and puromycin resistance were transfected per well using 

Lipofectamine LTX (Invitrogen, using 2.5 µl plus reagent and 7.5 µl LTX solution). For the 

continuous integration of loxPsym sites 4-6, 2 µg of PE2 plasmid were additionally co-transfected 

to counteract the silencing of genome-integrated prime editors. One day after transfection, 2 µg/ml 

puromycin was added to the cells. Three days post-transfection, puromycin, and dead cells were 

removed and replenished with fresh media. Once cells were confluent, 1-2 million cells were 

harvested for DNA preparation and the remaining cells were cryopreserved. I had help with 

transfections from Mélanie Gouley and clone derivation from Valentin Rebernig. 
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Assaying integration efficiencies. 
DNA was extracted from cell pellets using the DNeasy Blood & Tissue kit (Qiagen) following 

the manufacturer's instructions with one modification: 3 µl of RNase A (New England BioLabs) 

was added to a mixture of 180 µl of phosphate buffered saline and 20 µl of proteinase K during 

the resuspension of cell pellets to remove RNAs. To amplify the respective insertion sites, 10-

100 ng of extracted DNA were used as input (P1-12, Table 4.3) for 30 cycles of PCR using Q5 

High-Fidelity PCR master mix (New England BioLabs). The PCR products were then purified 

using either the Qiaquick PCR Purification Kit (Qiagen) or Monarch PCR & DNA purification 

kit (New England BioLabs) and resolved through capillary gel electrophoresis on a DNA high 

sensitivity chip (Agilent, Bioanalyzer). The insertion efficiencies were estimated based on the 

molar ratio of the higher molecular weight DNA band (with loxPsym insertion) to the total of the 

unedited and edited DNA bands. 

Table 4.3. Sequences of oligonucleotides used in chapter 4 

ID Name Sequence Purpose 
P1 OTX2_loxPsym_1_F TGGTTGTTGGAGGTGGGTGGGG Amplification of loxPsym insertion 

site chr14: 56,884,634. 
P2 OTX2_loxPsym_1_R GGATGGCGTATGAGCGGGATGC Amplification of loxPsym insertion 

site chr14: 56,884,634. 
P3 OTX2_loxPsym_2_F TGCCTCCTCCTCTCATGAAACCT Amplification of loxPsym insertion 

site chr14: 56,898,376. 
P4 OTX2_loxPsym_2_R  GCAAAACGGCTCAGACAACCCCA Amplification of loxPsym insertion 

site chr14: 56,898,376. 
P5 OTX2_loxPsym_3_F  AGACAATGTCCCTGCCCTCAAG Amplification of loxPsym insertion 

site chr14: 56,907,608. 
P6 OTX2_loxPsym_3_R ACCAGCATTGCTTGGAAGTGTT Amplification of loxPsym insertion 

site chr14: 56,907,608. 
P7 OTX2_loxPsym_4_F TCTCCTTCCACTCTGATTGCTCT Amplification of loxPsym insertion 

site chr14: 56,840,403. 
P8 OTX2_loxPsym_4_R AGCATAGAAAGTGGCTGGAGCT Amplification of loxPsym insertion 

site chr14: 56,840,403. 
P9 OTX2_loxPsym_5_F TAGTCGCAGTTACTTGGGAGGC Amplification of loxPsym insertion 

site chr14: 56,851,953. 
P10 OTX2_loxPsym_5_R TTAGCACAAGGGCCAGAAATGC Amplification of loxPsym insertion 

site chr14: 56,851,953. 
P11 OTX2_loxPsym_6_F AGTACTCACTTGGCAACCAGCT Amplification of loxPsym insertion 

site chr14: 56,864,718. 
P12 OTX2_loxPsym_6_R CTCCTGGCAAGGGAAGGAAAGA Amplification of loxPsym insertion 

site chr14: 56,864,718. 
P13 OTX2_mScarlet_F GACCTTCCCTCCCTTCCTTCAC Amplification of T2A-mScarlet in 

the context of OTX2  
P14 OTX2_mScarlet_R CTTCCTACTTTGGGGGCATGGA Amplification of T2A-mScarlet in 

the context of OTX2  
P15 OTX2_qPCR_1_F CCAGGAGGCAGTTTGGTCCTTA Amplicon 1 for OTX2 qPCR 
P16 OTX2_qPCR_1_R CTTCCTACTTTGGGGGCATGGA Amplicon 1 for OTX2 qPCR 
P17 OTX2_qPCR_2_F CCACCTCCTCTCGCATGAAGAT Amplicon 2 for OTX2 qPCR 
P18 OTX2_qPCR_2_R ATGGGCTGAGTCTGACCACTTC Amplicon 2 for OTX2 qPCR 
P19 TBP_qPCR_1_F GCACCACTCCACTGTATCCC Amplicon for TBP qPCR 
P20 TBP_qPCR_1_R TATATTCGGCGTTTCGGGCA Amplicon for TBP qPCR 

DNA oligonucleotides were designed using Benchling (https://www.benchling.com/) and ordered 

from IDT or Sigma Aldrich with standard desalting for purification. 
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Tagging of OTX2 with T2A-mScarlet 

One day before transfection, HAP1 cells with 3 loxPsym integrations were seeded into a 24-well 

plate with 100,000 cells per well. 3 µl of 100 µM Alt-R CRISPR tracrRNA (Integrated DNA 

Technologies) were mixed with 3 µl of OTX2-targeting 100 µM Alt-R CRISPR crRNA 

(Table 4.4) and heated at 95˚C for 5 minutes and then cooled down to room temperature at 0.1˚C 

per second. 0.7 µl of the complex was mixed with 0.5 µl Cas9 (30 pmol) and 0.3 µl sterile 

phosphate buffered saline to form the RNP. For transfection, 0.5 µl of RNP, 500 ng of Alt-R HDR 

donor block (Integrated DNA Technologies), and 2.5 µl of Cas9 plus reagent were mixed in one 

tube, and 1.5 µl CRISPRMAX reagent (Integrated DNA Technologies) was mixed with 25 µl of 

Opti-Mem in the other tube. The mixtures were combined, incubated at room temperature for 10 

minutes, and added to the cells. Seven days post-transfection, cells were analyzed by flow 

cytometry and mScarlet-positive cells were single-cell sorted. DNA was extracted from expanded 

colonies (see assaying integration efficiency section) and correct mScarlet insertion was 

confirmed by amplicon PCR (P13-14, Table 4.3) and Sanger sequencing of the PCR product. 

 

Table 4.4. crRNAs used in chapter 4 

crRNA Purpose 
ctacaggtcttcacaaaacc Tagging of OTX2 with T2A-mScarlet 
gttgaccatgttgaaccagg Cas9-enrichment of the 20 kb enhancer cluster. 5’ probe 1. 
gttgaccatgttgaaccagg Cas9-enrichment of the 20 kb enhancer cluster. 5’ probe 2. 
tggtccaagtaaacaaacgg Cas9-enrichment of the 20 kb enhancer cluster. 3’ probe 1. 
gttccataccaagcaagcag Cas9-enrichment of the 20 kb enhancer cluster. 3’ probe 2. 
gttccataccaagcaagcag Cas9-enrichment of the 70 kb region with 6 loxPsym sites. 3’ probe 2. 
gcagaaacacgaagtaacat Cas9-enrichment of the 70 kb region with 6 loxPsym sites. 5’ probe 1. 
agggtgcccattatagtggt Cas9-enrichment of the 70 kb region with 6 loxPsym sites. 5’ probe 2. 
cactcctcaaatgcactacc Cas9-enrichment of the 70 kb region with 6 loxPsym sites. 3’ probe 2. 

crRNAs were ordered from IDT as Alt-R CRISPR crRNAs. 

 

Junction PCRs of scrambled clones 

100,000-500,000 cells were collected by centrifugation in 96 well plates. The media was removed 

and the pellets resuspended in home-made quick extract buffer (1 mM CaCl2, 3 mM MgCl2, 1 

mM EDTA, 1% Triton X-100, 10 mM Tris pH 7.5) with freshly added proteinase K (0.2 mg/ml) 

followed by 15 min incubation at 65°C and 20 min incubation at 95°C. 2 µl of cell extract were 

used in 50 µl of PCR reaction with primers binding outside the deletion breakpoints (P1 + P6, 

Table 4.3, 18 µl H2O, 2 µl cell extract, 2.5 µl forward primer, 2.5 µl reverse primer, and 25 µl 2x 

Q5 master mix). The DNA was amplified for 30-35 cycles and visualized by gel electrophoresis 

(E-gelTM Power Snap Electrophoresis, Invitrogen). I had help with the derivation of clones and 

junction PCRs from Valentin Rebernig. 
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Flow cytometry 
Samples were analyzed and sorted as described in section 3.4 (page 97) 

 

Deriving a clone with six loxPsym insertions 
The steps described above were combined in the following sequence. First, prime editing HAP1 

∆MLH1 cells were induced with doxycycline and co-transfected with three pegRNAs encoding 

the first three sites. The pool of cells was subsequently re-induced with doxycycline and re-

transfected with the two epegRNAs and single-cell sorted to derive a clone with two loxPsym 

integrations. Doxycycline was induced in this cell line and it was transfected with a pegRNA 

encoding the third loxPsym integration. A clone was derived from this population with all three 

loxPsym sites. This clone was transfected with Cas9 and an HDR-donor DNA encoding T2A-

mScarlet. After two weeks, mScarlet-positive cells were single-cell sorted, and successful tagging 

of OTX2 was confirmed. Finally, this clone was induced with doxycycline and transfected with 

three epegRNAs and PE2-puromycin to increase the number of loxPsym integrations to six. The 

mixed population was single-cell sorted to derive a final clone derived with all six integrations. 

 

Cre protein treatment and sorting-based screening 

OTX2-mScarlet cells with 6 loxPsym integrations were plated at 100,000 cells per well in a 24-

well plate. 1 hour before Cre protein treatment, full media was replaced with media that did not 

contain FBS or PSG. Purified TAT-Cre protein (Cambridge University Biochemistry 

Department) was added to the wells at concentrations of 500 nM, 0.334 nM, 0.223 nM, 0.149 nM, 

0.099 nM or 0 nM and incubated on the cells for 2 hours. Extracellular Cre protein was removed 

by incubation in TrypLE Express (ThermoFisher) for 10 minutes followed by reseeding in full 

media in 6 well plates. After two weeks, cells were harvested, and stained with 10 µg/ml Hoechst 

33342, and fluorescence intensities of mScarlet in haploid G1 cells were assessed by flow 

cytometry. Cells from the 500 nM sample were sorted into four gates based on mScarlet 

expression (on Sony MA900). The sorted cells were grown out for another 14 days and then 

harvested for high molecular weight DNA extraction. Cells for sorting-based screening with three 

loxPsym sites were treated the same way but FBS/PSG were not removed before induction. And 

cells treated with 2 µM Cre were sorted instead of cells treated with 500 nM of Cre. 

 

High molecular weight DNA extraction and adenine methylation 
Between 2 and 4 million cells were harvested by centrifugation and high molecular weight 

(HMW) genomic DNA was extracted using the Monarch High Molecular Weight DNA 

Extraction kit (New England BioLabs) and agitation speeds of 2,000 rpm. For the scrambling 

with six loxPsym sites, a modified protocol of the Monarch High Molecular Weight DNA kit was 
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used that enabled simultaneous assessment of DNA accessibility. Here, 129 µl of nuclei prep 

buffer was mixed with 10 µl of recombinant Cutsmart, 1 µl of 32 mM S-adenosylmethionine (160 

µM), 10 µl of the 5000 Units/ml EcoGII methyltransferase (50 Units, New England BioLabs), 

and 5 µl of 20 mg/ml RNase A (200 µg, New England BioLabs). 2-3 million cells were 

resuspended in this reaction buffer and incubated at 37ºC for 30 minutes. The reaction was 

incubated for 5 mins at 65ºC to inactivate the enzymes. 150 µl of nuclei prep buffer containing 

10 µl of proteinase K were added to the prepped nuclei and HMW DNA was extracted according 

to the Monarch High Molecular Weight DNA kit following the manufacturer's instructions. For 

samples from the screen with six loxPsym sites an additional removal step of low-molecular-

weight DNA was done using the Short Fragment Eliminator kit (Oxford Nanopore Technologies) 

and following the manufacturer's protocol. 

 

Cas9-enrichment  
Two crRNAs for each end of the enrichment were designed using CHOPCHOP (Labun et al. 
2019; Montague et al. 2014) (Settings: hg38, CRISPR/Cas9, nanopore enrichment). Only 
protospacers with efficiency scores > 50, GC content > 30 and < 70, self-complementarity = 0, 
and no other target sites with one or two mismatches were considered. ALT-R tracrRNA and 
crRNAs were ordered from Integrated DNA Technologies. crRNAs used are shown in Table 4.4. 
Cas9 enrichment was performed following the Cas9 sequencing kit protocol with slight 
modifications (CAS9106 Protocolv109, Oxford Nanopore Technologies). Briefly, 5 µg of HMW 
DNA was dephosphorylated. tracrRNA and crRNA were annealed and complexed with HifiCas9 
V3 (Integrated DNA Technologies) to form RNPs. Dephosphorylated DNA was treated with Cas9 
RNPs for 30 minutes at 37ºC. Sequencing adapters were ligated to the cut DNA. The ligation step 
was extended to 1 hour at room temperature. The libraries were then purified using Ampure XP 
beads (Agilent), washed with Long fragment buffer, and eluted in elution buffer for 16 hours. 
Because the DNA was very long, it precipitated at the ligation step and only went back into 
solution following a long elution step. The libraries were sequenced with the MinION Mk1B 
using R9.4.1 flow cells (FLO-MIN106).  
 

Base and variant calling 
Dorado basecaller (v0.5.1) with the dna_r9.4.1_e8_sup@v3.6 model was used for base calling 
without modifications and for mCpG modified base calling. Guppy (v6.4.6) basecaller with the 
res_dna_r941_min_modbases-all-context_v001.cfg model was used for m6A modified base 
calling. The reads were aligned to the hg38 reference genome with minimap2 (H. Li 2016, 2018). 
Structural variants were called with sniffles2 (Smolka et al. 2023) and relaxed qc settings (--
mosaic, --minsvlen 25, --qc-output-all, --mapq 1, --output-rnames) as well as nanomonsv (Using 
whole-genome sequencing data from HAP1 cells (Chapter 3) as control and requiring one 
supporting read for the tumor and 0 for the control). The raw variants were filtered for ones that 
start and end within 50 bp of a loxPsym insertion site and the start and end positions of the variant 
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were adjusted to the precise loxPsym insertion position. Variants from sniffles and nanomonsv 
were combined, using the results from the caller that identified more reads for each variant. 
 

For the screen scrambling three loxPsym sites, enough contiguous reads were obtained to 

distinguish simple variants, complex variants, and wild-type reads. Therefore, read names for 

filtered variants were extracted. Simple variants were classified as ones whose reads were 

exclusive to one rearrangement. For complex variants, the same read re-occurred in at least two 

different rearrangements. Finally, a wild-type sequence was assumed if one read did not occur in 

any rearrangement and had evidence of three non-rearranged loxPsym sequences. For the screen 

scrambling six loxPsym sites, no attempt was made to classify variants into simple and complex. 

To estimate the number of non-rearranged variants, all variant supporting reads across each 

sorting gate were summed up and subtracted from the maximum coverage for each sorting gate. 

 

Analysis of mCpG and m6A DNA modifications 
Analysis across the whole cluster: For mCpG, all aligned sequencing results (bam files with 

modification information) from various gates and unsorted samples of the screens with cell lines 

that had integrated three and six loxPsym sites were combined (samtools merge). For m6A, all 

sequencing results from DNA that was treated with EcoGII methyltransferase (samples from the 

screen with six loxPsym sites) were combined in the same way. The modification information 

was aggregated into per-position modification tables (bed files) using modkit pileup (--preset 

traditional) for CpG methylation and modbam2bed (-e -m m6A) for m6A methylation. 

Modification tables were further analyzed in R. Only positions with coverage > 5 were kept. A 

smoothing function was applied to the raw calls. For mCpG, for each position, an average of the 

preceding and following positions was calculated. For m6A, the average was calculated for the 

preceding and following 100 positions. 

 

Individual variants: The merged bam files described above were first subsetted for only the reads 

that were associated with each variant (samtools view, read names to variant association from the 

sniffles variant caller). For the counter set without the variant to compare against, the files were 

subsetted to have mapped reads in the deleted area (samtools view). Positional methylation 

information was aggregated from the subsetted bam files and processed in R as described above, 

with the following difference: positions with coverage >1 were kept for m6A and the del57973 

variant due to sparsity of variant-specific reads. 

 

RNA sequencing 
RNA was extracted from 2-5 million flash-frozen cells using the RNeasy plus mini kit (Qiagen). 

Libraries were prepared using the New England BioLabsNext® Ultra™ II Directional RNA 
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Library Prep Kit for Illumina (New Englands Biolabs), multiplexed, and sequenced on two 

Illumina-HTP Novaseq 6000 lanes using 150 bp paired end reads. The median insert size was 280 

bp (quartiles 231, 355). Between 58 and 191 million reads were generated per sample. Salmon 

(2.0.0 (Patro et al. 2017)) was used to quantify transcripts against a salmon index built for the 

hg38 human reference genome. Further analysis was done using custom R scripts. Transcripts 

were collapsed to gene level using tximport (1.22.0) (Data S5). Normalization (rlog) and 

differential expression analysis were performed using DESeq2 (1.34.0). The ensembl v110 

release was used for gene structure annotation (imported into R using biomaRt (2.50.3). For all 

analyses involving genes, the gene lists were filtered to contain only "protein_coding", "lncRNA", 

"snRNA", "snoRNA", "miRNA", "rRNA", "ribozyme" genes with expression base means > 20. 

RNA sequencing data from HAP1 ∆MLH1 cells expressing prime editor and without loxPsym 

site integrations were plotted in Figure 4.3b. RNA sequencing data from an unscrambled clone 

with 3 loxPsym sites and 2 scrambled clones with enhancer cluster deletions were plotted in 

Figure 4.11b. I had help with RNA extraction from Valentin Rebernig. 

 

qPCR 
RNA was extracted from 2-5 million flash-frozen cells using the RNeasy plus mini kit (Qiagen) 

and reverse transcribed into cDNA using the SuperScript VILO cDNA Synthesis kit. 2 µl of 

cDNA was used in a 20 µl qPCR reaction using the SYBR Green real-time PCR master mix 

(ThermoFisher). For qPCR, two different fragments of OTX2 and one fragment of the 

housekeeping gene TBP were amplified in replicates (P14-20, Table 4.3). The amplification was 

monitored in real-time through the detection of SYBR green fluorescence on the StepOne Plus 

Real-Time PCR system (ThermoFisher). The differences in PCR cycle number (∆ct) between 

OTX2 and TBD were calculated and averaged across replicates and amplicons. I had help 

performing qPCRs from Valentin Rebernig. 

 

Software 
Genomics: bwa (0.7.17), benchling (accessed between 2019-2023), bedtools (v2.29.0), 

ChromHMM (1.24), dorado (0.5.1), guppy (6.3.8 and 6.4.6), minimap2 (2.22), modbam2bed 

(0.9.5), modkit (0.1.12), mosdepth (0.3.3), sniffles2 (2.0.7), samtools (1.14), salmon, IGV 

(2.16.2), R (4.1.3), nanomonsv (0.6.0). Flow cytometry: FlowJo (v10), CytoExploreR (1.1.0). 

CytExpert. 

 

R packages: biomaRt (2.50.3), DESeq2 (1.34.0), fgsea (1.20.0), ggrepel (0.9.3), ggpointdensity 

(0.1.0), plotgardnerer (1.4.2), StructalVariantAnnotation (1.10.1), tidyverse (1.3.2), viridis 

(0.6.2). tximport (1.22.0). ggpointdensity (0.1.0), RBioinf (1.48.0), reversetranslate (1.0.0), 

ShortRead (1.46.0), spgs (1.0-3), Tidyverse (1.3.1), Viridis (0.6.1).
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5 

 Conclusions and Outlook 
 

The human genome is coordinating the functions of trillions of cells in the around eight billion 

humans alive today. Diversity in its precise spelling together with environmental factors predict 

disease susceptibility (Jonsson et al. 2012; Cohen et al. 2006; Uda et al. 2008), phenotypic 

appearance (children look like their parents), and other aspects of our lives. Yet, the genomes' 

content and organization are highly non-streamlined and a result of natural selection acting on an 

endless series of coincidences and encounters with selfish genetic elements that reach back to the 

beginning of life. Despite the wonderful diversity across humans, our genomes differ from one 

another by only about 0.15% (Byrska-Bishop et al. 2022; 1000 Genomes Project Consortium et 

al. 2010). I believe that to understand the human genome at the end of the one path that was taken 

by evolution we need to engineer and compare the outputs and behaviors of genomes along the 

infinite paths that were never taken, and that are orders of magnitude more different than what we 

can currently find in the human population while probing sequence spaces more diverse in 

sequence and organization than those found in related species. 

 

To achieve this, I developed strategies to write into genomes of human cell lines more efficiently 

and thereby prepare entire genomes or regulatory regions for subsequent large-scale 

randomization. Comparing these novel configurations to unchanged genomes revealed selective 

pressures acting on structural variants, but also highlighted the flexibility of even haploid 

genomes to accommodate large changes while still maintaining similar gene expression, 

morphology, and growth characteristics. More targeted randomization in gene regulatory regions 

allowed the dissection of an enhancer cluster and highlighted how various novel architectures can 

drive strong expression if they simultaneously delete some but move other enhancers closer to the 

transcription start site of the target gene. The projects described in this thesis are promising 

starting points but their full potential would only unfold if we can scale both the generation and 

phenotyping of alternative genomes. 
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5.1 Improvements to prime editing 

At the core of the strategies to scramble genomes and regulatory regions lies the capability of 

prime editors to insert recombinase handles at desired locations. Given the remarkable advances 

in the prime editing field during the short four years since their initial publication, I am optimistic 

that the large-scale genome engineering I have undertaken in this thesis could be executed with 

more ease and on a larger scale today. The advances summarized below could be the starting point 

for ‘mammalian scramble 2.0’.  

 

Prime editing is a complex system involving many components and each one can be 

independently improved. The nCas9-RT protein itself was codon optimized and endowed with 

better nuclear localization sequences resulting in the PEmax and PE* architectures (P. J. Chen et 

al. 2021; P. Liu et al. 2021). Doman et al. further used phage-assisted evolution and protein 

engineering of the reverse transcriptase to create prime editor variants that are better at inserting 

structured sequences (PE6c, PE6d) (Doman et al. 2023). Adamson et al. communicated even 

further improved prime editors through fusion with a safeguarding protein at the 2023 Cold Spring 

Harbor CRISPR conference. On the side of the pegRNA, prediction tools trained on massive 

amounts of prime editing data in diverse systems are improving rapidly (G. Yu et al. 2023; Mathis, 

Allam, Kissling, et al. 2023; Mathis, Allam, Tálas, et al. 2023). Many pegRNAs I tested 

throughout this thesis were inactive and the fraction of these should decrease drastically with 

better prediction tools. The flurry of activity we have seen in recent years is likely only going to 

accelerate until prime editing becomes as efficient as base editors or making knockouts with Cas9. 

5.2 Scaling genome scramble 

The 17-year synthetic yeast genome project is nearing completion and 6.5 synthetic chromosomes 

have been consolidated in a single yeast strain (Y. Zhao et al. 2023). The completed synthetic 

yeast genome will have a total of just under 4,000 loxPsym integrations spaced 2.9 kb from each 

other on average (Richardson et al. 2017). I achieved around one-tenth the number of loxPsym 

integrations in a single experiment but at three orders of magnitude lower density across the 

genome. Increasing the number of sites will increase their frequency of rearrangement and create 

more potentially viable variants that do not affect essential DNA.  

 

The three main drivers for more efficient recombinase site integration should be (1) the fraction 

of DNA single-strand breaks (the main driver of toxicity (Smith et al. 2020)) that will convert to 

faithful integrations, (2) the copy number and diversity of targeted high copy sequences, and (3) 

the experimental protocol that ensures highest cell viability. Better prime editors (discussed 
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above), and more active pegRNAs should help increase the editing efficiency. I only tested a 

single pegRNA design in this thesis and settled on it after I saw signals of editing. Adjusting 

parameters such as the length of the PBS, RTT, and precise insert sequence should yield more 

active pegRNAs. In addition, the human genome is replete with repetitive elements that could be 

targeted, some with much higher copy numbers than LINE-1. For example, Smith et al. designed 

guides against the Alu element that have copy numbers in the hundreds of thousands (Smith et al. 

2020). However, it will be important to balance between copy number and toxicity. 

 

Arguably the largest bottleneck is viability after scrambling. Two main forces cause cell death or 

stalled growth after genome randomization. The first one is an abundance of a- and dicentric 

chromosomes that arise in fold-backs as well as translocations and the second one is loss of 

essential DNA. Increasing the number of loxPsym sequences could ameliorate both. Fold-backs 

form when two loxPsym sites on sister chromatids or non-homologous chromosomes rearrange. 

I speculate that fold-backs might preferentially form if distances to the nearest loxPsym site in cis 

are far. Even if two sites rearrange in cis, the distance between them might be large and include 

many essential genes. Besides distance to the nearest sites, I demonstrated that fewer fold-backs 

are formed, more cells survive, and more variants remain if cells were arrested in the G1 phase of 

the cell cycle before scrambling. Building on this finding, the activity of Cre protein could be 

restricted to G1, for example by fusion with a cyclin-dependent kinase degron. Similarly, the 

original SCRaMbLE toolkit in yeast cells made use of a daughter cell-specific, oestradiol-

inducible Cre recombinase that ensures only a single pulse of recombination per cell generation, 

and only when the genome is present in a single copy (J. S. Dymond et al. 2011). 

 

Restricting Cre-activity will be another important knob to tune cell survival after scrambling. The 

membrane permeable protein approach I used in this thesis is difficult to titrate and internalization 

depends on protein precipitation on the membrane (Wadia, Stan, and Dowdy 2004). 

Consequently, cells will either take up none or large quantities of Cre. An ideal system should 

ensure that each cell in the population is exposed to a precise amount of Cre. I hypothesize that 

one way to achieve this is by stably integrating oestradiol or doxycycline-inducible Cre 

recombinase in a safe harbor locus. Cre expression should be coupled to an antibiotic resistance 

gene and a fluorescent reporter to monitor and select against silencing. With a system like this, 

rearrangements could accumulate over a prolonged period, similar to the strategy that enabled 

high copy number loxPsym integrations for me (section 3.2.1). 

 

What could we do with a cell line with thousands of recombinase sites and a recombinase cassette 

that enables a slow but steady accumulation of structural variants? We could perform continuous 

directed evolution on the level of cells and entire genomes. For example, cells could be grown 
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under suboptimal conditions or in drug-containing media. Under these conditions, genome 

changes that support growth should start to take over the population. Cells could also be made to 

produce biologics, such as membrane-bound antibodies, and selected for engagement with 

antigens. Finally, if we can select cells for genome content (e.g. by staining of DNA and sorting 

with flow cytometry) it gives a path to minimize genomes. While there might not be the 

evolutionary pressure to keep repetitive DNA sequences around (especially in the context of a 

cell line), there also exists no mechanism to easily evict them from the genome. Scramble could 

provide that mechanism. The amount of DNA a cell line could lose might be substantial. For 

example, the genome size of the puffer fish (Fugu rubripes) is only 400 Mb (12% of ours), and 

similarly, comparison to other placental mammals shows that only ~11% of the human genome 

is under constraint (Sullivan et al. 2023). 

5.3 Scaling enhancer scramble  

The strategies developed in this thesis make it possible to engineer and phenotype many 

alternative non-coding architectures. I started by randomizing the regulatory region of a single 

gene (OTX2). However, to more comprehensively understand the grammar of gene expression 

and enable more accurate predictive models, we will likely need to create and measure the 

consequences of thousands of structural changes in hundreds of genes. To achieve this, there are 

four natural opportunities to scale enhancer scrambling: (1) Find more suitable target genes. (2) 

Improve the efficiency of recombinase site integration. (3) Increase the diversity of maintained 

rearrangement events. (4) Increase the throughput for reading out variants and mapping them to 

gene expression changes. 

 

To expand to more genes, we first need a strategy to prioritize. There will be many ways to go 

about this. I teamed up with Ronnie Crawford from the Human Genetics Informatics team who 

developed an algorithm that ranked genes by their expression in HAP1, diversity of expression 

across other cell lines, fraction of nearby sequence that is in the enhancer chromatin state, the 

absolute number of nearby enhancers, distance to nearby genes, and gene size. The type of genes 

that floated to the top with such an approach was promising and retrieved known models of 

enhancer biology such as SOX2 (rank 3) and MYC (rank 11). 

 

Improvements in prime editing and pegRNA design (discussed above) will be the main driver for 

more efficient recombinase site integration. In addition, not every experiment will require clonal 

lines with many integrations. Having a more diverse pool of integrations could even increase the 

diversity of events (discussed next). 



CONCLUSIONS AND OUTLOOK 

137 

The diversity of rearrangement events was presumably limited in our experiments because partial 

deletions and inversions were unstable and continued rearranging until the entire locus was lost. 

The first way to address this issue is by tightly controlling Cre activity. For example, Cre 

recombinase expression could be driven by an inducible promoter and additionally be gated by 

small molecules (e.g. via ligand-induced translocation to the nucleus (Feil et al. 1996)). Moreover, 

Cre can be fused to a small molecule-induced degron (e.g. (Nishimura et al. 2009; Nabet et al. 

2018)) to temporarily restrict its activity and freeze a diverse set of variants before rearrangement 

towards the terminal full deletion. The second option is to create more stable endpoints by 

swapping the loxPsym sites used for recombinase sites whose rearrangement product can no 

longer rearrange (e.g. (Araki, Araki, and Yamamura 1997)). Finally, not every cell requires the 

full set of all recombinase sites. Instead, we could scramble a cell pool where every cell has 

integrated a different set of two or more asymmetrical recombinase sites. Even if each set 

rearranges to its final product (or oscillates for inversions), the resulting cell pool will be diverse. 

This strategy also speeds up the process of cell line generation as it will no longer be necessary 

to create clonal lines harboring all integrations. The idea of integrating two recombinase sites also 

has advantages to improve readout strategies (discussed next). 

 

Arguably the largest bottleneck is reading out enhancer architectures. While Cas9-enriched 

nanopore sequencing provided locus architecture, methylation, and accessibility on the same read, 

the enrichment over the genome background was poor (~100-fold resulting in ~1% of all reads 

mapped to the region of interest) and larger regions were difficult to capture end-to-end. Battaglia 

et al. modified the Cas9 sequencing protocol and successfully captured contiguous reads for a 

116 kb locus with > 300-fold enrichment (Battaglia et al. 2022). These techniques could be 

combined with enrichment methods directly on the flow cell level such as adaptive sampling 

which reverses the current and ejects unwanted reads (Payne et al. 2021). Nanopore sequencing 

itself is also continuously improving and yield as well as base and modification-calling accuracy 

have increased throughout the years (Kolmogorov et al. 2023). 

 

Classic CRISPR knockout screens do not sequence each target site to confirm knockout but 

instead sequence sgRNAs and infer a knockout from the presence of guides. If the insertion of 

recombinase sites with prime editing becomes sufficiently efficient, resulting architectures could 

also be inferred by sequencing pegRNAs. Instead of relying on stochastic recombination between 

many sites, each variant would then be encoded by a pair of pegRNAs and hundreds of different 

pairs could be delivered to a cell population akin to a CRISPR knockout screen. Reading out 

pegRNAs directly would drastically improve the scale of variants that can be assayed at the same 

time, and circumvent the need to engineer a cell line altogether. sgRNAs can also be captured in 

single-cell RNA sequencing experiments alongside the transcriptome. Similarly, it should be 
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possible to capture pegRNA pairs and infer changes to the target and nearby gene directly instead 

of relying on indirect sorting for reporter expression. However, more complex variants that 

combine several deletions and inversions cannot be generated with this strategy (unless using 

multiple pegRNA pairs encoding orthogonal recombinase sites) and the underlying changes to 

DNA methylation and accessibility information could not be inferred. 

 

In summary, there will be many promising ways to scale the strategies laid out in this thesis and 

engineer genomes vastly different from ones that evolved naturally. Hopefully, we will learn lots 

of novel biology in the process and better understand the peculiarities of our genome. Off to new 

shores!
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