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Abstract 
Over the past several years genome and epigenome engineering has been 

propelled forward by CRISPR-Cas technologies. These prokaryotic defense systems 

work well in mammalian cells in a manner that is remarkably robust: they are non-toxic, 

fold into a catalytically active state, localize to targeted cellular compartments, and act 

on the eukaryotic genome, which is heavily compacted in chromatin. While all these are 

true, CRISPR-cas nucleases did not evolve to function as highly specific genome 

engineering tools. Thus, the major goals of the work presented herein are to i) refine the 

specificity of CRISPR-Cas enzymes, ii) develop methods that facilitate genome 

engineering in human cells, and iii) apply these technologies toward outstanding 

problems in human gene regulation. With regard to the first goal, we set out to develop 

a method that could be easily applied to increase the specificity of diverse CRISPR 

systems. Adopting RNA-engineering to achieve this goal, we modulate the kinetics of 

DNA strand invasion to increase the specificity of Cas enzymes. Since the guide RNA is 

a feature that is common across all CRISPR systems, we expect that this new method to 

tune the activity and specificity of Cas enzymes will be broadly useful. To address the 

second goal, we set out to develop an experimental pipeline for the high throughput, 

precise modification of mammalian genomes. Specifically, we modify the C-termini of 

genes to include an epitope tag for the genome-wide profiling of transcription factor 

binding sites. We apply this method to over 30 genes, encoding a variety of transcription 
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factors, chromatin modifying enzymes, and gene regulatory proteins. Out of the large 

number of genes we focus particularly on members of the AP-1 transcription factor 

family and nuclear receptor co-activator and co-repressor families. Using this ChIP-seq 

data, which profiles genome wide binding, and integrating a variety of other genomic 

information, including chromatin modifications, chromatin accessibility, other TF 

binding, and inherent regulatory activity, we investigate the dimerization preferences of 

AP-1 subunits, their genomic binding patterns, and the regulatory potential of theses 

subunits. Toward addressing the third goal, we decided to focus on the glucocorticoid 

receptor (GR). The dual activating and repressive function of the GR is incompletely 

understood, and this duality is a property of many other stimuli responsive 

transcriptional responses (e.g. NFKB signaling). Thus, how one transcription factor is 

biochemically endowed with the ability to both activate and repress gene expression is 

an outstanding problem in gene regulation. It is hypothesized that the GR recruits a 

variety of distinct protein complexes in order to mediate its diverse function. We used 

CRISPR based loss of function screening in order to discover new GR cofactors. Using 

this method, we find a number of cofactors, both canonical and novel, that regulate this 

response in A549 cells. Ongoing work investigates how general these cofactors are 

across the transcriptome and whether they provide an avenue to decouple GR’s dual 

function, which has been a major goal in drug development. Through these studies we 

have found a way to make CRISPR systems more specific, developed and applied 



 

vi 

CRISPR based method to define AP-1 binding and function, and used unbiased CRISPR 

based screens to discover novel regulators of the glucocorticoid drug response. 

Chapter 1 broadly introduces this work, its motivations, and aims of research 

presented herein. 

Chapter 2 provides an introduction to both genome engineering and gene 

regulation. Specifically, it describes the development and application of CRISPR-cas 

tools and details outstanding problems in gene regulation through the lens of nuclear 

receptors. 

Chapter 3 describes the purification of Cas9 protein and its characterization 

biochemically. Specifically, we use AFM to determine the DNA binding properties of 

Cas9 in vitro. 

Chapter 4 introduces a new method to modulate the specificity of CRISPR 

systems in human cells. Therein we show that RNA secondary structure can be applied 

to diverse CRISPR systems to tune their activity. 

Chapter 5 details a method for the high throughput tagging of transcription 

factors. It specifically investigates members of the AP-1 transcription factor complex.   

Chapter 6 is an investigation of the glucocorticoid receptor and its cofactors. We 

apply a variety of genome engineering and genomic methods to characterize known co-

factors and discover new ones. 
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Chapter 7 is an outlook on the fields of genome-engineering and gene regulation. 

It describes key questions that are still unanswered and possible lines of attack to 

address them. 
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1. Chapter 1. Introduction  
“Progress in science depends on new techniques, new discoveries and new ideas, probably in that order.” 

Sydney Brenner, Nature Vol. 285 5 June 1980  

1.1 Preface 

The rise of biomedical engineering as a field can partly be attributed to a culture that 

values technology development. These technologies can be therapeutics themselves, but 

perhaps more importantly they can be tools that enable others to test new hypothesis, 

develop new therapeutics, or create new tools themselves. The cascading effects of an 

enabling technology amplify its impact. Indeed, the most revolutionary periods of 

biological research have been catalyzed by enabling technologies. PCR, molecular 

cloning, DNA sequencing, fluorescent proteins, optogenetics, and now genome-

engineering are examples of tools that have reshaped the biological sciences, changing 

the questions that can be asked, and reshaping the discourse for time to come. 

None of the aforementioned tools, however, are designed from scratch. Instead 

they are largely made with components that are found readily in nature with minimal 

modification. Poaching in this way has been a hugely successful strategy, especially in 

the fields of cellular, protein, and genome engineering.  

The work in this thesis focuses on genome-engineering, which has looked to 

nature to find a means of recognizing specific DNA sequences. At the surface level, 

specific DNA must be read and written during the course of any biological process. In 

other words, given the great diversity of life that exist, and that each of these forms must 
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decode information from DNA sequences, there must exist a great diversity of 

biochemical strategies to perform this function. The field of genome engineering is 

concerned with the discovery of these technologies and their useful application for 

genetic manipulations of cells and organisms.  

 The ideal genome-engineering technologies are those that are the most modular, 

meaning that they must be flexible enough to be redesigned to target any DNA 

sequence. This is not a property that is commonly found across DNA binding proteins. 

For example, restriction enzymes and meganucleases evolved to target a very specific 

DNA sequences and their DNA binding domains are functionally linked to their 

catalytic domains. This makes them inherently non-modular: one cannot easily 

reengineer them to recognize another DNA sequence without rendering them 

catalytically dead.  

1.2 Zinc Finger Nucleases 

While meganucleases and restriction enzymes did allow scientists to manipulate 

specific DNA sequences, they could not be easily redesigned to target new sequences. 

Zinc finger nucleases were the first example of a technology that granted scientists the 

ability to target any desired DNA sequence. This was achieved by creating a custom 

DNA binding domain and fusing it to a non-specific nuclease. The DNA binding 

domains were created by first cataloguing zinc finger proteins found in nature. Each of 

these domains were parts of transcription factors found in eukaryotes. By cataloguing 
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the affinity of each one toward its preferred DNA motif, one could fuse them together to 

create new targets of desired specificity.  One issue with them, however, was their high 

failure rates: although in isolation zinc-finger1 would bind sequence A and zinc-finger2 

would bind sequence B, it was not always the case that the fusion of the two,zinc-

finger1+2, would bind the concatenated sequence A+B. This is because the zinc-fingers 

lacked proper modularity, and a fusion of two zinc fingers could abrogate some of their 

individual affinities or synergize to create new ones.  

The Cys2-His2 zinc finger domain is the most common DNA-binding motif found 

in the human proteome. Each zinc finger domain binds 3-4 consecutive nucleotides, and 

when multiple units are fused, zinc finger fusions can target longer sequences. The high 

failure rate and the difficulty of laboratories in adopting this technology is often 

attributed to the failure of concatenated zinc fingers to adopt an affinity that is the linear 

combination of its subunits’. Although technical difficulties in their production hindered 

their widespread use in academia, synthetic zinc finger proteins showed the potential 

impact of targeted DNA technologies. This technology also formed the bases for several 

gene therapy drugs, many of which are in advanced stages of clinical trials [1, 2]. 

1.3 Host-pathogen interactions and the emergence of modular 
DNA targeting systems 

In retrospect we can now easily see a guiding experimental principle: in order to 

find modularity in nature one must look for cases where there might have been selection 

for this property. Arms races between parasites and hosts have emerged as one such 
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case where selection for highly modular systems occurs. In these cases, selection for 

modularity occurs because genetic attackers frequently mutate their genome to evade 

detection by a host. Meanwhile, a host is forced to evolve a modular system to adapt 

and recognize these new sequences. Thus, modularity is selected for out of the need for 

hosts to have a nimble system that can mix and match to target new DNA sequences 

generated by, say an invading bacteria or virus. 

1.3.1 Transcription activator like effectors 

The first example of such a tool was found in an arms race between the bacteria 

of the genus Xanthomonas and the diverse plant species they can infect, including many 

important crops. Xanthomonas is a very diverse family, and while each member of this 

family infects a very narrow range of hosts, the family collectively has a host range of 

over 200 different plant families [3]. Despite the diversity of the Xanthomonas family, all 

members of this family use a type III secretion system to deliver virulence factors, and 

these factors are necessary for invasion into the host. This secretion system is a complex 

of proteins that span both bacterial membranes, and likely spans the plant cell wall 

during infection. There are typically 10-40 difference virulence factors that are delivered 

to the host in order to allow for infection, and these can be clustered based on domain 

structure and biochemical sequence. The largest class of virulence factor is the 

Transciption Activator-Like Effector (TALE) [4]. It is this class of proteins whose DNA 

binding specificity was decoded, and subunits later deployed for genome engineering 
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[5]. Isolation and characterization of the first TALE gene was very difficult because of 

the relatively large size of the gene made worse by both its high GC content and its 

repetitive nature [6]. The subsequent cloning of other TALE genes and experiments 

domain characterization experiments showed that it’s the sequence of the repetitive 

units that determine specificity of virulence [7]. Later landmark experiments include the 

demonstration that these proteins bind specific DNA sequences[8, 9], and the decoding 

the cipher of which TALE subunits bind which nucleic acids [5, 10]. Of course, the 

decoding of the TAL cipher laid out a blueprint on how to deploy this technology for 

user defined targeting of DNA, opened the floodgates for all TAL-based genome 

engineering methods that would follow in the coming years [11]. 

The major improvement that TAL based methods had over zinc fingers was that 

they were much more modular. In other words, linear combinations of TAL subunits 

had a DNA specificity that was more often the linear combination of the DNA 

specificities of each TAL subunits. Experimentally, this meant that, compared to zinc 

fingers, you had to generate a smaller number of TAL effectors in order to find one that 

worked. However, TAL effectors also had their limitations, including difficulties in their 

production and delivery. Like zinc fingers, their production was labor intensive and 

required scientists to be highly familiar with molecular cloning methods. While TAL 

effectors have a much higher hit rate than zinc fingers do, they also suffer limitations 

because of the nature of their gene structure: their encoded gene is large and highly 
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repetitive. The large size of TAL effectors makes them harder to deliver within the 

packaging limits of AAV. The repetitive nature of TAL effectors makes production of 

lentivirus encoding these genes highly inefficient due to recombination and/or template 

switching of the reverse transcriptase. 

1.3.2 CRISPR systems: a review of its biology, major advances in its 
applications for genome-engineering, and current state of the 
technology 

CRISPR represent the latest advance in genome engineering technology and 

again this technology was adapted from components found in nature. CRISPR systems 

are naturally found microbial immune systems that protect microorganisms against the 

viruses and other parasitic genetic elements that infect them (e.g. plasmids, 

retrotransposons). The presence of CRISPR systems in a large fraction of sequenced 

microbial genomes (approximately 40% of bacterial genomes and 90% of archaeal 

genomes [12, 13]) indicates that they are a highly effective defense against the onslaught 

of viral particles (viruses can outnumber their microbial hosts by an order of magnitude 

[14]).   

Bacterial genomes encode genes that are often spatially segregated based on their 

function, that is, those genes that work for a common function are often found at a single 

locus. This is largely the case with CRISPR systems, whose many genes are encoded 

together at the CRISPR locus. The genetic architecture of CRISPR loci are varied but at a 

general level are split into two parts: 1) the CRISPR array, which is composed of 



 

7 

sequences that act as a memories of infection, and 2) proteins, called Cas genes, that 

perform many of the catalytic functions required to carry out immunity [15]. CRISPR 

systems need to carry out two processes in order to function: first, they must be able to 

form memories of infection and second, they must be able to use those memories to 

detect and destroy parasitic DNA during future encounters.  

The non-coding RNAs stored in the CRISPR array are essential to carrying out 

CRISPR immunity: they direct active nucleases to invading nucleic acids in a sequence 

specific manner [16]. Indeed, the defining feature of CRISPR systems has long been the 

CRISPR array, whose sequences are acquired from invading viruses are stored in order 

to create a memory of infection. The CRISPR array was the first gene of CRISPR systems 

reported in the literature and that it had viral sequences gave the first clue that these loci 

encoded an immune system of sorts [17]. The array starts with an AT rich promoter and 

is followed by a repeating palindromic sequence that is punctuated by short sequences 

of foreign origin. This array gets transcribed as one long transcript and is later processed 

by other Cas proteins. Some CRISPR systems also encode a trans-activating CRISPR 

RNA (tracrRNA), which is transcribed separately, but essential to CRISPR processing 

and interference. The CRISPR array is a central actor: it was the first gene discovered, 

the namesake of the system, gave the first clues.  

The rest of the main actors in CRISPR function are composed of cas genes which 

function as caretakers of the CRISPR array and executors of the memories store within: 
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they act to create new memories of infection by adding sequences to the CRISPR array, 

they processing the CRISPR array into separate crRNAs that guide the cas nuclease 

complexes, and they encode the effector complexes which are the cas genes that possess 

the nuclease activity to destroy viral sequences once they have been recognized [18]. 

Spacer acquisition is an immunization step that requires two main cas proteins, 

Cas1 and Cas2. The process of spacer acquisition is also referred to as adaptation and 

can take two main forms: naïve adaptation, where a viral sequence is encountered for 

the first time, and primed adaptation, where a viral sequence is recognized by an 

existing crRNA sequence and an additional unique sequence is stored from this invader 

[16]. Cas1 and Cas2 is required for both of these types of adaptation, but primed 

adaptation also requires the effector module of the CRISPR system, i.e. it requires the 

gene/genes that compose the surveillance and nuclease machinery.  

Defense of the host by the CRISPR system is called interference, and it is the 

process whereby the CRISPR surveillance complex recognizes and digests the foreign 

genetic material [19].  As stated, interference requires a surveillance complex made of 

cas proteins that are collectively called the cas effectors. While Cas1 and Cas2 proteins 

are highly conserved and are common to all CRISPR systems, the cas genes that make 

up the effector class are highly diverse. Depending on the CRISPR system, the 

surveillance complex can be made of just one cas genes or multiple cas genes. Given the 
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high diversity of this class of proteins, they form the basis for the classification CRISPR 

systems. 

The different types of CRISPR systems have been classified into a number of 

types and subtypes in order to catalogue their properties, understand their function, and 

glean insight into the evolution of these systems. The classification is a two step process, 

first categorizing based on the sequence identity of Cas1 and Cas2 proteins. However, 

while these two proteins are highly conserved and serve as a good anchor for 

phylogenetic analysis, they are not sufficient to stratify CRISPR systems that are clearly 

deserving of unique classification. Thus the rest of the CRISPR loci is used to further 

classify, specifically, the cas effectors that make up the surveillance complex are used to 

perform this task [20]. CRISPR systems are first grouped into two classes, and then 

further stratified into 6 types and further again into 20 subtypes. The two classes of 

CRISPR systems, class 1 and class 2, represent the most significant divide: class 1 

systems use multiple cas genes to form a surveillance complex and carry out 

interference whereas class 2 systems use only one gene [20]. That class 2 systems 

represent a compressed, compact version of class 1 systems makes them highly 

amenable to manipulation and sub of intense investigation for genome engineering and 

biotechnological applications [18].  

The first CRISPR system that demonstrated the ability to be reprogrammed to 

target any DNA sequence was the type II CRISPR system of S. pyogenes, where Cas9 
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from this species, SpCas9, was reconstituted in vitro and redirected to various synthetic 

target sequences [21, 22]. Importantly, that study of SpCas9 characterized it’s 

protospacer adjacent motif (i.e. PAM) and the minimal RNA structure reqiered to 

retarget the system to new sequences (i.e. sgRNA). Nuclear localization sequences were 

then added to the protein and plasmids were created for expression of both the protein 

and guide RNA using Pol II and Pol III promoters, respectively [23-25]. Since then 

SpCas9 has been repurposed for a practically innumerable set of applications, reviewed 

extensively many times over [18]. 

Since the successful application of SpCas9 in mammalian cells, the search and 

characterization of new CRISPR systems has taken to a much higher pace. A number of 

new Cas effectors have been biochemically reconstituted, characterized, and deployed 

for successful engineering of the genome and transcriptome. These include new Cas9 

variants from various microbial species, Cas12, Cas13 and Cas14 variants. This is 

discussed further in chapter 4 of this thesis. While the majority of these proteins share a 

bilobed architecture, there is no domain homology common to all 4 and comparisons of 

any two of these Cas effectors share minimal sequence homology [26]. 

While it is fortunate that these systems can be transplanted, heterologously 

expressed, and generally maintain their function, they have not evolved to function 

optimally in human cells. Thus, there have been numerous efforts to improve the 

functioning of these bacterial proteins, including RNA and protein engineering based 
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efforts. In general these efforts have focused on three main areas of optimization for cas 

proteins: their levels of expression, their general activity, their specificity, and their 

targeting range, as dictated by their PAM. These efforts have yielded protein variants 

with optimized properties, but perhaps not always for all conditions. For example, 

initial optimization of SpCas9 specificity in HEK293 cells did improve specificity, but 

only in the very narrow experimental conditions of plasmid-based experiments in 

HEK293 cells [27, 28]. When trying to transplant these “optimized” systems into a 

different cell type using a different form of delivery, they failed to perform at a high 

efficiency. This is because of the well-known experimental maxim that “you get exactly 

what you select for”. Experimental conditions in HEK293 cells using plasmid delivery 

highly favor offtarget activity for a number of reasons: the concentration of cas protein is 

very high, duration of plasmid expression is long, and the transfection rates are highly 

efficient. Thus, any system optimized for these conditions will likely generate a Cas 

effector whose activity has been tuned down. More recent attempts to optimize Cas 

effectors have taken these considerations into account, and while the number of high-

fidelity and PAM variants is exceedingly high, the latest generation represent a 

promising set that likely have a higher likelihood of gene editing in a variety of contexts 

[29, 30]. 
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1.4 Gene regulation and nuclear receptors 

The study of transcription has been a fundamental field of study in biological 

science since the institution of the central dogma of biology. Landmark discoveries 

include the numerous studies that revealed the structure of the bacterial gene to the 

more recent discovery of the three different types of eukaryotic polymerases [31, 32]. 

Experimental approaches to study transcription have been highly diverse, including 

biochemical, structural, genetic, and cellular approaches to studying this process. 

Despite this wide range of approaches nuclear receptors have had a central role across 

all of these disciplines.  

Nuclear receptors are a class of ligand induced transcription factors that are 

grouped into a super-family. They represent the largest family of transcription factors 

and have been central to the study of transcription and as objects of study themselves. 

That nuclear receptors regulate transcription in a ligand dependent manner makes them 

ideal experimental workhorses: controlling for these experiments simply requires one to 

make measurements with and without ligand present.  

The well controlled transcriptional responses generated by nuclear receptors has 

made them a critical lens through which many fundamental discoveries in eukaryotic 

transcription were first observed. Indeed, a search for hormone response elements was 

conducted shortly after the discovery of eukaryotic RNA Pol II [33]. This work also 

demonstrated one of the first examples that eukaryotic genes can be split into multiple 
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exons, which was the first hint of eukaryotic gene splicing [34]. The first report of a 

genetic enhancer was also based on work that used nuclear receptors to study 

transcription [35, 36]. However, it was unclear what was binding to these enhancers to 

initiate transcription and how this was carried out. While it was practically impossible at 

the time to understand enhancer function at steady state, stimuli responsive enhancers 

provided a tractable system to answer these questions. 

The study of eukaryotic enhancers gave rise to a search for the genes that give 

rise to hormone responsive enhancer activity, a search that spanned multiple labs on 

multiple continents. Using radioactive hormones, hormone receptors were purified from 

rat cell lysates through the use of extensive biochemical procedures, including gel 

filtration, chromatography, SDS page gels, and isoelectric focusing [37, 38]. This protein 

was used to as an antigen to raise antibodies in host organisms [39, 40]. Finally, these 

antibodies where used to screen clones that expressed portions of a random cDNA 

library [41, 42]. The isolation of a full cDNA clone gave scientists the ability to ask 

numerous other questions about nuclear receptor biology, including mapping the 

domain structure of nuclear receptors, isolating the function of each of those domains, 

demonstrating the sequence specificity of the DNA binding domains, and the chemical 

specificity for ligands of the ligand binding domains. Strides made with the 

glucocorticoid receptor was followed up by analogous studies with the estrogen 

receptor and retinoic acid receptor. 



 

14 

The research following these landmark studies was a closer examination of the 

activity of these receptors. For example, how they mediate their diverse function of both 

activation and repression. Using a variety of screening methods, most notably yeast two 

hybrid screening, the cDNAs of a number of co-factors were isolated and characterized. 

Chief among these discoveries were the characterization of the p160 coactivators, which 

was first shown to mediate the activation potential of the thyroid receptor in response to 

its ligand [43]. 

While a great deal of progress has been made in the studies summarized above, 

they also suffer from a variety of limitations. Primary among them is their reductive 

nature: in order to isolate causal links between processes, systems have been reduced in 

their complexity and reconstituted biochemically. In vitro systems, however, can only 

yield so many insights. While in vitro systems can unveil the major molecular 

constituents, they lose the vast majority of molecular interactions that occur within the 

cellular context. Thus, in order to study these processes further, new methods must be 

applied to characterized them under a more nuanced lens. With the advent of modern 

genomic and genome engineering technologies, we are now able to pursue a more 

nuanced approach to study this class of transcription factors. In particular we can ask 

questions like, how many distinct mechanisms does the glucocorticoid receptor utilize in 

its transcriptome wide effects, how many complexes does the glucocorticoid receptor 

form, and which cofactors combine to form these complexes 



 

15 

2. Chapter 2. Specific Aims of the Study  
2.1 Introduction  

Genome engineering technologies have revolutionized many fields in the 

biomedical sciences. However these systems, adopted from bacterial genomes, have not 

evolved to function optimally in human cells. Thus in order to realize the potential of 

CRISPR systems for genome engineering applications one must sharpen and refine this 

molecular scalpel. In particular we will focus on the application of CRISPR systems to 

better understand human gene regulation.  

The glucocorticoid response is a powerful model system for studying human 

gene regulation because it is both of outstanding clinical relevance and easily inducible 

(i.e. well controlled). The glucocorticoid receptor (GR) is the target for the most effective 

and most widely prescribed class of anti-inflammatory drugs, glucocorticoids (GCs). 

Although GCs are potent suppressors of inflammation, severe side effects such as 

diabetes and osteoporosis preclude their long-term use. Reducing the metabolic side 

effects of GCs is a longstanding challenge that would improve the lives of millions who 

suffer from chronic inflammation or autoimmunity. Efforts to develop dissociated GCs, 

retaining anti-inflammatory properties and removing side-effects, have yet to find 

success. To inform these efforts, we need a deeper understanding of how GCs attain 

specificity at the genes they regulate. 
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In the presence of GCs, GR translocates from the cytoplasm to the nucleus where 

it both activates and represses transcription. Reconciling GR’s diverse transcriptional 

effects with its specificity has been a point of intense study. There is extensive evidence 

demonstrating that GR mediates its diverse responses by associating with enzymatically 

diverse co-factors. In this model GR forms distinct protein complexes with various 

cofactors, and it is the diversity of these complexes that results in diverse transcriptional 

effects. Specificity is achieved through allostery: DNA sequence and the gene 

environment give the GR complex positive or negative cues that favor or disfavor 

enzymatic activity. There is considerable evidence supporting this model, however, key 

details remain underspecified. Toward better understanding these regulatory 

complexes, we propose a comprehensive interrogation of the NCoA and NCoR gene 

families, key hubs that mediate gene-specific responses.  

Our central hypothesis is that cofactors form distinct protein complexes with GR 

and these complexes localize specifically to genes that are activated or repressed by GCs. 

We will use the NCoA and NCoR gene families to test this hypothesis by (1) mapping 

their genome-wide binding, (2) asses the composition of GR bound NCoA and NCoR 

complexes, (3) test the essentiality of these cofactors for different arms of the GC 

transcriptional response, and (4) perform an unbiased genome-wide screen for genes 

essential to the GC-response. The overall objective will be accomplished by testing the 

central hypothesis with the following specific aims:  
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2.2 Aim 1: Increase the specificity of CRISPR systems 

CRIPSR systems have been widely adopted for use in human genome 

engineering applications. However these systems have demonstrated offtarget activity 

in some cases. Efforts to increase the specificity of CRISPR systems have focused on only 

one Cas9 protein from one CRISPR subtype, S. pyogenes. Thus we will set out to develop 

a method that can increase the specificity of diverse CRISPR systems. Our working 

hypothesis is that slight inhibition of CRISPR systems can result in overall specificity 

increases and we can use RNA secondary structure to inhibit these systems. We will 

perform various experiments with dCas9 activators to assess the effects of structure on 

binding. We will perform experiments with Cas9 and Cas12 variants to assess the effects 

of RNA secondary structure on nuclease activity. We will profile, in an unbiased 

manner, the genome wide activities of these proteins in complex with engineered RNAs. 

The results of these studies will provide a facile method that can be easily adopted into 

the experimental workflows of other groups. 

2.3 Aim 2: Deploy CRIPSR based genome engineering to 
characterize AP1, NCoA and NCoR protein complexes. 

AP-1, NCoA, and NCoR family members are known co-factors of GR that 

mediate its transcriptional activation and repression of genes. However, there are 11 

members across the three families, and the distinct roles of each member are unknown. 

AP-1, NCoA and NCoR gene families have been extensively studied, however the 

genome-wide dynamics of these co-factors have not been collectively mapped. 
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Moreover, there are conflicting reports about their binding patterns. For example, 

NCoA2 is shown to bind both activated and repressed genes in one report but 

exclusively binds activated genes in another. We will create genome-engineered cell 

lines with each of these genes 5 genes (NCoA1-3 and NCOR1-2) tagged at the C-

terminus with the FLAG epitope. This will aid in biochemical and genomic studies. 

Our working hypothesis is that AP-1 or NCoA/NCoR members form distinct complexes 

with GR that mediate its activation/repressive dual function. We will first perform ChIP-

seq to characterize the binding of each family member across a 12-hour GC response. We 

will perform Co-IP experiments between family members to determine if any associate 

within the same complex. We will perform density gradient centrifugation followed by 

immunoblotting to visualize the sizes of the associated complexes. We will also use 

dCas9-KRAB based repression in order to mediate robust knockdown of each family 

member followed by RNA-seq to assess the degree of essentiality for the broader GC-

response. 

2.4 Aim 3: Apply a CRISPR/Cas9 genome-wide knockout screen 
to identify essential cofactors in the GC response.  

Our second aim is to apply a high-throughput screen to identify all protein-

coding genes that are essential to the GC transcriptional response. Our working 

hypothesis is that essential co-factors fall into 3 classes: those that are essential for 

activation, those that are essential for repression and those essential for both. We will 

use a pooled gRNA library to knockout all ~20,0000 human protein-coding genes. We 
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optimize antibody staining of genes that are strongly induced or repressed and sort 

those cells that no longer respond to GC exposure. We will validate our results using 

dCas9-KRAB based loss of function experiments, assaying at canonical GC-responsive 

genes. Validated hits will be further characterized by RNA-Seq to assess the degree of 

essentiality for the broader GC-response.  
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3. Chapter 3. Biochemical Characterization of S. 
pyogenes Cas9 by Atomic Force Microscopy 
3.1 Preface 

At the time this work was initiated, the utility of CRISPR systems for mammalian 

genome-engineering was readily apparent, but there were a number of outstanding 

questions about its main workhorse, Cas9 derived from the bacteria S. pyogenes. In 

particular the structure of SpCas9 in complex with DNA was yet to be determined and it 

was unclear what the specificity profiles were of binding and nuclease activity. Thus we 

set out to characterize the structure and specificity of Cas9 biochemically, using AFM to 

probe Cas9 on naked DNA constructs.  

This work was done in collaboration with Eric Josephs who conceived the study 

and initiated the collaboration. Eric, Charlie Gersbach, Piotr Marszalek and I designed 

the experiments. I purified Cas9 protein, synthesized guide RNAs, and target DNA 

constructs. Eric performed the AFM imaging, analyzed the data, and wrote the 

manuscript with input from Charlie, Piotr and myself. 

The content of this chapter is adapted from this article:  

Josephs EA, Kocak DD, Fitzgibbon CJ, McMenemy J, Gersbach CA, Marszalek PE. 

Structure and specificity of the RNA-guided endonuclease Cas9 during DNA 

interrogation, target binding and cleavage. Nucl. Acids Res. 2015 PubMed ID: 26384421. 
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3.2 Abstract 

Cas9 cuts DNA at variable target sites designated by a Cas9-bound RNA 

molecule. Cas9’s ability to be directed by a single ‘guide RNA’ molecule to target nearly 

any 20 bp sequence has been recently exploited for a number of emerging biological and 

medical applications. However, understanding the nature of off-target binding and 

cleavage by Cas9 is of paramount importance for their practical use. Using atomic force 

microscopy (AFM), we directly resolve individual Cas9 and nuclease-inactive dCas9 

proteins as they bind along engineered DNA substrates. High-resolution imaging allows 

us to determine their relative binding propensities at both target and partial / off-target 

sites using different guide RNA variants. Mapping the structural properties of Cas9 and 

dCas9 to their respective binding sites reveals a progressive conformational 

transformation at sites that increasingly match their targeted sequence. In parallel with 

kinetic Monte Carlo experiments, these results provide evidence of a ‘conformational 

gating’ mechanism stabilized by the interactions between the guide RNA and the 14th – 

17th nucleotide region of the targeted sequence, which we find also correlates 

significantly with rates of reported off-target cleavage. Further kinetic Monte Carlo 

experiments suggest potential methodologies to engineer guide RNA sequences with 

improved specificity by considering the dynamics of guide RNA invasion into the 

targeted DNA duplex.  
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3.3 Introduction 

Cas9 is the endonuclease of the prokaryotic Type II CRISPR (clustered, regularly 

interspaced, short palindromic repeats) – CRISPR-associated (Cas) response to invasive 

foreign DNA [21, 22].  During this response, Cas9 is first bound by a CRISPR RNA 

(crRNA) : trans-activating crRNA (tracrRNA) hairpin duplex, and then directed to cleave 

DNA that contain 20 base-pair (bp) ‘protospacer’ sites complementary to a variable 20 

bp segment of the crRNA (Figure 1A). Essentially, the only constraint on available 

sequences able to be targeted by Cas9 is that a short protospacer adjacent motif (PAM), 

such as ‘NGG’ in the case of S. pyogenes Cas9 [21], must immediately follow the 

protospacer sites in the foreign DNA molecule. That Cas9 can be modularly 

‘programmed’ by a single RNA hairpin to target nearly any DNA site has recently 

generated tremendous excitement (and controversy) after CRISPR-Cas9 systems were 

re-appropriated for a number of heterologous biotechnological applications [44, 45]. 

Notably, Cas9, using single-guide RNA (sgRNA) hairpins which combine the essential 

components of crRNA : tracrRNA duplexes into single functional molecules [21, 46], has 

been introduced into a variety of organisms to produce targeted double strand breaks 

for remarkably facile genomic engineering [25, 45, 47]. Nuclease-null Cas9 

(D10A/H840A, known as ‘dCas9’) and chimeric dCas9 derivatives have also been used 

to alter gene expression via targeted binding at or near promotor sites in vivo [48-51] as 

well as to introduce targeted epigenetic modifications[52]. However, there have been 
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several reports of off-target binding and cleavage by Cas9 [53-57], which can adversely 

affect its potential uses in practice. Significant efforts have been made to characterize this 

off-target activity— as well as to improve specificity through intelligent selection of 

protospacer target sequences [47]; optimization of sgRNA structure, for example, by 

truncation of first two 5’- nucleotides in the sgRNA [58]; and use of ‘dual-nicking’ Cas9 

enzymes [59]— but a clear understanding of the precise mechanism of RNA-guided 

cleavage as it relates to the structural biology of Cas9 will be essential to developing 

Cas9 derivatives and guide RNAs with increased fidelity for their emerging applications 

in medicine and biology. 

Pursuant to this goal, here we use atomic force microscopy (AFM) to resolve 

individual S. pyogenes Cas9 and dCas9 proteins as they bind to targets along engineered 

DNA substrates after incubation with different sgRNA variants. This technique allows 

us to directly resolve both the binding site and structure of individual Cas9/dCas9 

proteins simultaneously, providing a wealth of mechanistic information with single-

molecule resolution. Consistent with traditional biochemical studies, we find that 

significant binding by Cas9/dCas9 with sgRNAs occurs at sites containing up to 10 

mismatched base-pairs in the target sequence. However, while use of guide RNAs with 

two nucleotides truncated from their 5’- end (tru-gRNA) had previously shown to result 

in up to 5000-fold decrease in off-target mutagenesis by Cas9 in vivo, we find similar 

specificities in vitro for dCas9 with tru-gRNA binding to mismatched targets as with 
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standard sgRNA. The addition of a hairpin to the 5’- end of the sgRNA which partially 

overlaps the target-binding region of the guide RNA is found to increase dCas9 

specificity at the cost of overall decreased binding propensity to DNA. Our results 

indicate that overall stability of guide RNA-DNA binding does not necessarily govern 

specificity in Cas9 cleavage when mismatches are located more than 10 bp away from 

the PAM.  

Furthermore, with AFM we are directly able to map the structures of individual 

Cas9 and dCas9 to the full- and partial-, and off-target sites at which they are bound. We  

identify a distinct and progressive structural transformation of Cas9 and dCas9 as they 

bind to mismatched target sites that are increasingly complementary to the protospacer 

sequence, which provides evidence of a ‘conformational gating’ mechanism that 

regulates RNA-guided specificity. In combination with kinetic Monte Carlo 

experiments, these results suggest that the shift we observe in the structural properties 

of Cas9 and dCas9 is stabilized by interactions between the guide RNA interactions and 

the protospacer at or near the 14th – 17th sites from the PAM. Furthermore, we find that 

the stability of the guide RNA at these sites correlates with reported rates of off-target 

cleavage significantly better than guide RNA – protospacer binding energy alone. These 

results implicate differential sources of mismatch tolerance or sensitivity by Cas9 

according to their guide RNA structures and suggest new avenues to design guide 

RNAs with improved specificities. 
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3.4 Materials and Methods 

3.4.1 Materials  

Tris-HCl (pH 7.6) buffer was obtained from Corning Life Sciences. L-glutamic 

acid monopotassium salt monohydrate, dithiothreitol (DTT) and magnesium chloride 

were obtained from Sigma Aldrich Co., LLC.  

3.4.2 Cloning of Cas9, dCas9, and sgRNA Expression Plasmids 

The plasmids encoding wild-type Cas9 and dCas9 were obtained from Addgene 

(plasmid 39312 and plasmid 47106). Plasmids for the expression of Cas9 and dCas9 in 

bacteria were cloned using Gateway Cloning (Life Technologies). Briefly, PCR was used 

to amplify Cas9 and dCas9 genes and to add flanking attL1 and attL2 sites. BP 

recombination was performed to transfer these genes to a shuttle vector, after which LP 

recombination was performed to transfer these genes to pDest17, which adds an N-

terminal hexa-histidine tag (Life Technologies). The plasmids encoding the chimeric 

sgRNA and sgRNA variants (described below) were cloned as previously described [49]. 

3.4.3 Expression and Purification of Cas9, dCas9 

Plasmids encoding Cas9 or dCas9 were transformed into SoluBL21 competent 

cells (Genlantis) according to standard techniques [60]. Single colonies were used to 

inoculate 25 mL starter cultures. 25 mL starter cultures were grown overnight and used 

to inoculate 1 L cultures. Inoculated 1L cultures were grown for 5 hours at 25 °C after 

which the temperature was dropped to 16 °C and protein expression induced by the 
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addition of 0.1 mM IPTG. Induced cultures were grown for another 12 hours at 16 °C. 

Cells were harvested by centrifugation at 4000x g and stored at -80 °C for long-term 

storage. 

Cell pellets were resuspended in 30 mL of Lysis Buffer (50mM Tris-HCl, 500 mM 

NaCl, 10 mM MgCl2, 10 % v/v glycerol, 0.2% Triton-1000, and 1mM PMSF). The cell 

suspension was lysed by sonication at 30% duty cycle for 5 minutes. The suspension was 

then centrifuged for 30 minutes at 12,000xg. The supernatant was then taken and 

incubated with Ni-NTA resin (Qiagen) for 30 minutes under gentle agitation. The resin 

was then loaded onto a column, washed with Wash Buffer (35 mM imidizole, 50mM 

Tris-HCl, 500 mM NaCl, 10 mM MgCl2, 10 % v/v glycerol), and eluted with Elution 

Buffer (120 mM imidizole, 50mM Tris-HCl, 500 mM NaCl, 10 mM MgCl2, 10 % v/v 

glycerol). Ultracel-30k centrifugal filters were then used to exchange solvents to the 

Storage Buffer (50mM Tris-HCl, 500 mM NaCl, 10 mM MgCl2, 10% v/v glycerol). The 

samples were then aliquoted and frozen at -80 °C. Representative polyacrylamide SDS 

gels of purified Cas9 and dCas9 are presented in Figure S1, indicating approximately 

>95% purity. 

3.4.4 Expression and purification of sgRNA and guide RNA variants 

Guide RNAs were in vitro transcribed using the MEGAshortscript T7 

Transcription Kit (Life Technologies. DNA templates with a T7 promoter were 

generated via PCR from guide RNA plasmids and reactions were set up following the 
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manufacturer’s instructions. The T7 templates for the guide RNAs with 2 nucleotides 

truncated from their 5’- ends (tru-gRNAs) and those with 5’ extensions that form 

hairpins (hp-gRNAs) were generated by PCR off of the standard gRNA plasmids. The 

RNA was then purified using phenol-chloroform extraction using standard techniques 

[60]. 

3.4.5 Preparation of DNA substrates 

Genomic DNA was extracted and purified from HEK293T cell line using the 

DNeasy kit (Qiagen), following the manufacturer's protocol. The AAVS1 locus was then 

amplified using PCR. The 1198 bp AAVS1-derived substrate was constructed via direct 

PCR from genomic DNA using primers from Integrated DNA Technologies (IDT): 5’-

\Bt\-CCAGGATCAGTGAAACGCAC-3’ and 5’-GAGCTCTACTGGCTTCTGCG-3’, 

where \Bt\ represents a biotinylation of the primer at the 5’- end. The ‘engineered’ 

DNA substrate, which contains a series of PAMs and full or partial protospacer sites, 

was ordered as two gBlock fragments each containing an EcoRI restriction site on one 

end. Substrates were digested, ligated together, and then enriched via PCR with primers 

(Integrated DNA Technologies, IDT): 5’-\Bt\-CATGACGTGCAGCAAGC-3’ and 5’-

CGACGATGCGCTGAATC-3’. To construct a ‘nonsense’ substrate containing no sites 

exhibiting homology (greater than 3 bp) to the protospacer: a 690 bp DNA construct was 

synthesized (GeneScript, Inc.) containing a series of restriction sites, and an addition 

length of DNA from lambda DNA (New England Biolabs) was sub-cloned into the 
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construct; the 1078 bp substrate was then PCR amplified using primers (IDT): 5’-\Bt\-

GACCTGCAGGCATGCAAGCTTGG-3’ and 5’- CAGCGTCCCCGGTTGTGAATCT-3’. 

All DNA was gel purified, diluted to 25 nM in working buffer (20 mM Tris-HCl (pH 7.6), 

100 mM potassium glutamate, 5 mM MgCl2, and 0.4 mM DTT) and incubated with 40x 

excess monomeric streptavidin [61] for 10 minutes prior to incubation with Cas9/dCas9. 

3.4.6 Atomic force microscopy (AFM)  

Atomic force microscopy (AFM) was performed in air using a Bruker (née Veeco) 

Nanoscope V Multimode with RTSEP (Bruker) probes (nominal spring constant 40 N/m, 

resonance frequency, 300 kHz). Prior to experiments, protein and guide RNAs were 

mixed in 1:1.5 ratio for 10 min. Protein and DNA were mixed in a solution of working 

buffer for at least 10 min (up to 35 min) at room temperature, deposited for 8 s on freshly 

cleaved mica (Ted Pella, Inc.) that had been treated with 3-aminopropylsiloxane 

(prepared as previously described (24)), rinsed with ultra-pure (>17 MΩ) water, and 

dried in air. Proteins were centrifuged briefly prior to incubation with DNA. When the 

standard sgRNA was used, at least four preparations for each experimental condition 

were imaged, and at least two preparations imaged for experiments with the other guide 

RNA variants. In general images were acquired with pixel resolution of 1024 × 1024 over 

2.75 micron square areas or 2048 × 2048 over 5.5 micron square areas at 1–1.5 lines/s for 

each sample. Images of several thousand (∼2500–6000) DNA molecules were resolved 

for each experimental condition.  
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3.4.7 DNA tracing and refinement with sub-pixel resolution  

Acquired AFM images were flattened and leveled (plane-wise, by line and by 

third order polynomial leveling) using an open-source image analysis software for 

scanning probe microscopy, Gwyddion (http://gwyddion.net/), and then exported to 

MATLAB (Mathworks, Inc.). 151 × 151 pixel (405 nm × 405 nm) regions containing each 

DNA molecule were sorted by inspection for a clearly identifiable streptavidin label, the 

presence of at least one bound Cas9/dCas9 molecule, and an unambiguous end-to-end 

path to ensure lack of aggregation or overlap with other DNA molecules. The contour of 

the DNA was traced by hand and the estimated boundaries of the streptavidin and 

Cas9/dCas9 were marked. The trace was then algorithmically refined using a method 

inspired by Wiggins et al. (25). See Supplementary Methods for details of the 

algorithmic refinement. The binding histograms of Figures 1C–D and 2C–D, and 

Supplementary Figure S2 were generated by mapping the relative location of each 

bound protein to the bases overlapped (nearest-neighbour interpolation) by the protein 

and summing the total number of proteins bound to each site (if a single Cas9/dCas9 

could be interpreted as being in contact with multiple (k) sites, each region of contact 

was weighed by 1/k in the binding histogram). Peaks in the binding histogram were fit 

to the empirical Gaussian exp(−((x−µ)/w)2), where µ is the mean peak position and w is 

the peak width parameter (w = √2σ, with σ the standard deviation), using MATLAB. 
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3.4.8 Determination of dCas9 apparent dissociation constants  

Apparent dissociation constants of dCas9 with different guide RNA variants 

were determined using the method pioneered by Yang et al. (26). Briefly, at known 

solution concentrations of dCas9-guide RNA ([dCas9]0) and DNA molecules ([DNA]0), 

we count the respective numbers of ‘engineered’ DNA molecules with and without 

proteins bound (fraction of DNA bound by proteins ΘdCas9), and after tracing DNA 

with bound proteins (see above) we determine the average number of proteins bound 

per DNA molecule (ndCas9). Overall dissociation constants are calculated as: 

Kd,DNA=[DNA][dCas9]/[DNA·dCas9]=(1−ΘdCas9)([dCas9]0−ndCas9[DNA]0)/(ΘdCas9

). The protospacer-specific dissociation constants Kd,protospacer are calculated similarly 

using instead ΘdCas9,protospacer, the fractions of DNA with dCas9 bound within one 

peak width of the Gaussian fit in their respective binding histograms (i.e. see Table 1), as 

are the site-specific association constants Ka,ss = Kd,ss−1 using the fractions of each site 

on the DNA with a bound dCas9 ΘdCas9,ss. 

3.4.9 Protein alignment and clustering 

Images of Cas9 and dCas9 proteins which were isolated and appeared only to 

contact the DNA at a single location were extracted. These features were selected as 

those with features greater than (µd + 2σd) which fit entirely within a 134 nm × 134 nm 

bounding box, where µd and σd are the mean and standard deviation of the DNA 

height to which the proteins are bound; this step essentially had the effect of removing 



 

31 

most of the aggregated/densely packed Cas9/dCas9 from the set as well as those 

proteins from images with larger extrinsic noise. After 4-fold nearest-neighbour 

interpolation, features of the protein with topographical height greater than (µd + σd) 

were each aligned by repeated translation, rotation, and reflection with respect to one 

another to minimize the mean-squared difference between their topographical heights. 

A distance matrix was composed of these minimized mean-square differences, then the 

proteins with standard sgRNA were clustered according to this criterion using the 

method of Rodriguez and Laio (27); proteins with the guide RNA variants were 

clustered according to the closest Cas9/dCas9 structure with the standard sgRNA. 

Ensemble average structures were extracted by performing a reference-free alignment 

across each member of individual clusters following the method of Penczek, 

Radermacher and Frank (28). Properties of Cas9/dCas9 populations at each feature (such 

as protospacer sites) on the DNA were determined using proteins bound within one 

peak width of the Gaussian distributions fit to the binding histograms (i.e. see Table 1). 

3.5 Results and Discussion 

3.5.1 Atomic force microscopy captures Cas9/dCas9 binding 
specifically and non-specifically along engineered DNA substrates 
with high resolution 

The analysis of crystallographic and biochemical experiments suggests that 

specificity in protospacer binding and cleavage is imparted first through the recognition 

of PAM sites by Cas9 itself [62], followed by strand invasion by the bound RNA 
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complex and direct Watson-Crick base-pairing with the protospacer [63], although a 

complete mechanistic picture has yet to emerge. Thus, we purified Cas9 and dCas9 

proteins derived from S. pyogenes (Figure 1).  

 

Figure 1: SDS gel of purified Cas9 and dCas9 protein 

(A) Cas9 and (B) dCas9 products (nominal molecular weight: 160 kDa). Eluted 
bands show product is ~95% pure.   

 

To directly probe the relative propensities to bind to protospacer and off-target 

sites with single-molecule resolution, 50 nM Cas9-sgRNA or dCas9-sgRNA complexes 

targeting the AAVS1 locus of human chromosome 19 were imaged by AFM in air after 

incubation with one of three DNA substrates (2.5 nM): (i) a 1198 bp segment of the 

AAVS1 locus containing the complete target site following a PAM (here ‘TGG’) (Figure 

2C); (ii) a 989 bp engineered DNA substrate  containing a series of six complete, partial, 

or mismatched target sites each separated by approximately 150 bp (Figure 2D). 
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Mismatches at these sites could span both the ‘seed’ (PAM-proximal, approximately 12 

bp) and ‘non-seed’ (PAM-distal) regions of the protospacer, and this engineered 

substrate lacked any native PAM sites except where explicitly designed; and (iii) a 1078 

bp ‘nonsense’ DNA with no homology (beyond 3bp sequences) with the target 

sequence.  

 

Figure 2: AFM imaging of dCas9 bound to synthetic DNA.  

(A) Schematic representation of Cas9 activity: having bound a single-guide RNA 
(sgRNA, red), the Cas9-sgRNA complex binds to 20 bp ‘protospacer’ sequences in a 

targeted DNA molecule, provided that the protospacer is directly followed by a 
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protospacer adjacent motif (PAM, here ‘TGG’). Following binding, the Cas9 
endonuclease produces double-strand breaks (triangles) within the protospacer. (B) 
Atomic force microscopy (AFM) image of dCas9-sgRNA bound at the protospacer 

sequence within a single streptavidin-labelled DNA molecule derived from the human 
AAVS1 locus. (C–D) Fraction of bound DNA occupied by Cas9/dCas9-sgRNA along an 
AAVS1-derived (C) or an engineered DNA substrate (D) designed with a series of fully-

complementary and partially-complementary protospacer sequences. Vertical lines 
represent the (23 bp) segments where each significant feature is located on the respective 

substrates (see inset key). (C) dCas9 and Cas9 exhibit nearly identical binding 
distributions on the AAVS1 substrate (n = 404 and n = 250, respectively). The asterisk 
marks an off-target ‘shoulder peak’ in the binding distribution (see text). (D) On the 

engineered substrate (n = 536) dCas9 binds with the highest propensity to the complete 
protospacer with no mismatched (MM) sites (peak 1, later referred to as the full or 

‘0MM’ site) and also to sites with 10 or 5 mismatched bases distal to the PAM site (third 
and fourth feature from streptavidin label, referred to later as the ‘10MM’ or ‘5MM’ 

sites, respectively) albeit with the reduced affinity. Sites containing greater numbers of 
mismatches (second and fifth feature), or which possess two PAM-proximal mismatched 
nucleotides (sixth feature) are bound at significantly lower rates. (below) Distribution of 

PAM (‘NGG’) sites in each substrate. 

 

Structurally, S. pyogenes Cas9 is a 160 kDa monomeric protein approximately 10 

nm x 10 nm x 5 nm (from crystal structures) [64, 65], roughly divided into two lobe-like 

halves each containing a nuclease domain. Consistent with the x-ray structures, dCas9 – 

sgRNA imaged via AFM appears as large ovular structures, after incubating Cas9/dCas9 

with DNA we observe these structures bound along DNA which we assign to be Cas9 or 

dCas9, respectively (Figure 2B). To unambiguously determine the sequence of the sites 

bound by Cas9 and dCas9, prior to AFM imaging experiments DNA was labelled at one 

end with a monovalent streptavidin tag [61]. DNA molecules that were observed with 

bound Cas9 or dCas9 proteins were selected for further analysis and traced with sub-
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pixel resolution according to a modified protocol adapted from that of Wiggins et al. 

[66], and the sites bound by Cas9/dCas9 were extracted.  

This method proved remarkably robust on the DNA bound by Cas9 or dCas9, a 

distinct enrichment of proteins centred precisely at the location of the protospacer sites 

adjoined by a PAM (within the expected 23 bp, Figure 2C-D) is observed and manifest as 

sharp peaks. No such obvious peaks are observed in the DNA substrate containing no 

target sites. Standard deviation of the peaks ranged from 36 - 60 bp (compared with 

those binding experiments using single-molecule fluorescence with peak standard 

deviations σ of approximately 1000 bp [63]), with mean apparent Cas9/dCas9 ‘footprint’ 

on DNA covering 78.1 bp ± 37.9 bp (25.7 nm ± 12.4 nm); this broadening of the apparent 

footprint over the ~20 bp footprint of Cas9 on DNA determined by biochemical [64] and 

crystallographic methods [64, 65] is a well-established result of imaging convolution 

with the width of the AFM tip. Previously, it had been observed in vitro that Cas9 

remains bound to targeted DNA for extended periods (>10 min) after putative DNA 

cleavage as a single-turnover endonuclease [63], and could not be displaced from the 

cleaved strands without harsh chemical treatment. Here too most of the DNA molecules 

we observed with Cas9 bound appear as full-length AAVS1-derived substrates, with 

only a small (~5%) percentage of substrates observed bound to strands that have been 

both cleaved and separated. After these DNA molecules were traced, Cas9 was observed 
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bound to these ‘full-length’ substrates with nearly an identical distribution as was dCas9 

(two-sided Komolgorov-Smirnov test, significance level 5%) (Figure 2C). 

We estimate that the overall dissociation constant between dCas9 and the 

engineered DNA substrate to be 2.70 nM (± 1.58 nM, 95% confidence, Table II) and, on 

the same substrate, the dCas9 dissociation constant specifically at the full protospacer 

site to be  44.67 nM (± 1.04 nM, 95% confidence). Earlier electrophoretic mobility shift 

assays (EMSA) had estimated dCas9-sgRNA binding to protospacer sites on short DNA 

molecules (~50 bp) to be between 0.5 nM and 2 nM. While the increase in dissociation 

constant at protospacer sites that we observe may be related the presence of multiple off-

target sites on the engineered DNA substrate, it is typical that dissociation constants 

determined by AFM be found to be nearly an order of magnitude higher than in 

traditional assays [67]; this difference is often attributed to nonspecific interactions of 

proteins to the blunt ends of the shorter DNA that are not accounted for in EMSA.  

By examining the occupancies of dCas9 bound to different locations along the 

engineered substrate, we can determine the relative binding propensities of dCas9 to 

various mismatched and partial target sites (Figure 2D). Here dCas9 does appear 

relatively tolerant to distal mismatches (exhibiting 50-60% binding propensity relative to 

complete target site, Table 1), and having the same apparent affinity (within confidence) 

toward target sites containing 5 and 10 distal mismatches. However, binding to 

protospacer sites containing only two mismatches that directly adjoin the PAM occurred 
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with similar propensity as to sites with 15 or even 20 (PAM site alone) proximal 

mismatches (approximately 5-10% binding propensity relative to perfect target), a 

finding consistent with previous biochemical studies [63]. On the ‘nonsense’ substrate 

and the segments of the AAVS1-derived substrate away from target sites, subtle 

enrichments of dCas9 closely mirrored the distribution of PAM sites (two-sided 

Komolgorov-Smirnov test, significance level 5%), and we also observe a distinct 

‘shoulder peak’ of enhanced Cas9 and dCas9 binding near the AAVS1 target that is 

particularly enriched in PAM sites. As we find dCas9 binding along the ‘nonsense’ 

substrate (with 879 PAM sites in 1079 bp) corresponds so well with PAM site 

distribution, we estimate the mean single-site (bp) dissociation constant for dCas9 

binding along the ‘nonspecific’ substrate to be approximately 867 nM (standard 

deviation ± 209 nM), which can be taken as an estimate of dCas9 binding dissociation 

constant on DNA with no protospacer homology. 

3.5.2 sgRNAs with a two nucleotide truncation at their 5′- ends (tru-
gRNAs) do not increase binding specificity of dCas9 in vitro 

Cas9 was found to still exhibit cleavage activity even if up to four nucleotides of 

the guide (protospacer-targeting) segment of the sgRNA [58] or crRNA [68] were 

truncated from their 5’-ends and, counterintuitively, Fu et al. [58] recently showed that 

use of sgRNAs with this 5’- truncation (optimally by 2 – 3 nucleotides) can actually 

result in orders-of-magnitude increase in Cas9 cleavage fidelity in vivo. It was suggested 

that the increased sensitivity to mismatches using these truncated sgRNAs (termed ‘tru-
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gRNAs’, Figure 3A) was a result of its reduced binding energy between the guide RNA 

and protospacer sites—that the binding energy imparted by the additional 5’- 

nucleotides on full-length sgRNA on the protospacer could compensate for any 

mismatched nucleotides and stabilize the Cas9 at incorrect sites, while the tru-gRNAs 

would be relatively less stable on the DNA if there are mismatches [58]. As a test of this 

proposed mechanism, we imaged dCas9 with a tru-gRNA with a two nucleotide 5’- 

truncation relative to the sgRNA used previously after we incubated them with the 

engineered substrates that contained a series of full and partial protospacer sites. Again 

we find a distinct peak precisely at the full protospacer site (Figure 3C), although the 

apparent association constant relative to those dCas9 with sgRNAs decreases 

considerably (i.e., dissociation constant increases, see Table II). However, we also 

observe that off-target binding by dCas9 with tru-gRNA at the protospacer sites with 10 

PAM-distal mismatches and 5 PAM-distal mismatches actually increases relative to 

binding at the full protospacer when compared to dCas9 with sgRNAs (Figure 3C; note 

that the tru-gRNA is only expected to interact with the first 8 and 3 mismatches at those 

sites, respectively). Similar to dCas9 with sgRNA, dCas9 with tru-gRNA binds to these 

mismatched sites with approximately equal propensities. These results suggest that 

increased cleavage fidelity using tru-gRNAs is not necessarily imparted by a reduction 

of binding propensity at off-target sites or a reduction in relative stability in the presence 

of mismatches, but rather by discrimination in the cleavage mechanism itself (see 
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below). Furthermore, these findings would suggest that while tru-gRNAs can improve 

specificity in cleavage of active Cas9, they may not improve specificity in their binding 

activity for applications involving dCas9 (or chimeric derivatives) in vivo. 

 

Figure 3: Modulation of binding affinity and specificity by guide RNA variants. 

(A) Schematic of dCas9 bound to a single-guide RNA with a two nucleotide truncation 
from its 5′- end (tru-gRNA, purple). (B) Schematic and proposed mechanism of dCas9 
bound to a single-guide RNA with 5′- end extension that forms a hairpin with the PAM-
distal binding segment of its targeting region (hp-gRNA, blue). After a PAM site is 
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bound and strand invasion of the DNA by the guide RNA has initiated, the hairpin is 
opened upon binding to a full protospacer and full strand invasion can occur. If there 
are PAM-distal mismatches at the target site, then it is more ener- getically favourable 
for the hairpin to remain closed and strand invasion is hindered. (C) Single-site binding 
affinities (KA) for dCas9 with tru-gRNA (purple, n = 257) along the engineered DNA 
substrate (see Figure 1D). Dashed line shows the site-specific affinities of dCas9-sgRNA 
for compar- ison. The binding distribution of dCas9 with tru-gRNAs exhibits distinct 
peaks in its affinity exactly at the protospacer sites with 10 PAM-distal mismatches and 
5 PAM-distal mismatches, demonstrating that it does not have increased binding 
specificity relative to full sgRNAs (see Table 1). (D) Single-site binding affinities (KA) for 
dCas9 with guide RNAs with 5′- hairpins that overlap the nucleotides complementary to 
the last 6 (hp6- gRNA, blue) or 10 (hp10-gRNA, green) PAM-distal nucleotides of the 
protospacer. The specific peaks at the sites with 5 and 10 distal mismatches are 
significantly flattened, with dCas9 and hp10-gRNA exhibiting substan- tially decreased 
affinity for off-target sites (22% drop relative to dCas9 with tru-gRNA in their maximum 
observed off-target binding affinity, with a decrease of up to 57% at sites with 10 PAM-
distal mismatches). The peaks in affinity at the full protospacer sites imply that the 
hairpins indeed open upon full invasion. n = 243 for hp6-gRNA and n = 212 for hp10-
gRNA.  

 

3.5.3 Guide RNAs with 5′- hairpins complementary to their ‘PAM-
distal’-targeting segments (hp-gRNAs) modulate the absolute binding 
propensity and profile of dCas9s bound to DNA with mismatched 
protospacers in vitro 

We hypothesized that dCas9 specificity could be increased by extending the 5’- 

end of the sgRNA such that it formed a hairpin structure which overlapped the ‘PAM-

distal’-targeting segment of the sgRNA (Figure 3B). Similar topologies have been used 

recently for ‘dynamic DNA circuits’ which are driven by strand invasion [69, 70]. In 

those systems, the hairpins serve as kinetic barriers to invasion, with oligonucleotide 

invasion rates slowed several orders of magnitude in cases of attempted invasion by 

targets with mismatches [71]. We hypothesized that, similarly, the hairpins here would 
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be displaced during invasion of full protospacers, but inhibit invasion if there were 

mismatches between the protospacer and the non-seed targeting region of the guide 

RNA (Figure 3B). In those cases, it is more energetically favourable for the hairpins to 

remain closed. While previous efforts add 5’- extensions to sgRNAs (in order to 

complement additional nucleotides beyond the protospacer) were shown not to increase 

Cas9 cleavage specificity in vivo—in fact, they were found to be digested back 

approximately to their standard length in living cells [59]— based on the size and 

structure of the hairpin we anticipate that the hairpin could be accommodated within 

the DNA-binding channel of Cas9/dCas9 molecule and protected from degradation [64]. 

We generated sgRNAs with 5’- hairpins (hp-gRNAs) which overlapped the 

nucleotides complementary to the last six (hp6-gRNA) or ten (hp10-gRNA) PAM-distal 

sites of the protospacer. After mapping the observed binding locations of dCas9-hp-

gRNAs on the engineered DNA substrate (Figure 3D), we again observe sharp peaks 

precisely at the protospacer site (PAM and protospacer located at sites 144 – 167, with 

binding peak at site 154.0 (95% confidence: 153.3 – 154.8) for dCas9-hp6-gRNA and at 

158.3 (95% confidence: 157.6 – 158.9) for dCas9-hp10-gRNA). While there is a similar 

drop in affinity as for the tru-gRNA, in contrast to the tru-gRNA we do not observe any 

sharp binding peaks elsewhere which would indicate strong, specific binding at those 

off-target sites. We do note, however, that particularly with hp6-gRNA there is an 

enrichment of binding around the sites of 5MM and 10MM. Because they lack the sharp 
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binding peaks observed with sgRNA and tru-gRNA, they are not likely indicative of 

specific binding, but rather may indicate that the dCas9 had dissociated from these sites 

upon adsorption to the surface. This would indicate very weak binding at those off-

target sites in the case of hp6-gRNA. 

In the case of hp10-gRNA, binding to these sites is approximately at the level of 

the non-specific binding elsewhere on the substrate, representing a 22% decrease in the 

maximum observed off-target binding affinity relative to the tru-gRNAs. This increase 

in specificity of hp10-gRNA is also reflected by a similar binding dissociation constant to 

the protospacer as hp6-gRNA accompanied by an increase in the overall dissociation 

constant to the entire (specific + non-specific) engineered substrate relative to hp6-

gRNA. 

The distinct enrichment precisely at the complete protospacer sites would 

suggest that upon invasion of full protospacer sites the hairpins in the hp-gRNAs are in 

fact opening, as the PAM-distal sites would otherwise be trapped in the hairpin. A likely 

mechanism for the improvement of binding specificity is that, when unopened at 

protospacer sites with PAM-distal mismatches, the presence of the hairpin promotes 

melting of the guide RNA from the protospacer at these off-target sites [72]. The results 

suggest that the hp-gRNAs can be used to tune Cas9/dCas9 binding affinities and 

specificity, and further manipulation of hairpin length, loop length, and loop 

composition may allow for more fine control of these properties. Although their stability 
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in vivo remains to be verified, the results would suggest that hp-gRNAs rather than tru-

gRNAs are better able to modulate the specificity of dCas9 binding. 

3.5.4 Cas9 and dCas9 undergo a progressive structural transition as 
they bind to DNA sites that increasingly match the targeted 
protospacer sequence 

It was observed using negative-stain transmission electron microscopy (TEM) 

[64] that, upon binding sgRNA, the structure of dCas9 compacts and rotates to open a 

putative DNA-binding channel between its two lobes. After binding to DNA containing 

the protospacer sequence, dCas9 undergoes a second structural reorientation to an 

expanded conformation. The role of this second transition has been suggested to be 

related to strand invasion by sgRNA [19] or to align the two major Cas9 nuclease sites 

with the two separated DNA strands [64, 73]. However, these studies were performed 

only in the presence or absence of DNA containing fully-matched protospacer 

sequences, and examining the transition between these conformations at mismatched / 

partially matched protospacer sites can provide insights into the mechanism of off-target 

binding and cleavage. Therefore, in addition to determining relative binding 

propensities, we also used AFM imaging to capture these putative conformational 

transitions within the Cas9 and dCas9 as they bind along DNA with sites of various 

complementarity to the protospacer. We extracted the volumes and maximum 

topographical heights of Cas9 and dCas9 proteins with sgRNAs which appeared 
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isolated on the DNA (n = 839) and mapped these values to their respective binding sites 

on DNA (Figure 4).  

 

Figure 4: Example AFM images of dCas9 bound to DNA 

(A) Representative wide-field image of dCas9 bound to engineered DNA. (B) Close-up 
of boxed region. White arrows are monovalent streptavidin and red arrows are dCas9 
proteins. C-D) Example of extraction from original image (C) and isolation (D) of 
Cas9/dCas9 structures. This extraction was repeated for each isolated protein bound to 
the DNA, then aligned pair-wise through iterative translation, rotation, and reflection to 
minimize their mean-squared topological difference. From these minimized mean-
squared differences we composed a distance matrix, clustered each protein according to 
the method of Laio and Rodriguez [74], then mapped the populations of structures by 
cluster back to their sites on the DNA (Figure 3A). 

That the binding site distribution is nearly identical to the distribution of the full 

data set indicates that this selection was unbiased and representative. We then extracted 

the recorded image of each of these proteins, aligned them pair-wise by iterative 

rotation, reflection, and translation [75], and clustered [74] the protein structures 

according their pair-wise mean-squared topographical difference. A pronounced 

advantage of this technique is that it naturally clusters any monovalent streptavidin or 
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any aggregated Cas9/dCas9 proteins that co-localized on the surface with the DNA 

separately from those assigned to be individual Cas9/dCas9 molecules, allowing for an 

unbiased analysis of the structural properties of these proteins on DNA. An analysis of 

the distribution of binding sites by either the putative streptavidin molecules or 

aggregated proteins reveals that they are both rare and uniformly distributed along the 

DNA and hence did not interfere with analysis of the binding site distributions . 
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Figure 5: Cas9 undergoes a progressive conformational transition as it binds to 
sites that increasingly match the protospacer sequence.   

(A) Fraction of bound DNA occupied by Cas9/dCas9 along the DNA substrates, with 
colours representing populations of Cas9/dCas9 clustered according to their struc- tures 
(by mean-squared difference after alignment, see text). Different features on DNA that 
were used for site-specific analysis of Cas9/Cas9 structural properties labelled as: non-
specific sequences (alpha; ‘20 MM’), sites containing 10 PAM-distal mismatches within 
the protospacer (beta, ‘10 MM’), sites containing 5 PAM-distal mismatches within the 
protospacer (gamma, ‘5 MM’), or the full protospacer site (delta or epsilon for dCas9 or 
Cas9, respectively; ‘0 MM’). The ensemble average of the primary clusters are displayed 
below in (C) and colour-coded according to the clustered structures they represent. (B) 
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Volume versus height of Cas9/dCas9 observed, colour-coded by the cluster to which 
each protein was assigned. Dashed lines delineate regions likely composed of aggregates 
(top right) or monovalent streptavidin adsorbed near DNA (bottom left). For 
comparison––mean height of streptavidin end-labels: 0.92 nm ± 0.006 nm (SEM); mean 
volume of streptavidin end-labels: 0.110 × 104 nm3 ± 0.002 × 104 nm3 (SEM); n = 1941. 
(D) Mean volumes and heights of Cas9/dCas9 with sgRNAs (red circles, with red labels 
for Cas9 and blue labels for dCas9) or tru-gRNAs (purple circles) bound at each feature 
on the substrates. Note that dCas9 with tru-gRNAs are only expected to interact the first 
3 or 8 PAM-distal mismatches of the 5 MM and 10 MM sites (labelled ‘3 MM’ and ‘8 
MM’ here, respectively). For standard errors of mean volumes and heights, see Table 2. 
For Cas9/dCas9 with sgRNAs, their structural properties at each feature are statistically 
distinct (Hotelling’s T2 test).   

At sites containing no homology to targets, such as on the ‘nonsense’ DNA 

substrate, dCas9 molecules with sgRNAs were predominately smaller and egg-shaped 

(Figure 5C). But as dCas9 proteins bind to increasingly complementary target sequences 

(Figure 5(α - δ)), their height and volume significantly increase (Figures 5D) relative to 

non-specific binding, reaching a maximum size at the protospacer sequence. This 

increase is likewise accompanied by a shift in the population of dCas9 (Figure 5A) from 

structures clustering with the flatter and egg-shaped conformations (Figures 5Cii and 

Ciii, blue and green) to those which increasingly cluster with slightly rounder structures 

possessing a large, central bulge (Figure 5Ci, yellow). This latter observed conformation 

is likely the expanded conformation previously observed via TEM and recently by size 

exclusion chromatography [76], and is presumably the active state where the nucleases 

domains of Cas9 are positioned properly around the DNA such that cleavage could 

occur most efficiently.  
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Catalytically active Cas9 undergoes a significant increase in size as it binds to the 

protospacer sequence as well (Figure 5(ε)); however there is a small, but statistically 

significant, decrease in size relative to dCas9, and the conformation of Cas9 at full 

protospacer sites tend to cluster with the flatter (green) structures. As we do not 

concurrently monitor whether the DNA has been cleaved at the time of imaging, it is 

unclear if this represents another conformational change after DNA cleavage or is a 

result of the mutational differences between Cas9 and dCas9; however as binding and 

strand invasion have been previously determined to be the rate-limiting steps [63, 73] it 

is likely that the DNA within the Cas9 is cleaved during these measurements.  

3.5.5 Interactions between the guide RNA and the target DNA at or 
near the 16th protospacer site stabilize the Cas9/dCas9 
conformational change 

AFM imaging directly reveals that although here dCas9/Cas9 retains a significant 

propensity to bind protospacer sites with up to ten distal mismatches, binding to DNA 

sites that are increasingly complementary to the protospacer drives an increasing shift in 

the population of dCas9/Cas9 proteins toward the active conformation (we see similar 

shift in structure between off-target sites and perfectly-matched sites for dCas9 with hp-

gRNAs as well). The presence of complementary PAM-distal sequences is known to be 

associated with increased stability of Cas9 on DNA [73], and recently it was found using 

size-exclusion chromatography that Cas9 binding to single-stranded DNA with 

increasing PAM-distal complementarity to the protospacer (from 10 to 20 sites) resulted 
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in an increased change of protein size that was then associated with increasing Cas9 

activity (a transition from nicking behaviour to full cleavage) by traditional cleavage 

assays [76]. Here, we directly can determine the volumes of Cas9/dCas9 bound onto 

double-stranded DNA sites. An analysis of the structural properties of individual 

Cas9/dCas9 proteins on double stranded DNA reveals a steady conformational 

transition with increasingly matched target sequences that is consistent with a 

‘conformational gating’ mechanism, where sgRNA base-pairing with these distal sites 

also stabilizes the active conformation so that efficient cleavage may occur, whereas 

binding to sites with numerous distal mismatches shifts the equilibrium away from the 

active structure. 

Along these lines, in dCas9 with tru-gRNA, we see this effect is dramatically 

muted (Figure 5D), with a smaller shift in the structural populations with which the 

proteins cluster. Additionally, while we see a statistical difference between the height-

volume properties of dCas9-tru-gRNAs that are non-specifically bound and those bound 

at full or partial protospacer sites (p < 0.05; Hotelling’s T2 test), at sites that increasingly 

match the protospacer (10MM, 5MM, and full protospacer sites) their structural 

properties are not statistically differentiable (Figure 5D). It was been recently postulated 

that while invasion of the first 10 bp of the protospacer initiates a conformational change 

in Cas9, full invasion of the protospacer by the guide RNA helps to drive a further shift 

to the complete active state [76]. We therefore hypothesized the observed depression of 
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the conformational change at increasingly matched protospacer sites for dCas9 with tru-

gRNAs (relative to those with sgRNAs) was a result of the decreased stability of these 

guide RNAs at PAM-distal sites.  

3.6 CONCLUSIONS 

The results presented here show that while Cas9/dCas9 binding specificity is 

largely determined by interactions with the PAM-proximal region, DNA cleavage 

specificity is likely governed by a conformational change to an activated structure that is 

stabilized by guide RNA interactions at the 14th -17th bp region of the protospacer (Figure 

4A). Kinetic Monte Carlo experiments reveal that the R-loop formed during strand 

invasion of the guide RNA can be quite a dynamic structure even when the guide RNA 

remains stably bound, which suggests an origin of the improved specificity of tru-

gRNAs, and a mechanism for off-target cleavage via transient stability of the guide 

RNA-protospacer at the critical region around mismatched sites. The proposed 

mechanisms for the effects of each of the sgRNA variants on Cas9/dCas9 specificity are 

summarized in Figure S9; in the future, single-molecule fluorescence resonant energy 

transfer (FRET) studies of strand invasion by Cas9 can help to confirm and clarify these 

mechanisms. We additionally note that, although its stability in vivo and activity with 

nuclease-active Cas9 remain to be determined, there is sufficient promise of the hp-

gRNAs in modulating dCas9 binding affinity and specificity for potential applications in 

biology and medicine; additionally, we would expect that the presence of the hairpin 
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within the binding channel at mismatched protospacers would inhibit the 

conformational change by Cas9 to the active state. We also recognize the possibility that 

the opening of the hairpin of hp-gRNAs upon binding could be used as a binding-

dependent signal in vivo [45], for example, to nucleate dynamic DNA/RNA structures 

only upon binding to specific sites [69]. 

These result also address another question which arises from the implications of 

earlier guide RNA truncation studies: why do natural Cas9 systems employ a crRNA 

which targets 20 bp protospacer sites when only a guide sequence of 16 nucleotides is 

required for cleavage and the additional nucleotides (>18) do not improve cleavage 

specificity in vivo. These results suggest that presence of the ‘extra’ 5’- nucleotides which 

bind to the 19th and 20th protospacer sites buffer this transient re-annealing at the critical 

14th – 17th sites of the protospacer, allowing efficient conformational change to the active 

state then cleavage to occur. Unlike the Cascade complex of Type IE CRISPR-Cas 

systems, Cas9 does not ‘lock’ and stabilize the R-loop into a long-lived structure upon 

full invasion [76], and the results of AFM and KMC experiments suggest that stability of 

the guide RNA at these sites shifts the equilibrium structure of Cas9 toward the active 

conformation upon full invasion (Figure 4A), while the volatility of R-loops for 

‘truncated’  guide RNAs reduces the pressure to shift the equilibrium to the active state. 

While the design of guide RNA sequences for Cas9/dCas9 applications in vivo 

have focused primarily on avoiding targets with multiple homeologous sequences in the 
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genome, a recent study exploring off-target cleavage found that current methods for 

predicting off-target activity proved lacking [57]. Since, here, the stability of the R-loop 

during invasion was found to correlate with off-target cleavage rates significantly better 

than guide RNA-protospacer binding energies alone or the position of the mismatch 

(another important criteria used in guide RNA design, Table III), an increased 

understanding of R-loop dynamics and DNA:RNA interactions can be a useful tool to 

better design guide RNAs sequences. Additionally, from the kinetic Monte Carlo 

experiments we found that the stability of the R-loop at shorter times after the initiation 

of invasion was correlated much better than their long-term stability (Figure S8A), 

suggesting that the kinetics of strand invasion will also prove to be a critical factor in off-

target activity prediction. However, we note that the findings presented here are limited 

with respect to the multiple RNA:DNA mis-pairs tolerated by Cas9 [47, 55, 57], for 

which we were constrained by the availability of thermodynamic data. This limitation is 

a result of the energetics of RNA:DNA base-pairing being complicated by a number of 

relatively stable ‘wobble’ base-pairings with sequence-dependent binding energies [77, 

78], not all of which have been rigorously characterized and some of which behave 

counterintuitively. For example, in some sequence contexts, certain mis-pairs (such as 

rG·dG) actually stabilize the RNA:DNA duplex [77, 78]. Additionally, the energetic 

effects of multiple, consecutive mis-pairs between RNA and DNA, which are often 

identified in assays of off-target activity by Cas9, have not been well characterized. Once 
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a rigorous characterization of RNA:DNA mis-pair energetics has been completed, more 

sophisticated models which can incorporate guide RNA:DNA secondary structure can 

likely improve the prediction of off-target cleavage in this way. Alternatively, we note 

that disrupting the ability of Cas9 to assume a conformation until a complete 

protospacer is bound —perhaps through protein engineering of the Cas9 hinge between 

its lobes [64] to disrupt the stability of the active conformation in the absence of binding 

the full protospacer sequence, or decreasing sensitivity to detect transient interactions at 

the 14th – 17th protospacer sites—may have a similar effect as the tru-gRNA in improving 

specificity in vivo. 
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4. Chapter 4. RNA secondary structure increases the 
specificity of diverse CRISPR systems 
4.1 Preface 

This study was a natural extension of the biochemical investigation described in 

the previous chapter. During our studies of Cas9 binding to naked DNA, we observed 

that hairpin structures can modulate SpCas9 binding when applied to the spacer region 

of guide RNAs. Here we follow up on this observation by applying rigorous controls to 

each optimized hairpin guide RNA, optimizing structures and applying them in human 

cells, and extending this idea to various CRISPR systems. Charlie Gersbach, Eric Josephs 

and I designed the experiments. Eric, Vidit Bhandarkar, Shaunak Adkar, Jennifer Kwon 

and I performed the experiments. Eric and I analyzed the data. I drafted the manuscript 

and all authors contributed to its completion.   

The contents of this chapter is adapted from the following article: 

Kocak DD, Josephs EA, Bhandarkar V, Kwon JB, Adkar SS, Gersbach CA. Increasing the 

specificity of CRISPR systems with engineered RNA secondary structures. Nature 

Biotechnology. 2019 PubMed ID: 30988504. 

4.2 Abstract 

CRISPR (clustered regularly interspaced short palindromic repeat) systems have been 

broadly adopted for basic science, biotechnology, and gene and cell therapy. In some 

cases, these bacterial nucleases have demonstrated off-target activity. This creates a 

potential hazard for therapeutic applications and could confound results in biological 
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research. Therefore, improving the precision of these nucleases is of broad interest. Here 

we show that engineering a hairpin secondary structure onto the spacer region of single 

guide RNAs (hp-sgRNAs) can increase specificity by several orders of magnitude when 

combined with various CRISPR effectors. We first demonstrate that designed hp-

sgRNAs can tune the activity of a transactivator based on Cas9 from Streptococcus 

pyogenes (SpCas9). We then show that hp-sgRNAs increase the specificity of gene 

editing using five different Cas9 or Cas12a variants. Our results demonstrate that RNA 

secondary structure is a fundamental parameter that can tune the activity of diverse 

CRISPR systems. 

4.3 Introduction 

CRISPR-Cas systems are adaptive immune systems in bacteria and archaea, and 

have proven to be robust genome editing platforms [79]. Efforts to repurpose CRISPR-

Cas systems for genome editing have largely focused on class 2 CRISPR systems because 

of their simplicity. Whereas class 1 systems use multi-protein complexes to target nucleic 

acids, class 2 systems use a single Cas protein, termed the Cas effector, which can be 

easily reconstituted and harnessed for a variety of applications [18].  

The arms race between viruses and prokaryotes has driven immense genetic 

diversity of Cas effectors. Each Cas effector has unique properties (e.g. nucleic acid 

preference, PAM requirements, size of the Cas effector) that endow it with particular 

advantages and disadvantages. The identification and characterization of class 2 CRISPR 
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systems is thus an active area of research with the overarching goal of finding Cas 

effectors with novel or improved properties [13, 80, 81]. Since the initial characterization 

of SpCas9, the number of Cas effectors active in mammalian cells has expanded to 

include compact Cas9 effectors from the type II CRISPR systems, Cas12a (previously 

Cpf1) effectors with A/T rich PAMs from type V systems, and RNA targeting Cas13 

variants [82-88].  

Although these nucleases are versatile tools for gene editing outside of their 

native environments, they also have off-target effects, leading to unintended DNA 

breaks at sites with imperfect complementarity to the spacer sequence [89-92]. Thus, 

improving the specificity of these nucleases is a critical goal, especially for gene therapy 

applications [93]. Methods to increase the specificity of class 2 CRISPR systems through 

rational design have largely focused on SpCas9 and have adopted two general 

strategies. The first strategy is to create an AND-gate that requires coordinate binding of 

two Cas9 molecules, imposing a stricter requirement for nuclease activity [94-97]. The 

second strategy is to reduce the energetics of DNA interrogation by the Cas9-sgRNA 

complex, which results in an overall increase in specificity [27, 28, 98-100]. The second 

strategy is particularly attractive because, unlike the first strategy, it does not increase 

the number of components of the gene editing system. This simplifies gene delivery, 

which is often a critical barrier. While previous efforts from either strategy were 

successful, they suffer from one or more of a variety of limitations, including 
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incompatibility with viral packaging constraints, increasing the number of components 

of the system, and requiring extensive protein engineering [101]. Recent studies that 

employ directed-evolution rather than rationale design have yielded many new variants 

with improved properties [102-104]. However, it remains to be seen which of these 

many approaches will have general applicability across CRISPR systems. Thus there is a 

need for a simple method for increasing specificity of diverse CRISPR systems. 

Employing rational design and adopting the second strategy, we hypothesized 

that engineering the sgRNA might serve as a means to regulate diverse CRISPR systems. 

Specifically, we engineered RNA secondary structure onto the spacer by extending a 

designed hairpin on the 5’ end of the sgRNA (hp-sgRNA). The resulting hairpin 

structure then serves as a steric and energetic barrier to R-loop formation. We 

hypothesized that by adjusting the strength of the secondary structure, R-loop formation 

could proceed to completion at the on-target site, but could be impeded at off-target 

sites, which often have reduced energetics due to RNA-DNA mispairing. Because R-

loop formation is the critical process governing the conformational change of SpCas9 to 

an active nuclease [105, 106], this would block off-target nuclease activity and result in 

an increase in specificity. Since all CRISPR endonucleases accommodate a nucleic acid 

duplex within their binding channel, we hypothesized that the RNA-RNA duplexes of 

hp-sgRNAs would also be accommodated without interfering with formation of the 

sgRNA-protein complex. Moreover, hp-sgRNAs are simple to design and produce: 
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RNA-hairpins generally follow Watson-Crick base-pairing guidelines and sgRNA 

production methods are rapid and inexpensive.  

4.4 Materials and Methods 

4.4.1 Plasmids and oligonucleotides 

Expression plasmids for the Cas effectors and their respective gRNAs were obtained 

through Addgene (Addgene #41815, 47108, 65776, 70708, 70709, 78741, 78742, 78743, 

78744); crRNA sequences are listed in Table S1 and oligonucleotide sequences are found 

in Table S2. To create sgRNA plasmids, oligonucleotides containing the target sequences 

were obtained from IDT, hybridized, phosphorylated and cloned in the appropriate 

plasmids using BbsI or BsmBI sites. 

4.4.2 Human cell culture and transfection 

HEK293T cells were obtained from the American Tissue Collection Center (ATCC) 

through the Duke University Cancer Center Facilities and were maintained in DMEM 

supplemented with 10%FBS and 1% penicillin-streptomycin at 37 °C with 5% CO2. 

HEK293T cells were transfected with Lipofectamine 2000 (Invitrogen) according to 

manufacturer's instructions. Transfection efficiencies were routinely higher than 80%, as 

determined by fluorescence microscopy after delivery of a control eGFP expression 

plasmid. All transfections were performed in 24-well cell culture plates that were coated 

with a 1:10 dilution of poly-l-lysine (P8920 SIGMA). On day 1, cell culture plates were 

coated and 200,000 cells were seeded per well. On day 2 cells were put in OptiMEM and 
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transfected with 800 ng of plasmid (600 ng of Cas effector, 200 ng sgRNA) and 2 µL of 

Lipofectamine 2000. On day 3 media was changed to DMEM supplemented with 10% 

FBS and 1% penicillin-streptomycin. Cells were harvested for downstream analysis on 

day 5. 

4.4.3 Surveyor assays 

The region surrounding the sgRNA or crRNA target site was amplified by PCR with the 

AccuPrime PCR kit (Invitrogen) and 50–200 ng of genomic DNA as template using 

primers listed in Table S2. The PCR products were melted and reannealed using the 

temperature program: 95°C for 180 s, 85°C for 20 s, 75°C for 20 s, 65°C for 20 s, 55°C for 

20 s, 45°C for 20 s, 35°C for 20 s and 25°C for 20 s with a 0.1°C/s decrease rate in between 

steps. This allows the formation of mutant and wild-type DNA strands with the 

consequent formation of distorted duplex DNA. Without purifying the PCR product, 18 

µl of the reannealed duplex were combined with 2 µl of the Surveyor nuclease (IDT), 

which cleaves DNA duplexes at the sites of distortions created by either bulges or 

mismatches, and 1 µl of enhancer solution. This reaction was incubated at 42°C for 

60 min and then separated on a 10% TBE polyacrylamide gel. The gels were stained with 

ethidium bromide and quantified using ImageLab (BioRad) [107]. 

4.4.4 Deep sequencing  

Genomic DNA was purified from cells using the DNeasy kit (Qiagen). Biological 

replicates were generated from three separate transfections for each experimental 
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condition. On-target and off-target sites were amplified using 100 ng of genomic DNA 

with AccuPrime polymerase (Invitrogen). Primers are listed in Table S2. For some 

regions, 4% v/v DMSO was used in the PCR for efficient amplification. PCR primers 

included Nextera adapters for binding to Illumina flowcells. Using a second round of 

PCR, group-specific barcodes were added. The resulting PCR products were purified 

using Agencourt AMPure beads (Beckman coulter), quantified using Qubit Fluorimeter 

(Thermo Fisher), pooled, and sequenced with 150 bp paired-end reads on an Illumina 

MiSeq instrument. CRISPResso was used for sequence analysis [108]. Sequences were 

first trimmed to remove adapter sequences. Sequences were filtered using a minimum 

average quality score of 30. Reads were trimmed to remove adapter sequences. Paired 

reads were then merged using the FLASH method to create a single sequence of higher 

quality; a minimum overlap of 40 bp was used. CRISPRessoPooled was then used to 

demultiplex reads and quantify NHEJ rates. A minimum identity score of 80 was used 

for demultiplexing. Only insertions and deletions were used in calling CRISPR-

generated NHEJ events, since CRISPR-based gene editing largely causes indels and not 

substitutions. Each biological replicate had a minimum of 1,500 reads per loci; the 

average was approximately 20,000 reads per replicate per loci. Hypothesis testing was 

carried out using a one-sided Fisher exact test on the pooled read counts of three 

biological replicates. P values were adjusted for multiple comparisons using the method 

of Benjamini and Hochberg. 
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4.4.5 Quantitative reverse transcription–PCR. 

IL1RN activation experiment: Cells were transfected as described above. RNA was 

isolated using the RNeasy Plus RNA isolation kit (Qiagen). cDNA synthesis was 

performed using the SuperScript VILO cDNA Synthesis Kit (Invitrogen). Real-time PCR 

using SYBR green Fastmix (Quanta BioSciences) was performed with the CFX96 Real-

Time PCR Detection System (Bio-Rad) with oligonucleotide primers reported in Table 

S2 that were designed using Primer3Plus software and purchased from IDT. Primer 

specificity was confirmed by agarose gel electrophoresis and melting curve analysis. 

Reaction efficiencies over the appropriate dynamic range were calculated to ensure 

linearity of the standard curve. The results are expressed as fold-increase mRNA 

expression of the gene of interest normalized to GAPDH expression by the ΔΔCt method.  

HBG1 and IL1B activation experiments: The day before transfection HEK293T cells were 

plated at 105 cells/well in a 96 well plate coated with poly-l-lysine. The day of 

transfection, DMEM was aspirated and 100uL of Opti-MEM was added to each well. 

Each well was then transfected with 400 ng of plasmid (300ng of dCas9-P300 and 100ng 

of sgRNA). Plasmids were brought to 25 uL with Opti-MEM. A separate mixture was 

made of 24.5 uL Opti-MEM and 0.5 uL Lipofectamine 2000 and this was combined with 

the 25 uL plasmid mixture. The 50 uL solution was incubated for 5 minutes and pipetted 

slowly onto each well. Media was changed the next day to DMEM+10%FBS+pen/strep. 
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Cells were harvested using Cells-to-CT 1-Step TaqMan Kit and TaqMan gene expression 

assays (ThermoFisher). 

4.4.6 Sample-matched 5’ RACE and sgRNA expression 
measurements 

Cells were grown and transfected as described above. Cells were harvested using 

the miRNeasy kit (Qiagen) and the on column DNase digestion was performed to rid 

any remaining plasmid DNA. RNA concentrations were then measured and normalized 

by dilution. For measurement of IL1RN gene activation and sgRNA expression, cDNA 

was created using SuperScript VILO cDNA Synthesis Kit. Primers for the sgRNA rt-

qPCR were designed to bind the spacer region and end of the sgRNA scaffold. Rt-qPCR 

was carried out as described above. 

5’ RACE was carried out on the RNA samples using Maxima H Minus Reverse 

Transcriptase (EP0753, ThemoFisher). Both the template switch primer and sgRNA-

specifc RT-primer were ordered from IDT. The RT-primer included a 10nt random 

barcode that serves as a unique molecular identifier. Reactions were run using 

manufacturer’s protocol with slight modification. Specifically, 1 ug total RNA, 0.2 pmol 

RT primer, 50 pmol template-switch primer, 1uL 10mM dNTP mix, 4uL 5x RT buffer 

were combined and brought to 19.5 uL with water. The mixture was incubated at 85 °C 

for 2 minutes to disrupt RNA secondary structure. The temperature was then brought 

down to 55 °C, 0.5 uL RTase was added, and the reaction was incubated at 55 °C for 30 

minutes and terminated by incubating at 85 °C for 5 minutes. 1 uL of each reaction was 
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then used in a 50 uL PCR to enrich for the desired product, barcode, and add i5 and i7 

illumina adapters. PCR product was run on an agarose gel to confirm expected product 

lengths. The desired sgRNA cDNAs were purified using a 0.9x SPRI bead cleanup, 

concentrations were measured using the high-sensitivity qubit assay, and samples were 

pooled and run on an Illumina MiSeq instrument.  

Samples were sequenced using 150 bp SE reads at an average depth of 

approximately 100,000 reads per replicate. Any reads without an exact 76 nucleotide 

sgRNA scaffold sequence were discarded. UMI sequences were used to remove any 

events that might result from PCR duplication. After these two filters, each sample had 

on average of 47,675 reads with a minimum of 8,092. Spacer lengths were then 

calculated using locations of the sgRNA scaffold and template-switch sequence as 

anchors. Finally, the frequency of each observed spacer length was determined for each 

sample. 

4.4.7 CIRCLE-Seq 

CIRCLE-Seq libraries were generated largely as previously described [109]. Large 

quantities of HEK293T gDNA were harvested as follows. 6 ml of NK Lysis Buffer (50 

mM Tris, 50 mM EDTA, 1% SDS, pH 8) and 30 µl of 20 mg/ml Proteinase K (QIAGEN 

19131) were used to resuspend 5x107 cells. This lysate was incubated at 55°C overnight. 

The next day, 30 µl of 10 mg/ml RNase A (QIAGEN 19101) was added to the lysed 

sample. The sample was vortexed, and incubated at 37°C for 30 min. Samples were 
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cooled on ice before addition of 2 ml of pre-chilled 7.5M ammonium acetate (Sigma 

A1542) to precipitate proteins. The samples were vortexed, centrifuged at ≥ 10,000 × g for 

10 min, and the supernatant was carefully decanted into a new 15 ml conical tube. Then 

6 ml 100% isopropanol was added to the tube, inverted several times and centrifuged at 

≥ 10,000 × g for 10 min. Genomic DNA was visible as a small white pellet in each tube. 

The supernatant was discarded, 5 ml of freshly prepared 80% ethanol was added to 

wash the pellet, and then centrifuged at ≥ 10,000 × g for 1 min. The supernatant was 

carefully discarded, the pellet was air dried for 30 minutes, and finally resuspended in 

TE buffer.  

Approximately 50 ug-100 ug of starting gDNA was needed to generate enough 

circles for each CIRCLE-seq reaction. Using a Diagenode Bioruptor XL sonicator at 4 °C, 

gDNA was sonicated to an average size of approximately 500 bp, with a visible range of 

200-1000 bp, as determined by agarose gel electrophoresis. The enzymatic procedure to 

generate circles was carried out as previously described [109]. For the in vitro digest of 

the circles, sgRNAs were synthesized from Synthego and SpCas9 was purchased from 

NEB. Library production was carried out as previously described [109]. Libraries were 

quantified using a Qubit Fluorimeter (Thermo Fisher), pooled, and sequenced with 150 

bp paired-end reads on an Illumina MiSeq instrument. CIRCLE-seq read counts were 

obtained using previously described methods and software [110]. The following 

parameters were used for running the CIRCLE-seq pipeline: read threshold of 4, 
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window_size of 3, mapq threshold of 50, start threshold of 1, gap threshold of 3, and 

mismatch threshold of 6. 

4.4.8 ChIP-qPCR 

ChIP experiments were performed in biological triplicate, starting from 

independent cell transfections, and harvested 3 days after transfection. For each 

replicate, 2 × 107 nuclei were resuspended in 1 mL of RIPA buffer (1% NP-40, 0.5% 

sodium deoxycholate, 0.1% SDS in PBS at pH 7.4). Samples were sonicated using a 

Diagenode Bioruptor XL sonicator at 4 °C to fragment chromatin to 200–500-bp 

segments. Insoluble components were removed by centrifugation for 15 min at 15,000 

r.p.m. 5 µg of FLAG M2 antibody (F1804) was conjugated with sheep anti-mouse IgG 

magnetic beads (Life Technologies, 11203D/11201D). Sheared chromatin in RIPA buffer 

was then added to the antibody-conjugated beads and incubated on a rotator overnight 

at 4 °C. After incubation, beads were washed five times with an LiCl wash buffer (100 

mM Tris, pH 7.5, 500 mM LiCl, 1% NP-40, 1% sodium deoxycholate), and remaining 

ions were removed with a wash in 1 mL of TE (10 mM Tris-HCl, pH 7.5, 0.1 mM Na2-

EDTA) at 4 °C. Chromatin and antibodies were eluted from beads by incubation for 1 h 

at 65 °C in immunoprecipitation elution buffer (1% SDS, 0.1 M NaHCO3) followed by 

overnight incubation at 65 °C to reverse formaldehyde cross-links. DNA was purified 

using MinElute DNA purification columns (Qiagen). qRT-PCR using SYBR green 

Fastmix (Quanta BioSciences) was performed with the CFX96 Real-Time PCR Detection 
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System (Bio-Rad) and the oligonucleotide primers reported in Table S2. 100 pg of ChIP 

DNA was loaded into each reaction. The results are expressed as a fold-increase of 

signal at the target locus normalized to signal of a region in the b-Actin locus using the 

ΔΔCt method. 

4.4.9 Kinetic R-loop formation simulations 

A first-principles, biophysical simulation of sgRNA invasion of a DNA duplex 

was performed in MATLAB by modeling the processes as a one-dimensional random 

walk in a position-dependent potential [105]. This was formulated as a continuous time 

Markov chain in MATLAB.  The position-dependent potential is determined by the 

nearest-neighbor dependent DNA:DNA binding free energies [111], RNA:DNA binding 

free energies [112], and guide RNA secondary structure free energies that are disrupted 

or restored as invasion progresses / recedes. Here we have generalized the model to 

estimate sgRNA residence time at spacers with arbitrary numbers and species of 

mismatches, and to account for effects of spacer secondary structure on invasion 

kinetics.  

The gRNA is base-paired with the spacer up to spacer site m (2 ≥ m ≥ 20). At each 

state m, the gRNA is assumed to be in quasi-equilibrium with the DNA, such that at 

perfectly matched spacer sites the forward rate (rate of additional guide RNA invasion; 

m to m+1) vf is estimated using the symmetric approximation to be exp(-(ΔG°(m 

+1)RNA:DNA – ΔG°(m +1)DNA:DNA – ΔG°(m +1)RNA,SS)/2RT), where R is Boltzmann’s constant, T 
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is the temperature (here 37°C to correspond with parameter set we used), and the 1/2 

corrective term is included to satisfy detailed balance). ΔG°(m + 1)RNA:DNA is free energy of 

the base-pairing between the RNA and DNA target at site m + 1. ΔG°(m + 1)DNA:DNA is the 

free energy of the base-pairing between the spacer and its complementary DNA strand. 

ΔG°(m + 1)RNA,SS is the difference in free energies between the predicted structures of the 

20 - m - 1  uninvaded nucleotides of the gRNA at site m + 1 and the 20 - m uninvaded 

nucleotides of the gRNA at site m. The reverse rate vr was calculated similarly as exp(-

(ΔG°(m - 1)DNA:DNA – ΔG°(m - 1)RNA:DNA + ΔG°(m - 1)RNA,SS)/2RT). At m = 1, the gRNA 

irreversibly falls off the DNA (m = 1 acts as an absorbing state). RNA secondary 

structure free energy was calculated using the rnafold function in MATLAB [113, 114].   

To estimate transition rates from site m in the presence of mismatched 

nucleotides, the next complementary site n is identified, and ΔG°(n)MM is estimated from 

the difference in free energies between the gRNA (Rm)-DNA target (Pm) duplex from 

sites 1 to m and the gRNA-DNA target duplex from sites 1 to n. These duplex free 

energies were calculated using the MATLAB rnafold function using the sequence Rm–

UUUU–Pm, with a minimum size of the loops (in nucleotides) set to 4. The forward rate 

was then calculated as exp(-(ΔG°(n)MM – Σ(k = m+1,n) ΔG°(k)DNA:DNA – ΔG°(k)RNA,SS)/2RT) and 

similarly for the reverse. 

The forward and reverse rates were calculated and assembled into a 19 x 19 Q-

matrix (Q) [115], and the mean lifetimes L of the gRNA-spacer interaction was calculated 
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as L = -α0Q-11, where 1 is a 19-element column vector with values all 1. α0 is a 19-element 

row vector containing the fractional population of initial states (m = 2 to 20). These 

experiments were performed for all 16 gRNAs and 12,181 ChIP-seq hits using the 

published data sets from Kuscu et al. [54] and Wu et al. [56]. For each gRNA, log(L) was 

correlated (Spearman) with log(ChIP-seq count normalized to on-target site), and these 

correlations combined using Fisher’s method.  

4.4.10 Protein Purification 

Plasmids encoding SpCas9 and SaCas9 were transformed into Rosetta 2 (DE3) 

competent cells. Clones were used to inoculate 25 mL starter cultures. Starter cultures 

were grown overnight, spun down, and used to inoculate 1 L cultures. Inoculated 1L 

cultures were grown for 5 hours @ 25 °C after which the temperature was dropped to 16 

°C and induced using 0.1 mM IPTG. Induced cultures were grown for another 12 hours 

@ 16 °C. Cells were harvested by centrifugation at 4000xg and stored @ -80 °C for long 

term storage. Cell pellets were resuspended in 30 mL of Lysis Buffer (50mM Tris-HCl, 

500 mM NaCl, 10 mM MgCl2, 10 % v/v glycerol, 0.2% Triton-1000, 1mM PMSF). The cell 

suspension was lysed by sonication at 30% duty for 5 minutes. The suspension was then 

centrifuged for 30 minutes at 12,000xg. The supernatant was then taken and incubated 

with Ni-NTA resin (Qiagen) for 30 minutes under gentle agitation. The resin was then 

loaded onto a column, washed with Wash Buffer (35 mM imidizole, 50mM Tris-HCl, 500 

mM NaCl, 10 mM MgCl2, 10 % v/v glycerol), and eluted with Elution Buffer (120 mM 
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imidizole, 50mM Tris-HCl, 500 mM NaCl, 10 mM MgCl2, 10 % v/v glycerol). Ultracel-

30k centrifugal filters were then used to exchange solvents to the Storage Buffer (50mM 

Tris-HCl, 500 mM NaCl, 10 mM MgCl2, 10 % v/v glycerol). The samples were then 

aliquoted and frozen at the -80 °C. 

4.4.11 In vitro digestion 

Regions of interest were amplified using PCR from HEK293T genomic DNA and 

purified using SPRI beads. Cas9 and sgRNA were combined and incubated for 10 

minutes at room temperature at a 1:1 molar ratio. The Cas9-sgRNA complex was then 

combined with DNA at a 10:1 molar excess of RNP in NEB buffer 2.1. The reaction was 

incubated at 37 °C for one hour after which Gel Loading Dye, Purple (6X) (NEB 

#B7024S) was added. In order to fully dissociate Cas9-DNA interactions the reaction was 

heated to 90 °C and cooled. The reaction was then resolved on a 2% agarose gel. 

4.4.12 Atomic force microscopy (AFM)  

Atomic force microscopy (AFM) was performed in air as previously described; 

see Ref. [5] for details. Imaging was performed using a Bruker Nanoscope V Multimode 

with RTSEP (Bruker) probes (nominal spring constant 40 N/m, resonance frequency, 300 

kHz). Prior to experiments, protein and guide RNAs were mixed in 1:1.5 ratio for 10 min 

in a buffer to limit DNA cleavage but not DNA binding (20 mM Tris-HCl (pH 7.5), 100 

mM potassium glutamate, 5 mM CoCl2, and 0.4 mM TCEP) [116]. SpCas9 and SaCas9 

proteins were purified as described above, AsCas12a was purchased from IDT, and all 
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sgRNAs/crRNAs were purchased from Synthego. Protein and DNA were mixed in a 

solution of working buffer for at least 10 min at room temperature, deposited for 8 s on 

freshly cleaved mica (Ted Pella, Inc.) that had been treated with 3-aminopropylsiloxane, 

as previously described [117], rinsed with ultra-pure (>17 MΩ) water, and dried in air. 

Proteins were centrifuged briefly prior to incubation with DNA. At least three 

preparations for each experimental condition were imaged and analyzed. Images were 

acquired with pixel resolution of 1024 × 1024 over 2.75 micron square areas or 2048 × 

2048 over 5.5 micron square areas at 1.5 lines/s for each sample. Image analysis to 

determine the distribution of binding sites along the DNA was performed as described 

previously. Apparent dissociation constants of CRISPR proteins were determined using 

the method pioneered by Yang et al. [118], adapted as previously described [105]. 

Consensus structures of images of CRISPR proteins determined by performing a 

reference-free alignment as previously described [73].  

4.5 Results 

4.5.1 Design considerations for hp-sgRNAs 

RNA can fold into many different complex structures. For our initial engineered 

structures we adopted the RNA hairpin, a fundamental structural unit in many RNA 

molecules [119]. RNA hairpins are composed of two components, stems and loops, 

which we create by extending the PAM-distal end of the spacer to create hp-sgRNAs 

(Figure 6a). All designs were informed through the use of in silico structure 
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determination and only spacer sequences were used for these predictions (i.e. structural 

sequences in the tracrRNA or crRNAs were excluded) [120].   

 

Figure 6: Engineered RNA Secondary Structures Tune the Activity of dCas9-
P300 

(a) Structure of the wild-type sgRNA for SpCas9 and design parameters of hp-sgRNAs. 
(b) Gene activation of IL1RN using hp-sgRNAs with varying stem lengths, measured by 
qRT-PCR. Hairpin sgRNAs are abbreviated as ‘hp’, non-structured controls are 
abbreviated as ‘ns’, and numbers indicate the number of nucleotides added 5’ of the 
spacer. Data are shown as fold increase relative to the control sample, which was 
transfected with dCas9-P300 only. Error bars represent s.e.m. for n=3. All hp-sgRNA 
variants show significant activation over control, P < 0.005 using a two-sided t test after a 
global one-way ANOVA. (c) Replotting the mean of each group in (b) as a function of 
the predicted folding energy of each hp-sgRNA’s engineered secondary structure. 
Trends in the data are annotated for clarity (e.g. “Region 1”). The sequences of all 
sgRNAs used are listed in Table S1.  

 

We expected thermodynamic stability of the secondary structure to be an 

influential characteristic of hp-sgRNAs. However, there are many variables one can use 

to create different structures with similar stability (Figure 6a). The stem can be placed 
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along any area of the 20 nucleotide spacer, which may have varied effects on R-loop 

formation kinetics. Stem lengths, a major determinant of hairpin stability, can be varied. 

In order to modulate stability but not necessarily overall hp-sgRNA structure, non-

canonical rG-rU/rU-rG base-pairs can be substituted for potential rG-rC/rA-rU or rC-

rG/rU-rA sites in the stems, respectively. RNA hairpins found in nature utilize 5’-

ANYA-3’ or 5’-UNCG-3’ tetraloops, which have favorable base-stacking behavior [121]. 

We utilize these tetraloops for our initial structures, but one can also use part of the 

spacer itself for the hairpin loop. In this study all of these variables were used to 

generate hp-sgRNAs. Furthermore, to control for any effects of sgRNA length, we also 

designed non-structured-sgRNAs (ns-sgRNAs), which have extensions to the spacer but 

whose extensions do not form any predicted secondary structures.  

4.5.2 hp-sgRNAs tune activity of a SpCas9-based transcriptional 
activator 

We first wanted to test the effect of predicted hp-sgRNAs structures on CRISPR-

Cas9 activity. Critically, we wanted to test this effect in human cells, where reports have 

shown that extensions to the 5’ end of the sgRNA can be processed back to lengths of the 

native spacer [96, 122]. We thus decided to utilize dCas9-based transcriptional activators 

[123, 124], where endogenous gene activation can serve as a sensitive measure of dCas9 

binding to target DNA. 

For our initial hp-sgRNA designs, we used a tetraloop that is external to the 20 nt 

spacer and placed the hairpin stems on the PAM-distal end of the spacer using canonical 
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Watson-Crick base pairing. We used a spacer that targets the endogenous promoter of 

IL1RN, a gene we have previously activated with high efficiency [123, 124]. Transfecting 

sgRNA variants and dCas9-P300 into human cells, we observe that hp-sgRNAs can tune 

gene activation at the target locus (Figure 6b), suggesting modulation of dCas9 binding.  

Arranging the hp-sgRNAs based on the length of the spacer extension, we 

observed a generally regular relationship between length of extension and impact on 

dCas9 binding (Figure 6b). The only irregularity was observed with hp15, which has an 

unpaired 5’ guanine, necessitated by the U6 promoter. Replotting the hp-sgRNA 

variants based on the thermodynamic stability of their predicted structures, we observe 

a monotonic decrease of gene activation over four orders of magnitude (Figure 6c). 

These data provide strong evidence that our predicted structures form stably in human 

cells and demonstrate that the in silico predicted free energy of the structures is an 

accurate predictor of its regulatory effect on dCas9 binding to genomic DNA target sites.  

Notably, ns-sgRNAs did not cause decreases to the same degree as those seen 

with hp-sgRNAs, indicating that hairpin formation, and not simply sgRNA extension, 

was responsible for modulating dCas9 binding. However, on average, ns-sgRNAs 

caused a ~2.8-fold reduction in gene activation when compared to the unmodified guide 

(WT sgRNA). This is consistent with other evidence of spacer length having significant 

effects on the efficiency of dCas9-based transcriptional regulators [125], underscoring 

the need to control for guide length when measuring the effects of sgRNA secondary 
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structure. In fact, length effects may be the underlying cause for the observation that 

sgRNAs with guanine-dinucleotide extensions have increased specificity [126]. 

These data describe nonlinear effects of 5’ sgRNA extensions on SpCas9 binding 

to DNA, dependent on both the length and secondary structure of the spacer. This 

relationship is characterized by three key regions in the data (Figure 1c). First, 

extensions to the 20 nt spacer cause a decrease in overall binding energy that is 

independent of secondary structure (Figure 6c, ‘Region 1’). Second, extensions that form 

weaker predicted secondary structures do not seem to have measurable effects on 

SpCas9 binding beyond those caused by length effects (Figure 6c, ‘Region 2’), however it 

is possible that R-loop formation is still being inhibited in this region [127, 128]. Finally, 

more stable hairpins cause measurable decreases in Cas9 binding proportional to the 

strength of the hp-sgRNA’s secondary structure (Figure 6c, ‘Region 3’). Further, these 

decreases in activity occur as the hairpin extends into the seed region of the sgRNA that 

is critical for initiating the interaction between Cas9 and a target. The trend of hairpin 

structure modulating targeted gene activation was corroborated at two additional gene 

targets in human cells (Figure 7). 
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Figure 7: Engineered RNA Secondary Structures Tune the Activity of dCas9-P300.  

(A-B) Gene activation of HBG1 and IL1B using hp-sgRNAs with varying stem lengths, 
measured by qRT-PCR. Gene activation is plotted as a function of the predicted folding 
energy of engineered secondary structure for each hp-sgRNA. WT-sgRNA is shown in 
black, non-structured-sgRNAs are shown in grey, and hairpin-sgRNAs are shown in 
blue. Data are shown as fold increase relative to the control sample. The control sample 
was transfected with dCas9-P300 only. Error bars represent s.e.m. for n=3. The sequences 
of all sgRNAs are listed in Supplementary Table 1. 

While we ascribe observed changes in gene activation to changes in dCas9 

binding, there could be other variables within the cellular experiments that could 

explain these changes. In particular, 5’ processing of the sgRNA and expression levels of 

sgRNA could explain differential effects of hp-sgRNAs [96, 122]. 

To control for these variables, we repeated this experiment, harvested total RNA, 

and performed sample-matched measurements of IL1RN and sgRNA expression by RT-

qPCR,  and 5’ sgRNA processing by 5’RACE followed by RNA-seq (Figure 8a,b). 

Patterns in IL1RN gene activation were faithfully replicated (Figure 8c,d). We observed 

no association between hp-sgRNA expression and hp-sgRNA activity (Figure 8e,f).  
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Figure 8: Expression levels and in vivo processing of hairpin- and non-structured- 
sgRNAs.  

(A) Schema depicting experimental work-flow. Cells were transfected with plasmids 
encoding dCas9-P300 and sgRNA variants. RNA harvested from cells was used to 
measure gene activation of IL1RN, sgRNA expression levels, and spacer sequence 
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identities. (B) Schema depicting 5’ RACE applied specifically to sequence sgRNAs. 
Template switching of the reverse transcriptase ensures accurate profiling of the 5’ ends 
of sgRNA variants. (C) Gene activation induced by each sgRNA variant. This 
experiment was performed as shown in Figure 1, except that extraction of total RNA, 
rather than only mRNA, was performed. (D) Replotting the mean of each group in (C) as 
a function of the predicted folding energy of each hp-sgRNA’s engineered secondary 
structure. (E) Expression level of each sgRNA variant as measured by rt-qPCR. (F) 
Replotting the mean of each hp-sgRNA’s activity in (C) against its mean expression level 
as shown in (E). (G) The distribution of spacer lengths in cells treated with various 
sgRNA variants, as determined by 5’ RACE followed by deep sequencing. The number 
next to the sgRNA alias indicates the number of nucleotides added to the 5’ end of the 
spacer (e.g. hp17 and ns17 have 17 nt added, and a total spacer length of 37 nt). The 
expected unprocessed length of a sgRNA variant is highlighted in an orange box. (H) % 
of processing to 20nt for each sgRNA variant, as measured by RNA-seq. (I) Replotting 
the mean of each hp-sgRNA’s activity in (C) against its mean degree of processing as 
shown in (I). Error bars represent s.e.m. for n=3. The sequences of all sgRNAs are listed 
in Supplementary Table 1. 

In contrast to the previous reports, where Northern Blots show 5’ sgRNA 

extensions are very highly processed, we observe hp-sgRNAs are moderately to 

minimally processed, with stronger predicted secondary structures undergoing less 

processing (Figure 8g, range 0.8-48% processed). The corresponding non-structured 

sgRNAs had a much higher rate of processing (Figure 8h, range 52-79% processed). We 

observe multiple highly stable hp-sgRNAs with a wide range in activities, indicating 5’ 

processing is not the dominant process governing hp-sgRNA activities. (Figure 8i,j). 

These data suggest that hp-sgRNAs are maintained in cells and can be accommodated 

within the Cas9 binding pocket where they are protected from processing. 
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4.5.3 Kinetic modeling of R-loop formation reveals influence of spacer 
secondary structure on SpCas9 binding to genomic loci   

The differences in behavior between hp-sgRNAs and ns-sgRNAs indicate that 

the secondary structure of the spacer is a critical determinant of CRISPR activity. To gain 

a better understanding of how spacer secondary structure might affect SpCas9 behavior, 

we applied our previously described kinetic model of R-loop formation and generalized 

it to accommodate any species of mismatches, an arbitrary number of mismatches, and 

RNA secondary structure (Figure 9a) [105]. The probability of exchange between states 

is governed by three energetic processes: 1) hybridization or melting of the genomic 

target (DNA-DNA), 2) the hybridization or melting of the spacer to the genomic target 

(RNA-DNA), and 3) the breaking or forming of spacer secondary structure (RNA-RNA). 

Importantly, this approach defines the behavior of R-loop formation by SpCas9-sgRNA 

complexes entirely in terms of nucleic acid thermodynamics.  

 

Figure 9: Spacer Secondary Structure Improves the Performance of a Kinetic Model of 
R-loop formation 
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(a) Schema of kinetic model of R-loop formation. Left panel: modeled molecular 
interactions.  The target DNA is shown in green and sgRNA spacer is shown in red with 

both a mismatch and RNA secondary structure. Center panel: distinct states 
representing degree of R-loop formation by the spacer. The forward and reverse rates 

between states are calculated using the free energy differences between states (see 
methods). Right panel: Q matrix of forward and reverse reaction rates. The starting state 

of the simulation is represented by vector alpha (b) Correlation between model-based 
predictions of binding lifetime and the ChIP-seq intensity at a given binding site. Model 

was initiated with a pre-formed R-loop. (c) Correlation coefficients with (�=1) and 
without (�=0) energetic contributions from spacer secondary structure, for various 

starting states.  (d) Simulated values of the mean binding lifetimes for sgRNA variants, 
shown in Figure 1b, plotted against their activation of the IL1RN gene. 

To test the model, we used previously reported ChIP-seq data of 16 sgRNAs and 

included the top-quartile of the 12,161 called binding sites [56, 129]. We simulated the 

mean residence time of each of the 16 sgRNAs to each of the reported binding sites and 

compared this simulation to the measured ChIP-Seq signal. We find correlation 

coefficients of 0.285 (95% confidence: 0.252, 0.317) when the simulation is initiated at the 

PAM-proximal site and a correlation of 0.380 (95% confidence: 0.349, 0.410) if initiated 

with a pre-formed R-loop (Figure 9b). These correlations were higher than the 

previously reported best performing feature, chromatin accessibility [56]. The predictive 

power of our model demonstrates that the kinetics of nucleic acid interactions play an 

important role in Cas9 binding to DNA.  

To determine the contribution of spacer secondary structure to the model’s 

predictive power, we removed the energetic terms for RNA folding from the reaction 

rates. We observed a decrease in correlation from 0.285 to 0.194 (95% confidence: 0.160, 

0.228) if the simulation is initiated at the PAM-proximal nucleotides or from 0.380 to 
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0.273 (95% confidence: 0.240, 0.305) if the simulation is initiated with the R-loop already 

pre-formed (Figure 9c). We then performed simulations to predict the behavior of the 

hp-sgRNA variants used to modulate the expression of the IL1RN promoter (Figure 9d). 

We found a strong correlation, 0.915, between estimated binding lifetime and fold 

increase in gene expression. Collectively, these findings suggest that spacer secondary 

structure influences Cas9 binding activity by modulating invasion kinetics and stability 

of the R-loop, key determinants of nucleolytic activation of SpCas9 [106]. 

4.5.4 hp-sgRNAs increase the gene editing specificity of SpCas9  

We next assessed the effect of spacer secondary structure on SpCas9 nuclease 

activity. It was our hypothesis that hairpin structures could increase nuclease specificity 

by modulating R-loop formation without necessarily altering binding to target sites [105, 

106]. Thus, for hp-sgRNAs designed for the SpCas9 nuclease, we generally chose 

hairpins with predicted free energies weaker than -15kcal/mol, i.e. within Region 1 of 

Figure 6c, since any further increase in hairpin stability resulted in significant decreases 

in SpCas9 binding to its on-target site. To assess the effects of engineered hp-sgRNAs on 

the nuclease activity and specificity of Cas9 in human cells, we chose spacers that have 

large numbers of well-characterized off-target sites [89]. We generated a variety of hp-

sgRNAs for these spacers where we varied several hp-sgRNA structural characteristics, 

including utilizing both external and internal loops or adjusting PAM-distal and PAM-

proximal stem placement. We measured indel frequency at on-target and off-target sites 
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for each spacer and compared the activity of these hp-sgRNAs with activities of both 

unextended sgRNAs (WT-sgRNA) and truncated-sgRNAs (tru-sgRNA) [98]. We 

observed a number of hp-sgRNA designs with on-target activities comparable to WT-

sgRNAs and reduced off-target activity, comparable to tru-sgRNAs (Figure 13). We 

defined a specificity metric by dividing on-target mutation rates by the sum of all off-

target mutation rates. All designed hp-sgRNAs significantly increased the specificity of 

SpCas9, on par with increases seen with tru-sgRNAs (Figure 13d, Figure 15ab). Hp-

sgRNA 7 of the EMX1.1 spacer, which had the highest fold-increase in specificity, had 

both a spacer truncation and designed secondary structure, suggesting that these 

approaches may be combined in some cases (Figure 15ab). Similarly, we observe that 

tru-sgRNAs increase off-target activity at 8 of the 37 off-target loci (Figure 13a-c). This 

increase may be due to the decreased sequence complexity of tru-sgRNAs and was not 

observed for any hp-sgRNA variants, consistent with hp-sgRNAs behaving in an 

entirely inhibitory manner (Figure 13a-c, Figure 15a-c). Collectively these results show 

that hp-sgRNAs can increase the specificity of SpCas9 nuclease by multiple orders of 

magnitude. 



 

82 

 

Figure 10: Optimizing hairpin structures for EMX1 spacer 1. 

(A) On-target and off-target activity of hairpin variants in human cells, as determined by 
the Surveyor assay. Hairpins utilize an external loop and stems form on the 5’ end of the 
spacer. (B) Predicted structures of sgRNA variants. (C) On-target activity of hairpin 
variants in human cells, as determined by the Surveyor assay. Hairpins utilize an 
internal loop and stems form near the 5’ end of the spacer. (D) Predicted structures of 
sgRNA variants. (E) On-target activity of hairpin variants in human cells, as determined 
by the Surveyor assay. Hairpins utilize a truncated spacer, an external loop, and a stem 
that forms near the 5’ end of the spacer. (F) Predicted structures of sgRNA variants. The 
sequences of all sgRNAs are listed in Supplementary Table 1.  
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Figure 11: Optimizing hairpin structures for VEGFA spacer 1. 

(A) On-target and off-target activity of hairpin variants in human cells, as determined by 
the Surveyor assay. Hairpins utilize an external loop and stems form on the 5’ end of the 
spacer. (B) On-target and off-target activity of hairpin variants in human cells, as 
determined by the Surveyor assay. Hairpins utilize an internal loop and stems form on 
the 3’ end of the spacer. (C) Predicted structures of sgRNA variants. The sequence of all 
sgRNAs used are listed in Supplementary Table 1.  
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Figure 12: Optimizing Hairpin Structures for VEGFA spacer 2 
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(A) On-target and off-target activity of hairpin variants in human cells, as determined by 
the Surveyor assay. Hairpins utilize an external loop and stems form on the 5’ end of the 
spacer. (B) On-target and off-target activity of hairpin variants in human cells, as 
determined by the Surveyor assay. Hairpins utilize an internal loop and stems form near 
the 5’ end of the spacer. (C) On-target and off-target activity of hairpin variants in 
human cells, as determined by the Surveyor assay. Hairpin utilizes an external loop, 
non-canonical base pairing, and stems form near the 3’ end of the spacer. (D-E) 
Predicted structures of sgRNA variants. The sequences of all sgRNAs used are listed in 
Supplementary Table 1.  

 

 

Figure 13: Hairpin-sgRNAs Increase the Specificity of SpCas9 in Human Cells 

(a,b,c) On-target and off-target mutation rates for sgRNA variants targeting the EMX1 
and VEGFA genes, measured by deep sequencing. ‘Percent modified’ indicates 
percentage of reads containing indels compared to the wild-type sequence.  Error bars 
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represent s.e.m. for n=3. Wild-type sgRNAs (‘WT’) generated significant editing activity 
at all off-target sites, except for VEGFA spacer 2 at OT10 (P < 0.01). Hairpin sgRNAs 
show significant decreases in activity at all measured off-target sites when compared to 
wild-type sgRNA, (P < 0.05). Hypothesis testing using a one-sided Fisher exact test with 
pooled read counts, adjusting for multiple comparisons using the Benjamini–Hochberg 
method. (d,e) On-target activity and specificity metric for different sgRNA variants. 
Samples labeled as ‘hairpin’ use the same hairpin variant listed in panels (a,b,c). The 
specificity metric is defined as on-target indel rate divided by the sum of all off-target 
indel-rates. Error bars represent s.e.m. for n=3. The sequences of sgRNA variants are 
listed in Table S1. The predicted structures of hp-sgRNAs are displayed in 
Supplementary Figures 3-5. 
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Figure 14: Hairpin-sgRNAs increase the specificity of SpCas9 in human cells  

(A-C) On-target and off-target mutation rates for sgRNA variants targeting the EMX1 
and VEGFA genes, measured by deep-sequencing. ‘Percent modified’ indicates 
percentage of reads mutated when compared to the wild-type loci.  Error bars represent 
s.e.m. for n=3. Significant differences in mutational activity were found at all off-target 
sites when comparing wild-type sgRNA (‘WT’) to control samples, except for VEGFA 
spacer 2 at OT10 (P < 0.01, FDR). At all measured off-target sites, hairpin sgRNAs show 
significant decreases in activity compared to that of wild-type sgRNA (P < 0.05, FDR). 
Hypothesis testing using a one-sided Fisher exact test with pooled read counts, 
adjusting for multiple comparisons using the Benjamini–Hochberg method. The 
sequence of all sgRNAs used are listed in Supplementary Table 1. 
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Figure 15: On-target activities and specificity metrics for various hp-sgRNA 
designs 

(A) On-target editing rates for wild-type sgRNA variants targeting the EMX1 and 
VEGFA genes, measured by deep-sequencing, reproduced for Figure S4 but plotted on a 
linear scale.  Error bars represent s.e.m. for n=3. (B) Specificity metrics for sgRNA 
variants targeting the EMX1 and VEGFA genes. Specificity metric defined as on-target 
indel-rate divided by the sum of all off-target indel-rates. Error bars represent s.e.m. for 
n=3. Hairpins A, B, and C refer to the respective hairpin sgRNAs characterized in Figure 
14 and are color matched. For example, hairpins A, B and C for spacer VEGFA.1 are 
hairpins 4, 5, and 6. The sequence of all sgRNAs used are listed in Supplementary Table 
1. 

To test whether the 5’ extensions of hp-sgRNAs might lead to any new off-target 

cleavage events beyond what had previously been identified for the corresponding WT-

sgRNAs, we performed CIRCLE-seq, an unbiased in vitro method to determine genome-

wide cleavage events [109, 110]. We performed CIRCLE-seq using the EMX1.1 spacer 

and used WT-, truncated-, and, hairpin-sgRNA variants. We observed high correlation 

of the identified off-targets sites and the level of activity at each site between biological 

replicates of the same treatment (Figure 16a,b,c,d). Comparing the WT- and tru-sgRNA, 
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the truncations eliminated 77 off-target sites found using the WT-sgRNA but also had 25 

unique off-target sites that were reproducibly detected using CIRCLE-seq (Figure 17a). 

In contrast, the hp-sgRNA eliminated 124 off-target sites found with the WT-sgRNA and 

had no unique off-targets identified (Figure 17b).  

 

Figure 16: Unbiased genome-wide detection of off-target activity using CIRCLE-Seq. 

(A-D) Read counts for two replicates were plotted to demonstrate reproducibility of the 
assay. Activity at the on-target site shown in green. The experiment was performed with 
EMX1 spacer 1 and hairpin-sgRNA 2. Data points clustered along an axis have a 
corresponding read counts of zero. 
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Figure 17: Comparative genome-wide activity of sgRNA variants applied with SpCas9 

 

(A-C) Plotting CIRCLE-Seq read counts of WT-sgRNA against truncated-, hairpin-, and 
non-structured-sgRNAs, respectively. Only those off-target sites present in both 
replicates (Supplementary Figure 8) were used for this analysis. The on-target sites is 
shown in green. Read counts represent the sum of two replicate experiments. The 
experiment was performed with EMX1 spacer 1 and hairpin-sgRNA 2. Data points 
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clustered along an axis have a corresponding read count of zero. (D) Venn diagram 
representing the overlap of all identified CIRCLE-Seq cleavage sites. For each condition, 
only sites identified in both replicates were used. (E) An UpSetR plot showing the 
number of sites that overlap between various intersections of sample groups. Sample 
group intersections are indicated by the matrix below. 
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Figure 18: Off-target sites identified by CIRCLE-seq for SpCas9 using EMX1 Spacer 1. 

(A-D) Sequence identity of off-target sites detected using CIRCLE-seq. WT and 
truncated sgRNAs have truncated listings that are continued in Supplementary Figure 
11. Brackets indicate the same off-target site that has two same-scoring alignments to the 
on-target site. 
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Figure 19: Off-target sites identified by CIRCLE-seq for SpCas9 using EMX1 Spacer 1. 

(A-B) Additional off-target sites for WT- and truncated-sgRNAs. A continuation of the 
listing shown in Supplementary Figure 10. Brackets indicate the same off-target site that 
has two same-scoring alignments to the on-target site. 

We next sought insight into the mechanism of specificity increases driven by hp-

sgRNAs. In particular, wanted to test whether these specificity increases were a result of 

decreased binding to DNA. We performed ChIP-qPCR to measure the relative SpdCas9 

enrichment at on-target vs. off-target sites using the same EMX1 spacer that we tested 

with nuclease-active SpCas9. We observed that both the hp-sgRNAs and tru-sgRNA 

yielded similar levels of dCas9 occupancy at the on-target site (Figure 20a). Interestingly, 

hp-sgRNA 2 did not measurably decrease dCas9 occupancy at any of the measured off-

target sites relative to the WT-sgRNA (Figure 20b,c,d), even though nuclease activity 

was reduced at these sites by an order of magnitude or more (Figure 4e, Supplementary 

Figure 6b).  This suggests that, similar to high-fidelity Cas9 variants [99], hp-sgRNAs do 

not mediate specificity increases through a decrease in binding. Hp-sgRNA 7 had more 

variable behavior, which we attribute to the combination of a hairpin and a truncated 

spacer.  
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Figure 20: Hairpin-sgRNAs Retain Binding Activity at Off-Target Loci 

(a) dCas9 enrichment at the on-target site using sgRNA variants containing EMX1 
spacer 1 by ChIP-qPCR. The WT sgRNA sample had significant enrichment over control, 
P<0.001. The tru-sgRNA and hp-sgRNAs showed a decreased enrichment relative to 
WT-sgRNA, P<0.05. Error bars represent s.e.m. for n=3. (b,c,d) dCas9 enrichment at 
designated off-target sites using sgRNA variants containing EMX1 spacer 1 by ChIP-
qPCR.  Hp-sgRNAs were also assayed for editing activity with nuclease active SpCas9, 
and their predicted secondary structure is shown in Figure S1. (e) Off-target editing rates 
as a function of corresponding DNA binding as measured by ChIP-qPCR. Hairpin 2, 
when compared to WT, showed significantly decreased editing activity at off-target sites 
(P<0.05x10-18), but showed no significant decreases in ChIP enrichment. Error bars 
represent s.e.m. for n=3. P-values for ChIP-qPCR data were calculated using a post-hoc 
Tukey-test after a global one-way ANOVA. For editing activity, hypothesis testing was 
carried out using a one-sided Fisher exact test with pooled read counts, adjusting for 
multiple comparisons using the Benjamini–Hochberg method. All fold enrichments are 
relative to transfection of a control sgRNA plasmid targeted to the IL1RN promoter and 
normalized to a region of the b-Actin locus. The sequences of sgRNA variants are listed 
in Table S1. 

 

 

4.5.5 hp-sgRNAs increase specificity of various type II and type V 
CRISPR endonucleases 

We next tested whether hp-sgRNA designs can be extended to other CRISPR 

systems. In particular, we were interested in SaCas9 because its compact size makes it 
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amenable to delivery by AAV vectors and is therefore of significant interest for gene 

therapy applications[82, 130]. While SaCas9 and SpCas9 have many analogous domains 

and a similar bilobed structure with the sgRNA-target duplex centered between each 

lobe, they share only 17% sequence similarity [131]. 

Focusing on SaCas9 and SaCas9-KKH, a relaxed PAM variant, we designed hp-

sgRNAs of varying stem lengths using sgRNA target sites with previously characterized 

off-target effects [82, 90]. We delivered sgRNA variants with each SaCas9 to human cells 

and assayed for nuclease activity at on-target and off-target loci. Similar to SpCas9, 

SaCas9 activity is tuned by hp-sgRNAs in a manner proportional to the strength of 

predicted secondary structure (Figure 24a,b, Figure 21a,b,c). Truncated sgRNAs of 

varying length were also used, though they did not eliminate off-target activity without 

severely impacting on-target activity; shorter truncations resulted in complete 

abrogation of off-target and on-target nuclease activity (Figure 24a,b, Figure 21a,b,c; data 

not shown).  
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Figure 21: Optimizing hairpin structures for spacers using SaCas9-KKH. 

(A-C) On-target and off-target activity of hairpin variants in human cells, as determined 
by the Surveyor assay. Hairpins utilize an external loop and stems form on the 5’ end of 
the spacer. (D-F) Predicted structures of sgRNA variants. 
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Figure 22: Optimizing hairpin structures for LbCas12a 

(A-B) On-target and off-target activity of hairpin variants in human cells, as determined 
by the Surveyor assay. Hairpins utilize an external loop and stems form on the 5’ end of 
the spacer. (C-D) Predicted structures of sgRNA variants. 
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Figure 23: Optimizing hairpin structures for AsCas12a-RVR. 

(A) On-target and off-target activity of hairpin variants in human cells, as determined by 
the Surveyor assay. Hairpins utilize an external loop and stems form on the 5’ end of the 
spacer. (B) Predicted structure of hp-sgRNA 3. 
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Figure 24: Figure 4. Hairpin-sgRNAs Retain Binding Activity at Off-Target Loci 

(a) dCas9 enrichment at the on-target site using sgRNA variants containing EMX1 
spacer 1 by ChIP-qPCR. The WT sgRNA sample had significant enrichment over control, 
P<0.001. The tru-sgRNA and hp-sgRNAs showed a decreased enrichment relative to 
WT-sgRNA, P<0.05. Error bars represent s.e.m. for n=3. (b,c,d) dCas9 enrichment at 
designated off-target sites using sgRNA variants containing EMX1 spacer 1 by ChIP-
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qPCR.  Hp-sgRNAs were also assayed for editing activity with nuclease active SpCas9, 
and their predicted secondary structure is shown. (e) Off-target editing rates, as shown 
on Supplementary Figure 5B, as a function of corresponding DNA binding as measured 
by ChIP-qPCR. Hairpin 2, when compared to WT, showed significantly decreased 
editing activity at off-target sites (P<0.05x10-18), but showed no significant decreases in 
ChIP enrichment. Error bars represent s.e.m. for n=3. P-values for ChIP-qPCR data were 
calculated using a post-hoc Tukey-test after a global one-way ANOVA. For editing 
activity, hypothesis testing was carried out using a one-sided Fisher exact test with 
pooled read counts, adjusting for multiple comparisons using the Benjamini–Hochberg 
method. All fold enrichments are relative to transfection of a control sgRNA plasmid 
targeted to the IL1RN promoter and normalized to a region of the b-Actin locus. The 
sequences of sgRNA variants are listed in Table S1. 

We next wanted to test whether hp-sgRNAs could be applied to type V Cas12a 

nucleases. While SpCas9 and Cas12a share a bilobed architecture, they share no 

structural or sequence homology other than a single RuvC domain [132]. Cas12a 

nucleases are unique in that they can process their own crRNAs, and these crRNAs are 

sufficient for Cas12a target recognition and cleavage [133]. Cas12a recognizes its crRNA 

via a hairpin that is at the 5’ end of the crRNA and the spacer is at the 3’ end: the reverse 

orientation relative to Cas9 sgRNA structure. Target recognition by Cas12a and R-loop 

formation mechanisms are also reversed when comparing to that of Cas9: the PAM 

sequence is located 5’ of the target sequence and R-loop formation of the target strand 

proceeds 3’ to 5’. Despite these many differences, we hypothesized that the activity of 

Cas12a nucleases could also be regulated by spacer secondary structure. Using a spacer 

with previously characterized off-target sites [91, 92, 134], we designed hp-crRNAs with 

varying structural stability. We observed that both AsCas12a and LbCas12a activity can 

be regulated by spacer secondary structure and that, by tuning the strength of the 
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secondary structure, off-target activity can be reduced without altering on-target activity 

(Figure 24c,d Figure 22,23a,b,c). Truncated crRNAs did not consistently result in 

specificity increases for either AsCas12a or LbCas12a, indicating this strategy might not 

be consistently translatable to Cas12a nucleases (Figure 24c-d, Figures 22-23a,b,c). 

Shorter truncations of the spacer resulted in complete abrogation of off-target and on-

target nuclease activity. We observed that hp-crRNAs influence the activity of Cas12a 

nucleases proportional to the strength of the secondary structure, consistent with the 

effect of hp-sgRNAs on SpCas9 and SaCas9 activity (Figure 24c,d, Figures 22-23a,b,c). 

Significantly, as predicted folding energy increases, decreases in gene editing activity 

occur preferentially at off-target loci, allowing for increases in specificity (Figure 24i).  
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Figure 25: Figure 6. RNA Secondary Structure Drives the Specificity Increases 
Observed with hp-sgRNAs 

(a,b,c,d,e) Nuclease activity of hp-sgRNAs/crRNAs and corresponding non-structured 
controls in human cells; sgRNA variants were applied with SaCas9, SaCas9-KKH, and 
AsCas12a, respectively. Deep sequencing was used to measure editing activity of Cas 
effector-sgRNA pairs. Error bars represent s.e.m. for n=3. Wild-type sgRNAs (‘WT’) 
induced significant editing activity at all off-target sites (P < 0.01x10-7). Hp-
sgRNAs/crRNAs significantly reduced editing activity at all examined off-target sites 
when compared to wild-type sgRNA/crRNA (P < 0.05x10-9). Hypothesis testing was 
carried out using a one-sided Fisher exact test with pooled read counts, adjusting for 
multiple comparisons using the Benjamini–Hochberg method. (f) Specificity metric for 
sgRNA variants applied with the indicated Cas effector. The gene target of each spacer 
is listed on the x-axis. Error bars represent s.e.m. for n=3. 
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In order to confirm that increases in specificity are caused by RNA secondary 

structures, we generated ns-sgRNAs for hp-sgRNAs used with Cas9 and Cas12a 

effectors. For each Cas effector we chose hp-sgRNA variants that maintained on-target 

activity but had the most stable predicted free energy. We delivered these sgRNA 

variants with their respective Cas nuclease and used deep-sequencing to assay 

mutational rates at both on-target and off-target loci (Figure 25a,b,c,d,e). Across 12 

spacer sequences and six different Cas9 or Cpf1 variants, hp-sgRNAs increase specificity 

by an average of 55-fold (median 12-fold) compared to unmodified sgRNAs and 9-fold 

compared to length-matched non-structured control sgRNAs (Figure 25f, Figure 26). 

Hp-sgRNAs showed particular sensitivity to off-targets with multiple mismatches 

(Figure 27). 

 

 

Figure 26: RNA secondary structure drives the specificity increases observed with hp-
sgRNAs used with SpCas9. 
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 (A-C) Nuclease activity of hp-sgRNAs and corresponding non-structured (n.s.) controls 
in human cells; sgRNA variants were tested with SpCas9, as characterized in Figure 2 
and Supplementary Figure 4. Deep sequencing was used to measure gene editing 
activity. Error bars represent s.e.m. for n=3. Significant differences in mutational activity 
were found at all off-target sites when comparing wild-type sgRNA (‘WT’) to control 
samples (P < 0.01x10-129). At all examined off-target sites, hairpin-sgRNAs significantly 
reduced gene editing activity when compared to wild-type sgRNA (P < 0.05x10-14). At all 
examined off-target (OT) sites, hp-sgRNAs significantly reduced editing activity when 
compared to the corresponding nonstructured-sgRNA, except for VEGFA spacer 1 at 
OT3 and VEGFA spacer 2 at OT1 and OT2 (P < 0.05x10-9). Hypothesis testing was carried 
out using a one-sided Fisher exact test with pooled read counts, adjusting for multiple 
comparisons using the Benjamini–Hochberg method. The sequence of all sgRNAs used 
are listed in Supplementary Table 1.  

 

Figure 27: Normalized nuclease activity of Cas9 is dependent on the frequency 
of mismatches within an offtarget site 
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Figure 28: The frequency of off-target sites with mismatches at each position. 

To further ensure that the specificity increases were due to modulation of 

kinetics of R-loop formation, rather than changes to expression or stability that could 

occur within transfected cells, we completed in vitro assays for nuclease activity and 

DNA-binding. For in vitro nuclease activity, we digested PCR amplicons containing the 

on-target EMX1 spacer 1, EMX1 spacer 2, or DNMT1 spacer 1, by defined concentrations 

of purified SpCas9, SaCas9, or AsCas12a protein, respectively, complexed with 

corresponding chemically synthesized WT-, hp-, or ns-sgRNAs (Figure 29). At the on-

target sites, the activity of the hp-gRNAs was reduced by 85%, 59%, and 69% relative to 

activity of WT-gRNAs at the on-target sites for SpCas9, SaCas9, and AsCas12a, 

respectively, compared to a reduction of 12% and increases of 35% and 6% with the 

corresponding ns-gRNAs. The significant reduction of activity of hp-gRNAs at on-target 

sites in vitro, but not in cells (Figure 13b,d), may be the result of the short time frame of 



 

107 

the assay or other differences with the intracellular environment in which these 

particular hairpin structures were selected. We also tested identical digestion reactions 

with PCR amplicons containing the corresponding off-target 1 (OT1) spacer sequence. 

At the off-target sites, hp-gRNAs also showed decreases of 91%, 79%, and 67% relative 

to WT-gRNAs, compared to decreases of 88%, 38%, and 0% for the ns-gRNAs. To assay 

DNA-binding, we used atomic force microscopy to directly image and quantify 

interactions of the same combinations of Cas effectors and gRNAs at on-target and off-

target sequences (Figure 30). These analyses showed that only hp-gRNAs, and not ns-

gRNAs, robustly and reproducibly decreased occupancy at off-target sites relative to the 

on-target site. Collectively, these data support that, under controlled conditions of in 

vitro reactions, hairpin structure – and not simply any 5’ extension – modulate CRISPR 

activity. 
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Figure 29: In vitro nuclease activity of Cas9 and Cas12 effectors with engineered 
sgRNA variants.  

(A-C) In vitro digests demonstrating the on-target and off-target activity of sgRNA 
variants. PCR amplicons containing various target sites were incubated with the 
purified Cas effector complexed with chemically synthesized sgRNAs. EMX1 spacer 1 
was applied with SpCas9 using hp-sgRNA 2. EMX1 spacer 2 was applied with SaCas9 
using hp-sgRNA 4. DNMT1 spacer 1 was applied with AsCas12a using hp-sgRNA 4. 
The sequence of all sgRNAs used are listed in Supplementary Table 1.  
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Figure 30: Single-molecule imaging reveals the effect of sgRNA spacer secondary 
structure on DNA-binding profiles of CRISPR effectors in vitro. 

(A) Example atomic force microscopy (AFM) image of SpCas9 bound to different points 
on a single, streptavidin-labeled DNA molecule. The DNA molecule has a target site and 
two known off-target sites distributed along its length. OT1 is a designed off-target with 
7 consecutive PAM-distal mismatches. OT2 is an off-target that was validated in human 
cells by deep-sequencing; it is the off-target with the highest mutational rate for the 
given spacer. (below) Aligned and averaged structures of CRISPR effectors by AFM. (B-
D) Normalized binding profiles of (B) SpCas9 (apparent dissociation constants Kd at the 
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on-target site for sgRNA: 8.8 ± 0.9 nM (SEM); hp-sgRNA: 10.0 ± 0.9 nM; ns-sgRNA: 2.1 ± 
0.1 nM), (C) SaCas9  (sgRNA: 5.1 ± 0.4 nM (SEM); hp-sgRNA: 8.7 ± 1.1 nM; ns-sgRNA: 
9.0 ± 0.9 nM), and (D) AsCas12a (sgRNA: 5.7 ± 1.2 nM; hp-sgRNA: 16.9 ± 3.8 nM; ns-
sgRNA: 8.9 ± 1.6 nM). (E) A specificity metric for the binding of each sgRNA variant. 
The metric is defined as the frequency of observed DNA molecules bound by 
Cas9/Cas12a proteins at the on-target site divided by the frequency of observed DNA 
molecules bound by Cas9/Cas12a with no Cas9/Cas12a proteins at the on-target site. 
EMX1 spacer 1 was applied with SpCas9 using hp-sgRNA 2. EMX1 spacer 2 was 
applied with SaCas9 using hp-sgRNA 4. DNMT1 spacer 1 was applied with AsCas12a 
using hp-sgRNA 4. The sequence of all sgRNAs used are listed in Supplementary Table 
1.  

4.6 Discussion 

CRISPR-Cas endonucleases did not evolve to function for highly specific gene 

editing of mammalian genomes, and cases of off-target activity have been reported for 

the majority of CRISPR endonucleases tested so far in human cells. Additionally, the 

discovery of novel CRISPR systems with potential biotechnological applications is 

occurring at a steady pace. Hence, there is a need to improve the performance of CRISPR 

endonucleases that is robust and can be applied easily across CRISPR systems.  

The rational design of hp-sgRNAs as characterized in this study is a promising 

method to meet this need. For five of the most commonly applied Cas effectors, utilizing 

well-characterized off-target sites, we demonstrate that rationally designed RNA 

secondary structures increase specificity by an average of 55-fold. Moreover, despite the 

widely ranging biochemical properties of each Cas effector used, we observe consistent 

behavior of hp-sgRNAs, where CRISPR activity is inhibited to a degree proportional to 

the stability of the secondary structure.  
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The strategy used in this study was inspired by previous efforts, which aimed to 

increase nuclease specificity by weakening direct interactions between Cas9 and the 

DNA [27, 28]. While we do not directly determine the mechanism of hp-sgRNA-driven 

specificity increases, we hypothesize that it is through decreasing the overall R-loop 

formation kinetics of the CRISPR endonuclease, which inhibits the structural transitions 

necessary for nuclease activity at off-target sites [106]. The evidence for this is three-fold. 

First, using ChIP-qPCR we show that hp-sgRNAs do not decrease dCas9 binding at off-

target sites, even when nuclease activity is reduced by orders of magnitude (Figure 4e). 

This is strong evidence that nuclease activity is decreasing through blocking of full R-

loop formation. Second, because RNA-DNA duplexes are regularly accommodated in 

the central binding channel of CRISPR endonucleases, it is likely that RNA-RNA 

duplexes are similarly accommodated without interfering with RNP complex formation. 

This is supported by evidence that sgRNAs with significant spacer secondary structure 

could readily complex with SpCas9 [135]. Finally, that our kinetic model has predictive 

power lends support to the assumptions in the model: that R-loop formation is a kinetic 

process that is modulated by RNA secondary structures. Collectively, these points 

suggest that levels of the sgRNA-endonuclease complex are maintained and that 

observed specificity increases are caused by secondary-structure mediated inhibition of 

R-loop formation, limiting the conformation change to an activated endonuclease at off-

target sites. 
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Our study considers target R-loop formation as the central process governing 

CRISPR nuclease activity: modulating invasion allows for more specific genome editing 

and modeling invasion facilitates predictions of CRISPR activity. Improvements to the 

modeling of this process would be broadly useful for in silico prediction of off-target 

effects and for designing functional hp-sgRNAs a priori. As our model approximates this 

behavior using thermodynamic parameters of nucleic acids derived from in vitro data, 

further refinement of our understanding of RNA-DNA interactions and mispairing 

within the catalytic environment of different CRISPR endonucleases will likely improve 

its predictive and design performance. Recent methods using massively parallel 

assessment of CRISPR endonuclease binding and catalysis could provide attractive data 

sets for model refinement [136-138].  

To our knowledge, this is the first study to demonstrate a method to increase 

specificity across diverse CRISPR systems. Future studies will be useful to determine 

whether the hp-sgRNA framework extends to new Cas12, Cas13, or Cas14 effectors [80, 

81, 87, 139]. sgRNA engineering, in conjunction with careful spacer choice and 

optimized gene delivery, could allow higher specificity of CRISPR nucleases for next-

generation genome editing and facilitate realizing the potential of CRISPR for sensitive 

therapeutic and diagnostic applications. 
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4.7 Supplementary Tables 

Table 1: Spacer Sequences used in this study 

Cas 
Effector 

Gene 
Target Alias Spacer Sequence 

Free Energy, 
kcal/mol* 

SpCas9 IL1RN site 1 WT GCAUCAAGUCAGCCAUCAGC -0.3 

SpCas9 IL1RN site 1 Hp9 GAUGC AACA GCAUCAAGUCAGCCAUCAGC -6.7 

SpCas9 IL1RN site 1 Hp13 GCUUGAUGC AACA GCAUCAAGUCAGCCAUCAGC -12.4 

SpCas9 IL1RN site 1 Hp14 GACUUGAUGC AACA GCAUCAAGUCAGCCAUCAGC -16.4 

SpCas9 IL1RN site 1 Hp15 GGACUUGAUGC AACA GCAUCAAGUCAGCCAUCAGC -16.1 

SpCas9 IL1RN site 1 Hp16 GUGACUUGAUGC AACA GCAUCAAGUCAGCCAUCAGC -17.4 

SpCas9 IL1RN site 1 Hp17 GCUGACUUGAUGC AACA GCAUCAAGUCAGCCAUCAGC -23.0 

SpCas9 IL1RN site 1 Hp21 GAUGGCUGACUUGAUGC AACA GCAUCAAGUCAGCCAUCAGC -32.8 

SpCas9 IL1RN site 1 Ns9 GUAUC AAUA GCAUCAAGUCAGCCAUCAGC -0.5 

SpCas9 IL1RN site 1 Ns13 GUCGAUAUC AAUA GCAUCAAGUCAGCCAUCAGC -0.7 

SpCas9 IL1RN site 1 Ns17 GUCGAUCAGUAUC AAUA GCAUCAAGUCAGCCAUCAGC -0.9 

SpCas9 IL1RN site 1 Ns21 GCAGUUCAGUCAGUAUC AAUA GCAUCAAGUCAGCCAUCAGC -0.7 

SpCas9 HBG1 site 1 WT GGCUAGGGAUGAAGAAUAAA 0.0 

SpCas9 HBG1 site 1 Hp8 GGCC AACA GGCUAGGGAUGAAGAAUAAA -4.0 

SpCas9 HBG1 site 1 Hp10 GUAGCC AACA GGCUAGGGAUGAAGAAUAAA -6.6 

SpCas9 HBG1 site 1 Hp12 GCCUAGCC AACA GGCUAGGGAUGAAGAAUAAA -11.7 

SpCas9 HBG1 site 1 Hp13 GCCCUAGCC AACA GGCUAGGGAUGAAGAAUAAA -14.4 

SpCas9 HBG1 site 1 Hp15 GAUCCCUAGCC AACA GGCUAGGGAUGAAGAAUAAA -17.4 

SpCas9 HBG1 site 1 Hp17 GUCAUCCCUAGCC AACA GGCUAGGGAUGAAGAAUAAA -21.4 

SpCas9 HBG1 site 1 Hp19 GCUUCAUCCCUAGCC AACA GGCUAGGGAUGAAGAAUAAA -24.3 

SpCas9 HBG1 site 1 Hp23 GUAUUCUUCAUCCCUAGCC AACA GGCUAGGGAUGAAGAAUAAA -29.2 

SpCas9 HBG1 site 1 Ns17 GACAAAAGAGACG AAAA GGCUAGGGAUGAAGAAUAAA 0.0 

SpCas9 HBG1 site 1 Ns19 GGAACAAAAGAGACG AAAA GGCUAGGGAUGAAGAAUAAA 0.0 

SpCas9 HBG1 site 1 Ns23 GAUAAGAAAACAAGAGACG AAAA GGCUAGGGAUGAAGAAUAAA 0.0 

SpCas9 IL1B site 1 WT G AAAAACAGCGAGGGAGAAAC 0.0 

SpCas9 IL1B site 1 Hp11 GUGUUUUC AACA AAAAACAGCGAGGGAGAAAC -3.6 

SpCas9 IL1B site 1 Hp12 GCUGUUUUC AACA AAAAACAGCGAGGGAGAAAC -9.4 

SpCas9 IL1B site 1 Hp15 GUCGCUGUUUUC AACA AAAAACAGCGAGGGAGAAAC -13 

SpCas9 IL1B site 1 Hp16 GCUCGCUGUUUUC AACA AAAAACAGCGAGGGAGAAAC -15.2 

SpCas9 IL1B site 1 Hp17 GCCUCGCUGUUUUC AACA AAAAACAGCGAGGGAGAAAC -18.1 

SpCas9 IL1B site 1 Hp19 GUCCCUCGCUGUUUUC AACA AAAAACAGCGAGGGAGAAAC -22.8 
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SpCas9 IL1B site 1 Hp23 GUUUCUCCCUCGCUGUUUUC AACA AAAAACAGCGAGGGAGAAAC -29.7 

SpCas9 IL1B site 1 Ns11 GACAUACU AACA AAAAACAGCGAGGGAGAAAC 0.0 

SpCas9 IL1B site 1 Ns15 GAUAGACAAAAA AACA AAAAACAGCGAGGGAGAAAC 0.0 

SpCas9 IL1B site 1 Ns17 GGGAAAGACAUACU AACA AAAAACAGCGAGGGAGAAAC 0.0 

SpCas9 IL1B site 1 Ns19 GACGGAAAGACAUACU AACA AAAAACAGCGAGGGAGAAAC 0.0 

SpCas9 IL1B site 1 Ns23 GAAACAGGGAAUCACAUACU AACA AAAAACAGCGAGGGAGAAAC 0.0 

SpCas9 EMX1 site 1 WT GAGUCCGAGCAGAAGAAGAA 0.0 

SpCas9 EMX1 site 1 Tru GUCCGAGCAGAAGAAGAA 0.0 

SpCas9 EMX1 site 1 Hp1 GCUCGGACUC UUCG GAGUCCGAGCAGAAGAAGAA -20.9 

SpCas9 EMX1 site 1 Hp2 GGACUC UUCG GAGUCCGAGCAGAAGAAGAA -11.5 

SpCas9 EMX1 site 1 Hp3 GCGG GAGUCCGAGCAGAAGAAGAA -2.8 

SpCas9 EMX1 site 1 Hp4 GUCGG GAGUCCGAGCAGAAGAAGAA -4.8 

SpCas9 EMX1 site 1 Hp5 GCUCGG GAGUCCGAGCAGAAGAAGAA -10.6 

SpCas9 EMX1 site 1 Hp6 GGAC UUCG GUCCGAGCAGAAGAAGAA -7.5 

SpCas9 EMX1 site 1 Hp7 GCGGAC UUCG GUCCGAGCAGAAGAAGAA -9.1 

SpCas9 EMX1 site 1 Ns2 GUAAUG AAUA GAGUCCGAGCAGAAGAAGAA -0.1 

SpCas9 
VEGFA site 

1 WT GGUGAGUGAGUGUGUGCGUG -1.2 

SpCas9 
VEGFA site 

1 Tru GAGUGAGUGUGUGCGUG -1.2 

SpCas9 
VEGFA site 

1 Hp1 GACC UUCG GGUGAGUGAGUGUGUGCGUG -5.8 

SpCas9 
VEGFA site 

1 Hp2 GCACC UUCG GGUGAGUGAGUGUGUGCGUG -7.6 

SpCas9 
VEGFA site 

1 Hp3 GUCACC UUCG GGUGAGUGAGUGUGUGCGUG -9.1 

SpCas9 
VEGFA site 

1 Hp4 GCACG UUCG GGUGAGUGAGUGUGUGCGUG -7.4 

SpCas9 
VEGFA site 

1 Hp5 GUACG UUCG GGUGAGUGAGUGUGUGCGUG -5.1 

SpCas9 
VEGFA site 

1 Hp6 GCAUG UUCG GGUGAGUGAGUGUGUGCGUG -5.3 

SpCas9 
VEGFA site 

1 Ns4 GAGGAGUUA GGUGAGUGAGUGUGUGCGUG -1.2 

SpCas9 
VEGFA site 

2 WT GGGUGGGGGGAGUUUGCUCC -3.8 

SpCas9 
VEGFA site 

2 Tru GUGGGGGGAGUUUGCUCC -3.4 

SpCas9 
VEGFA site 

2 Hp1 GCCCCCCACCC UUCG GGGUGGGGGGAGUUUGCUCC -24.0 

SpCas9 
VEGFA site 

2 Hp2 GCCACCC UUCG GGGUGGGGGGAGUUUGCUCC -15.4 

SpCas9 
VEGFA site 

2 Hp3 GCCCC GGGUGGGGGGAGUUUGCUCC -8.7 

SpCas9 
VEGFA site 

2 Hp4 GCCC GGGUGGGGGGAGUUUGCUCC -7.1 

SpCas9 
VEGFA site 

2 Hp5 GCAUCC UUCG GUGUGGGGGGAGUUUGCUCC -8.5 

SpCas9 VEGFA site Ns4 GUGC GUGUGGGGGGAGUUUGCUCC -3.5 
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2 

SaCas9 EMX1 site 2 WT GGGCCUCCCCAAAGCCUGGCCA -6.6 

SaCas9 EMX1 site 2 
Tru 20 

nt GGCCUCCCCAAAGCCUGGCCA -6.6 

SaCas9 EMX1 site 2 
Tru 19 

nt GCCUCCCCAAAGCCUGGCCA -2.8 

SaCas9 EMX1 site 2 
Tru 18 

nt GCUCCCCAAAGCCUGGCCA -2.0 

SaCas9 EMX1 site 2 Hp1 GCC UUCG GGCCUCCCCAAAGCCUGGCCA -7.6 

SaCas9 EMX1 site 2 Hp2 GGCC UUCG GGCCUCCCCAAAGCCUGGCCA -11.4 

SaCas9 EMX1 site 2 Hp3 GGGCC UUCG GGCCUCCCCAAAGCCUGGCCA -11.4 

SaCas9 EMX1 site 2 Hp4 GAGGCC UUCG GGCCUCCCCAAAGCCUGGCCA -14.2 

SaCas9 EMX1 site 2 Ns4 GACCAU AAUA GGCCUCCCCAAAGCCUGGCCA -6.8 
SaCas9-

KKH EMX1 site 3 WT GUGUGGUUCCAGAACCGGAGGA -3.5 
SaCas9-

KKH EMX1 site 3 
Tru 21 

nt GGUGGUUCCAGAACCGGAGGA -3.5 
SaCas9-

KKH EMX1 site 3 
Tru 20 

nt GUGGUUCCAGAACCGGAGGA -3.5 
SaCas9-

KKH EMX1 site 3 
Tru 19 

nt GGGUUCCAGAACCGGAGGA -3.5 
SaCas9-

KKH EMX1 site 3 Hp1 GCACAC UUCG GUGUGGUUCCAGAACCGGAGGA -11.3 
SaCas9-

KKH EMX1 site 3 Hp2 GCCACAC UUCG GUGUGGUUCCAGAACCGGAGGA -13.3 
SaCas9-

KKH EMX1 site 3 Hp3 GACCACAC UUCG GUGUGGUUCCAGAACCGGAGGA -15.0 
SaCas9-

KKH EMX1 site 3 Hp4 GAACCACAC UUCG GUGUGGUUCCAGAACCGGAGGA -15.7 
SaCas9-

KKH EMX1 site 3 Hp5 GGAACCACAC UUCG GUGUGGUUCCAGAACCGGAGGA -19.5 
SaCas9-

KKH EMX1 site 3 Ns GUAAUGUG AAGC GUGUGGUUCCAGAACCGGAGGA -4.7 
SaCas9-

KKH EMX1 site 4 WT GCUCAGCCUGAGUGUUGAGGC -6.0 
SaCas9-

KKH EMX1 site 4 
Tru 20 

nt GUCAGCCUGAGUGUUGAGGC -4.3 
SaCas9-

KKH EMX1 site 4 
Tru 19 

nt GCAGCCUGAGUGUUGAGGC -4.3 
SaCas9-

KKH EMX1 site 4 
Tru 18 

nt GAGCCUGAGUGUUGAGGC -4.3 
SaCas9-

KKH EMX1 site 4 Hp1 GAGC AACA GCUCAGCCUGAGUGUUGAGGC -9.7 
SaCas9-

KKH EMX1 site 4 Hp2   GUGAGC AACA GCUCAGCCUGAGUGUUGAGGC -10 
SaCas9-

KKH EMX1 site 4 Hp3  GCUGAGC AACA GCUCAGCCUGAGUGUUGAGGC -11.6 
SaCas9-

KKH EMX1 site 4 Hp4 GGCUGAGC AACA GCUCAGCCUGAGUGUUGAGGC -14.9 
SaCas9-

KKH EMX1 site 4 Ns GAUA AACA GCUCAGCCUGAGUGUUGAGGC -6.0 
SaCas9-

KKH EMX1 site 5 WT GCAACCACAAACCCACGAGGG -2.8 
SaCas9-

KKH EMX1 site 5 
Tru 20 

nt GAACCACAAACCCACGAGGG -2.8 
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SaCas9-
KKH EMX1 site 5 

Tru 19 
nt GACCACAAACCCACGAGGG -2.8 

SaCas9-
KKH EMX1 site 5 

Tru 18 
nt GCCACAAACCCACGAGGG -2.8 

SaCas9-
KKH EMX1 site 5 Hp1 GUGC AACA GCAACCACAAACCCACGAGGG -5.5 

SaCas9-
KKH EMX1 site 5 Hp2 GUUGC AACA GCAACCACAAACCCACGAGGG -8.34 

SaCas9-
KKH EMX1 site 5 Hp3 GGUUGC AACA GCAACCACAAACCCACGAGGG -12.1 

SaCas9-
KKH EMX1 site 5 Hp4 GUGGUUGU AACA GCAACCACAAACCCACGAGGG -14.5 

SaCas9-
KKH EMX1 site 5 Ns GAUA AACA GCAACCACAAACCCACGAGGG -2.8 

SaCas9-
KKH 

FANCF site 
1 WT GCAAGGCCCGGCGCACGGUGG -3.7 

SaCas9-
KKH 

FANCF site 
1 

Tru 20 
nt GAAGGCCCGGCGCACGGUGG -3.7 

SaCas9-
KKH 

FANCF site 
1 

Tru 19 
nt GAGGCCCGGCGCACGGUGG -3.7 

SaCas9-
KKH 

FANCF site 
1 

Tru 18 
nt GGGCCCGGCGCACGGUGG -3.7 

SaCas9-
KKH 

FANCF site 
1 Hp1 GUGC AACA GCAAGGCCCGGCGCACGGUGG -6.4 

SaCas9-
KKH 

FANCF site 
1 Hp2 GUUGC AACA GCAAGGCCCGGCGCACGGUGG -7.3 

SaCas9-
KKH 

FANCF site 
1 Hp3 GCUUGC AACA GCAAGGCCCGGCGCACGGUGG -9.5 

SaCas9-
KKH 

FANCF site 
1 Hp4 GCCUUGC AACA GCAAGGCCCGGCGCACGGUGG -14.0 

SaCas9-
KKH 

FANCF site 
1 Ns GAUA AACA GCAAGGCCCGGCGCACGGUGG -3.7 

AsCas12a DNMT site 1 WT CUGAUGGUCCAUGUCUGUUA  -1.8 

AsCas12a DNMT site 1 
Tru 19 

nt CUGAUGGUCCAUGUCUGUU -1.8 

AsCas12a DNMT site 1 
Tru 18 

nt CUGAUGGUCCAUGUCUGU -1.8 

AsCas12a DNMT site 1 
Tru 17 

nt CUGAUGGUCCAUGUCUG -1.8 

AsCas12a DNMT site 1 Hp1 CUGAUGGUCCAUGUCUGUUA  AGAC -3.0 

AsCas12a DNMT site 1 Hp2 CUGAUGGUCCAUGUCUGUUA  AGACAU -6.0 

AsCas12a DNMT site 1 Hp3 CUGAUGGUCCAUGUCUGUUA  AGACAUGG -10.5 

AsCas12a DNMT site 1 Hp4 CUGAUGGUCCAUGUCUGUUA  AGACAUGGAC -14.8 

AsCas12a DNMT site 1 Ns3 CUGAUGGUCCAUGUCUGUUA  CUCUGCUC -1.8 

AsCas12a DNMT site 1 Ns4 CUGAUGGUCCAUGUCUGUUA  CUCUGCUCAA -1.8 
AsCas12a-

RVR 
RPL32P3 

site 1 WT GGGUGAUCAGACCCAACAGC -6.1 
AsCas12a-

RVR 
RPL32P3 

site 1 
Tru 19 

nt GGGUGAUCAGACCCAACAG -6.1 
AsCas12a-

RVR 
RPL32P3 

site 1 
Tru 18 

nt GGGUGAUCAGACCCAACA -6.1 
AsCas12a-

RVR 
RPL32P3 

site 1 
Tru 17 

nt GGGUGAUCAGACCCAAC -6.1 
AsCas12a-

RVR 
RPL32P3 

site 1 Hp1 GGGUGAUCAGACCCAACAGC UUCG GCUGUUGGGU -20.2 
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AsCas12a-
RVR 

RPL32P3 
site 1 Hp2 GGGUGAUCAGACCCAACAGC UUCG GCUGUUGGGUCUGA -26.5 

AsCas12a-
RVR 

RPL32P3 
site 1 Hp3 GGGUGAUCAGACCCAACAGC UUCG GCUGUUGGGUCUGAUCAC -33.0 

AsCas12a-
RVR 

RPL32P3 
site 1 Ns3 GGGUGAUCAGACCCAACAGC UUAC AGACAACCCAGACUAGUG -6.1 

LbCas12a DNMT site 1 WT CUGAUGGUCCAUGUCUGUUA   -1.8 

LbCas12a DNMT site 1 
Tru 17 

nt CUGAUGGUCCAUGUCUG   -1.8 

LbCas12a DNMT site 1 Hp1 CUGAUGGUCCAUGUCUGUUA  AGACAUGGACCA -19.8 

LbCas12a DNMT site 1 Hp2 CUGAUGGUCCAUGUCUGUUA  AGACAUGGACCAUC -22.7 

LbCas12a POLQ site 1 WT GGCAUGAAUUAUAAUGCUGU -4.0 

LbCas12a POLQ site 1 
Tru 19 

nt GGCAUGAAUUAUAAUGCUG -4.0 

LbCas12a POLQ site 1 
Tru 18 

nt GGCAUGAAUUAUAAUGCU -4.0 

LbCas12a POLQ site 1 
Tru 17 

nt GGCAUGAAUUAUAAUGC -2.8 

LbCas12a POLQ site 1 Hp1 GGCAUGAAUUAUAAUGCUGU AACA ACAGC -5.1 

LbCas12a POLQ site 1 Hp2 GGCAUGAAUUAUAAUGCUGU AACA ACAGCAUUAU -10.9 

LbCas12a POLQ site 1 Hp3 GGCAUGAAUUAUAAUGCUGU AACA ACAGCAUUAUAAUUC -16.8 

LbCas12a POLQ site 1 Hp4 GGCAUGAAUUAUAAUGCUGU AACA ACAGCAUUAUAAUUCA -18.9 

LbCas12a POLQ site 1 Hp5 GGCAUGAAUUAUAAUGCUGU AACA ACAGCAUUAUAAUUCAUG -21.5 

LbCas12a POLQ site 1 Hp6 GGCAUGAAUUAUAAUGCUGU AACA ACAGCAUUAUAAUUCAUGCC -27.6 

LbCas12a POLQ site 1 Ns6 GGCAUGAAUUAUAAUGCUGU AACA AUUAUCAAUAUUAAGCUAUG -4.0 

LbCas12a 
IL12A-AS 

site 1 WT GGAUGCCACUAAAAGGGAAA -1.2 

LbCas12a 
IL12A-AS 

site 1 
Tru 19 

nt GGAUGCCACUAAAAGGGAA -1.2 

LbCas12a 
IL12A-AS 

site 1 
Tru 18 

nt GGAUGCCACUAAAAGGGA -1.2 

LbCas12a 
IL12A-AS 

site 1 
Tru 17 

nt GGAUGCCACUAAAAGGG -0.8 

LbCas12a 
IL12A-AS 

site 1 
Tru 16 

nt GGAUGCCACUAAAAGG -0.5 

LbCas12a 
IL12A-AS 

site 1 Hp1 GGAUGCCACUAAAAGGGAAA AACA UUUCC -3.4 

LbCas12a 
IL12A-AS 

site 1 Hp2 GGAUGCCACUAAAAGGGAAA AACA UUUCCCUUUUA -11.9 

LbCas12a 
IL12A-AS 

site 1 Hp3 GGAUGCCACUAAAAGGGAAA AACA UUUCCCUUUUAGUGG -20.0 

LbCas12a 
IL12A-AS 

site 1 Hp4 GGAUGCCACUAAAAGGGAAA AACA UUUCCCUUUUAGUGGC -23.2 

LbCas12a 
IL12A-AS 

site 1 Hp5 GGAUGCCACUAAAAGGGAAA AACA UUUCCCUUUUAGUGGCAU -26.3 

LbCas12a 
IL12A-AS 

site 1 Hp6 GGAUGCCACUAAAAGGGAAA AACA UUUCCCUUUUAGUGGCAUCC -31.1 
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Table 2: Primer Sequences Used in this Study 

Primer Name Sequence Assay 

IL1RN FWD GGAATCCATGGAGGGAAGAT RT-qPCR 

IL1RN REV TGTTCTCGCTCAGGTCAGTG RT-qPCR 

GAPDH FWD CAATGACCCCTTCATTGACC RT-qPCR 

GAPDH REV TTGATTTTGGAGGGATCTCG RT-qPCR 

HBG1, TaqMan G.E. Assay Catalog # 4453320 Assay ID: Hs00361131_g1 RT-qPCR 

IL1B, , TaqMan G.E. Assay Catalog # 4453320, Assay ID: Hs01555410_m1 RT-qPCR 

sgRNA FWD GCATCAAGTCAGCCATCAGC RT-qPCR 

sgRNA REV GTGGCACCGAGTCGGTGC RT-qPCR 

EMX1.1_OnTar_FWD GGGCCTCCTGAGTTTCTCAT Surveyor 

EMX1.1_OnTar_REV GTTGCCCACCCTAGTCATTG Surveyor 

EMX1.1_OT1_FWD TCTCTCCTTCAACTCATGACCAGCT Surveyor 

EMX1.1_OT1_REV ATCTGCACATGTATGTACAGGAGTCAT Surveyor 

VEGFA_Ontar_FWD TCCAGATGGCACATTGTCAG Surveyor 

VEGFA_OnTar_REV AGGGAGCAGGAAAGTGAGGT Surveyor 

VEGFA.1_OT1_FWD GAGGGGGAAGTCACCGACAA Surveyor 

VEGFA.1_OT1_REV TACCCGGGCCGTCTGTTAGA Surveyor 

VEGFA.1_OT4_FWD TGTGGAGGGTGGGACCTGGT Surveyor 

VEGFA.1_OT4_REV ACAGTGAGGTGCGGTCTTTGGG Surveyor 

VEGFA.2_OT1_FWD ACCCCACAGCCAGGTTTTCA Surveyor 

VEGFA.2_OT1_REV GAATCACTGCACCTGGCCATC Surveyor 

VEGFA.2_OT2_FWD GCCCATTCTTTTTGCAGTGGA Surveyor 

VEGFA.2_OT2_REV GAGAGCAAGTTTGTTCCCCAGG Surveyor 

EMX1.2_OnTar_FWD CTAGGGTGGGCAACCACAAA Surveyor 

EMX1.2_OnTar_REV AGGGAGATTGGAGACACGGA Surveyor 

EMX1.2_OT1_FWD CGTCCCCTTTTGGGGAGAGA Surveyor 

EMX1.2_OT1_REV GACATGAGTGGTTGTTGCGA Surveyor 

EMX1.3_OnTar_FWD GGGCCTCCTGAGTTTCTCAT Surveyor 

EMX1.3_OnTar_REV GTTGCCCACCCTAGTCATTG Surveyor 

EMX1.3_OT1_FWD GCGTCTTCTCTTCCTCGTCC Surveyor 

EMX1.3_OT1_REV GCGCCTGAGAACTGCTTACA Surveyor 

EMX1.4_OnTar_FWD GAGGAGCTAGGATGCACAGC Surveyor 

EMX1.4_OnTar_REV CACCGGTTGATGTGATGGGA Surveyor 

EMX1.4_OT1_FWD ATCTCTCTCAGCCCCTGGTT Surveyor 
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EMX1.4_OT1_REV GGCGCCTCTGAACATTCAAC Surveyor 

EMX1.5_OnTar_FWD GGGCCTCCTGAGTTTCTCAT Surveyor 

EMX1.5_OnTar_REV AGGGAGATTGGAGACACGGA Surveyor 

FANCF.1_Ontar_FWD GGGCCTGGAAGTTCGCTAAT Surveyor 

FANCF.1_Ontar_REV AGGCGTATCATTTCGCGGAT Surveyor 

FANCF.1_OT1_FWD GTTGCGTTTGAGGATGAGCA Surveyor 

FANCF.1_OT1_REV GAAATCTCCCACGAGTCTCCG Surveyor 

POLQ.1_OnTar_FWD GCTGCCAAGGAAAACAGATG Surveyor 

POLQ.1_OnTar_REV CCAAGCAAAGTACTGAAATGCTA Surveyor 

POLQ.1_OT1_FWD CCCCAAGTGTAGTGCTGAAG Surveyor 

POLQ.1_OT1_REV TCCAACCAGCAGTACATGAAG Surveyor 

IL12A-AS.1_Ontar_FWD TGAAAAGGTGTTGCTTATTGCCC Surveyor 

IL12A-AS.1_Ontar_REV AGCTCAAAAGAAACACGTGAGATT Surveyor 

IL12A-AS.1_OT1_FWD AGGGTGGAACAGAGGAGGAA Surveyor 

IL12A-AS.1_OT1_REV CAAGACCAGGAAGGAGGCTG Surveyor 

RPL32P3.1_OnTar_FWD GTGGCTGTAGATGGGTCCTT Surveyor 

RPL32P3.1_OnTar_REV TCACCACCTGTTTGTTGCAG Surveyor 

RPL32P3.1_OT1_FWD TGGCCTCCACATTCTTACCA Surveyor 

RPL32P3.1_OT1_REV GCTGGATGGCGTCACATTAG Surveyor 

RPL32P3.1_OT2_FWD GTTCTTGTGGGTTGACTGGG Surveyor 

RPL32P3.1_OT2_REV CTTCACAGCCTCCACGATTG Surveyor 

DNMT1.1_OnTar_FWD CTGGGACTCAGGCGGGTCAC Surveyor 

DNMT1.1_OnTar_REV CCTCACACAACAGCTTCATGTCAGC Surveyor 

DNMT1.1_OT1_FWD TTCTACCTTTCCCATCCCGG Surveyor 

DNMT1.1_OT1_REV AGCATGGAGGAGAGGCAATT Surveyor 

EMX1.1_OnTar_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
AGTTTCTCATCTGTGCCCCT 

Deep 
Sequencing 

EMX1.1_OnTar_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG     
ATCGATGTCCTCCCCATTGG 

Deep 
Sequencing 

EMX1.1_OT1_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  CGCTTGTCCATGTCTAGGAA 
Deep 

Sequencing 

EMX1.1_OT1_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  TGGCATGGCAAGACAGATTG 
Deep 

Sequencing 

EMX1.1_OT2_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  TTGAAATCTCACCTGGGCGA 
Deep 

Sequencing 

EMX1.1_OT2_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  TGGCTTTCACAAGGATGCAG 
Deep 

Sequencing 

EMX1.1_OT3_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG   CGAGAAGGAGGTGCAGGAG 
Deep 

Sequencing 

EMX1.1_OT3_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  CCTCGTCCTGCTCTCACTTA 
Deep 

Sequencing 

EMX1.1_OT4_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  ATAATAATGTCCCTGCCCGG 
Deep 

Sequencing 

EMX1.1_OT4_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  GCCCAGCTGTGCATTCTATC 
Deep 

Sequencing 
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EMX1.1_OT5_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG   CCACAGCGAGGAGTGACA 
Deep 

Sequencing 

EMX1.1_OT5_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG CTAGTCTAACTCCCGGGCTG 
Deep 

Sequencing 

EMX1.1_OT6_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  GGAATGCCAGTTCTGGGTTG 
Deep 

Sequencing 

EMX1.1_OT6_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  AGTCATACCTTGGCCCTTCC 
Deep 

Sequencing 

VEGFA.1_OnTar_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  AGCCCATTCCCTCTTTAGCC 
Deep 

Sequencing 

VEGFA.1_OnTar_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  GGAGTGACCCCTGGCCTT 
Deep 

Sequencing 

VEGFA.1_OT1_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG   TATCGCTCATTTCCTACGGC 
Deep 

Sequencing 

VEGFA.1_OT1_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG GCAGTGAGGAGGTGGTTCTT 
Deep 

Sequencing 

VEGFA.1_OT2_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG   TTCAGGGTGTGCAATGTGA 
Deep 

Sequencing 

VEGFA.1_OT2_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG   
TTCTGGGAATCTAATGTATGGCA 

Deep 
Sequencing 

VEGFA.1_OT3_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG   AGATGATCCGCTGGCCTC 
Deep 

Sequencing 

VEGFA.1_OT3_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  CAGAGGTGGAGACTGGGC 
Deep 

Sequencing 

VEGFA.1_OT4_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  TTGGATCATACGGCCGGTTT 
Deep 

Sequencing 

VEGFA.1_OT4_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  AAAGTTTCACATGGTTGCGG 
Deep 

Sequencing 

VEGFA.1_OT5_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  GTTCACTCGGCTACAGGGAG 
Deep 

Sequencing 

VEGFA.1_OT5_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  ATAAGGGGCAAGTTCTGGGC 
Deep 

Sequencing 

VEGFA.1_OT6_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG   GGATGGTGGATTCTGGGCA 
Deep 

Sequencing 

VEGFA.1_OT6_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  TCACACCCACACCCTCATAC 
Deep 

Sequencing 

VEGFA.1_OT7_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  TTGCTGTGTCTTCCTTCTGC 
Deep 

Sequencing 

VEGFA.1_OT7_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  AGCTGTATGTGAGTCCCTGA 
Deep 

Sequencing 

VEGFA.1_OT8_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  CCCCATTGCCTAGAAGAGTCA 
Deep 

Sequencing 

VEGFA.1_OT8_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  
AACCCTTGGGAATCTATCTTGAA 

Deep 
Sequencing 

VEGFA.1_OT9_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG   
AGGTGCTTTGCTTATAGATCTGG 

Deep 
Sequencing 

VEGFA.1_OT9_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
GCACAGAAAAGGAGGCAAGG 

Deep 
Sequencing 

VEGFA.1_OT10_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG   AGACCCAGTTCCAAGCCAG 
Deep 

Sequencing 

VEGFA.1_OT10_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    TCTCCGGAAGTGCCTTGC 
Deep 

Sequencing 

VEGFA.1_OT11_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    AGCACCCTTGACGTCTGG 
Deep 

Sequencing 

VEGFA.1_OT11_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  AGCTCACCTTCCAGTTCCG 
Deep 

Sequencing 

VEGFA.1_OT12_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG   AGACGTTAACCCCAGCCG 
Deep 

Sequencing 

VEGFA.1_OT12_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  GGGTAGATGTGGGAAAGGGG 
Deep 

Sequencing 

VEGFA.1_OT13_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG   GTCTCCAGGCCACAGAGTAG 
Deep 

Sequencing 

VEGFA.1_OT13_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
GCACCCCAACACCTACATCT 

Deep 
Sequencing 

VEGFA.1_OT14_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
GCTTTTAAATTTATTTCACAATGGT 

Deep 
Sequencing 

VEGFA.1_OT14_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  TTGTGACTTGTTCCATTGTC Deep 
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Sequencing 

VEGFA.1_OT15_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
ACCCACTGTTGATATGCCCA 

Deep 
Sequencing 

VEGFA.1_OT15_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
ATGTATGTGTGTCCGTGGGT 

Deep 
Sequencing 

VEGFA.1_OT16_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  ACCCCACTGTTCTTAGATGCA 
Deep 

Sequencing 

VEGFA.1_OT16_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG   
CGGATTCAGAGGACAGGACA 

Deep 
Sequencing 

VEGFA.1_OT17_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG   AATACAAACTCACCCGCTGC 
Deep 

Sequencing 

VEGFA.1_OT17_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG   GGTTGCACGCTGTACTCG 
Deep 

Sequencing 

VEGFA.1_OT18_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
TGCATTCAACTAATCACTGGCT 

Deep 
Sequencing 

VEGFA.1_OT18_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG     
CTGTTGGGGTTATTTGCATTGC 

Deep 
Sequencing 

VEGFA.1_OT19_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  GAAGGGGAAAGACGGAGGAA 
Deep 

Sequencing 

VEGFA.1_OT19_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  TCTGCCAGATCCTTAGGCG 
Deep 

Sequencing 

VEGFA.1_OT20_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
AGAAGCCTGGATCTGCAGAG 

Deep 
Sequencing 

VEGFA.1_OT20_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG   
AGAGATGTGTGGCTGTGTCA 

Deep 
Sequencing 

VEGFA.1_OT21_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG   GGGGCCTGACACAAGAAGG 
Deep 

Sequencing 

VEGFA.1_OT21_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG   
TGCCTGGATTATGAGAAAAGCTG 

Deep 
Sequencing 

VEGFA.2_OnTar_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  ATGAAGCAACTCCAGTCCCA 
Deep 

Sequencing 

VEGFA.2_OnTar_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  ACACGTCCTCACTCTCGAAG 
Deep 

Sequencing 

VEGFA.2_OT1_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  
TCCTATTTACACAGCAGACCCA 

Deep 
Sequencing 

VEGFA.2_OT1_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  CACCTGGCCATCATCCTTCT 
Deep 

Sequencing 

VEGFA.2_OT2_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  TCCTGCAGCTGTACCGTAC 
Deep 

Sequencing 

VEGFA.2_OT2_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG   
TGCCTTCATTGCTTAAAAGTGGA 

Deep 
Sequencing 

VEGFA.2_OT3_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG   TCCATGGAGTGTTCTGCCTG 
Deep 

Sequencing 

VEGFA.2_OT3_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  GCGTCAACCAGAAACACTCA 
Deep 

Sequencing 

VEGFA.2_OT4_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  GGCAACTTCAGACAACCGAG 
Deep 

Sequencing 

VEGFA.2_OT4_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  TCAGAGGGACCTGGGCAG 
Deep 

Sequencing 

VEGFA.2_OT5_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG   ACTTCTTGGGCAGTGATGGA 
Deep 

Sequencing 

VEGFA.2_OT5_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  ATGGCATTCTCCTGGGTGTG 
Deep 

Sequencing 

VEGFA.2_OT6_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG   GGAAGACCGTGGAAAGCCC 
Deep 

Sequencing 

VEGFA.2_OT6_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG   CCCCTGTTGGTAGCACAGT 
Deep 

Sequencing 

VEGFA.2_OT7_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
CTCTGGGTCCTCTCTGATGG 

Deep 
Sequencing 

VEGFA.2_OT7_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG   
AGGGCAGCTGTGGAATGTAG 

Deep 
Sequencing 

VEGFA.2_OT8_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  GGTTGTGTCCTAATTTGGCCA 
Deep 

Sequencing 

VEGFA.2_OT8_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  
GGCAGAAGGAATTGAGTGATCA 

Deep 
Sequencing 

VEGFA.2_OT9_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  GCAAAGCTAAGCAGAGATGC 
Deep 

Sequencing 
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VEGFA.2_OT9_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG   
CTTCCAGAGCAAACATAGTCCA 

Deep 
Sequencing 

VEGFA.2_OT10_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG  CCCACCATCGTCACAGGA 
Deep 

Sequencing 

VEGFA.2_OT10_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  
TCAGAGCAAGAGAGATTTACACA 

Deep 
Sequencing 

EMX1.2_Ontar_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
CTTGTCCCTCTGTCAATGGCG 

Deep 
Sequencing 

EMX1.2_Ontar_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
CTAGGGTGGGCAACCACAAAC 

Deep 
Sequencing 

EMX1.2_OT1_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
CGATTGGTGGATTCTGTCCCTG 

Deep 
Sequencing 

EMX1.2_OT1_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
GTCCCCTTTTGGGGAGAGACC 

Deep 
Sequencing 

EMX1.2_OT2_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
AGAAGATTTCAGATGCCAAACTGC 

Deep 
Sequencing 

EMX1.2_OT2_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
AAACCTGATCTGTGCTCCG 

Deep 
Sequencing 

EMX1.2_OT3_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
GCTTGGGGAACAGGGTCAAT 

Deep 
Sequencing 

EMX1.2_OT3_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
CTCTCCTGAGTTGCTGTGGG 

Deep 
Sequencing 

EMX1.3_Ontar_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    GAGTGTTGAGGCCCCAGTG 
Deep 

Sequencing 

EMX1.3_Ontar_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
CACCGGTTGATGTGATGGGA 

Deep 
Sequencing 

EMX1.3_OT1_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
AACAAGTACCTTTGCAGACCCC 

Deep 
Sequencing 

EMX1.3_OT1_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
TCGGAGTCCTCAAGGCTTTTAC 

Deep 
Sequencing 

EMX1.3_OT2_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
CAGCCGGTATCAGACCTTGG 

Deep 
Sequencing 

EMX1.3_OT2_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
GCTCCCGGCAGTTTATCCTT 

Deep 
Sequencing 

EMX1.3_OT3_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
TATCTGACTCGTAAGCGGCG 

Deep 
Sequencing 

EMX1.3_OT3_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
CCGCTCCAGCTTCTGTTTCT 

Deep 
Sequencing 

EMX1.4_Ontar_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG CTGCCATCCCCTTCTGTGAA 
Deep 

Sequencing 

EMX1.4_Ontar_REV GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG TCCAGCTTCTGCCGTTTGTA 
Deep 

Sequencing 

EMX1.4_OT1_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
CCTGGGTCTCAGTTTTCCCA 

Deep 
Sequencing 

EMX1.4_OT1_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
ACTCAGCCAAGTACAGCAGC 

Deep 
Sequencing 

EMX1.4_OT2_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
TTTTGCCTGAGAGAGGATTTTAGC 

Deep 
Sequencing 

EMX1.4_OT2_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
GCTTTGGGGGTGGAATTACTG 

Deep 
Sequencing 

EMX1.5_Ontar_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
AGGGCTCCCATCACATCAAC 

Deep 
Sequencing 

EMX1.5_Ontar_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
TTGTCCCTCTGTCAATGGCG 

Deep 
Sequencing 

EMX1.5_OT1_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
GCTATGGCAGGATTTGTCAAGG 

Deep 
Sequencing 

EMX1.5_OT1_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
CCCACAAACATTCACACACTCA 

Deep 
Sequencing 

EMX1.5_OT2_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
CCTACCCACCTCCTACTGCT 

Deep 
Sequencing 

EMX1.5_OT2_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
TGTATGCTAGGCACAGAGGC 

Deep 
Sequencing 

FANCF.1_Ontar_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    CTCCAGAGCCGTGCGAATG 
Deep 

Sequencing 

FANCF.1_Ontar_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
AATCAGTACGCAGAGAGTCGC 

Deep 
Sequencing 

FANCF.1_OT1_FWD TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    GACACGGGACACCCAGG Deep 
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Sequencing 

FANCF.1_OT1_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
CAGAAATCTCCCACGAGTCTCC 

Deep 
Sequencing 

FANCF.1_OT2_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
TGGGGTTTCATGCTCTCTTCA 

Deep 
Sequencing 

FANCF.1_OT2_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
CCTTTCTTGTCTCTGGCGCT 

Deep 
Sequencing 

FANCF.1_OT3_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
TCATAGAGCTTCACCCTGTCCA 

Deep 
Sequencing 

FANCF.1_OT3_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
GCTGGTGCTTTGAGATGCAAAA 

Deep 
Sequencing 

POLQ.1_OnTar_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
GCTGCCAAGGAAAACAGATG 

Deep 
Sequencing 

POLQ.1_OnTar_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
CCAAGCAAAGTACTGAAATGCTA 

Deep 
Sequencing 

POLQ.1_OT1_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
CCCCAAGTGTAGTGCTGAAG 

Deep 
Sequencing 

POLQ.1_OT1_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
TCCAACCAGCAGTACATGAAG 

Deep 
Sequencing 

IL12A-AS.1_Ontar_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
TTTCCCTGAAAAGGTGTTGC 

Deep 
Sequencing 

IL12A-AS.1_Ontar_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
TCCTTCCATCTGGGTTTCTG 

Deep 
Sequencing 

IL12A-AS.1_OT1_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
AGGGTGGAACAGAGGAGGAA 

Deep 
Sequencing 

IL12A-AS.1_OT1_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
CAAGACCAGGAAGGAGGCTG 

Deep 
Sequencing 

RPL32P3.1_OnTar_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
TCCTCACCACCTGTTTGTTG 

Deep 
Sequencing 

RPL32P3.1_OnTar_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
AGGGAAAACAACCTGGACAC 

Deep 
Sequencing 

RPL32P3.1_OT1_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
GGTGCCCACATTTCTCTCTC 

Deep 
Sequencing 

RPL32P3.1_OT1_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
GCGTCACATTAGTGCCATTG 

Deep 
Sequencing 

RPL32P3.1_OT2_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
TGGTCTGGAAGTCCAAGAGG 

Deep 
Sequencing 

RPL32P3.1_OT2_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
CCGGTCCCACTTCTCTCTCT 

Deep 
Sequencing 

RPL32P3.1_OT3_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
GGGGTGGGTGGAAGTTAGTT 

Deep 
Sequencing 

RPL32P3.1_OT3_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
TCTTTTGACTCCGCCTGACT 

Deep 
Sequencing 

RPL32P3.1_OT4_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
TTCGCAGCCTCCAATCTAGT 

Deep 
Sequencing 

RPL32P3.1_OT4_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
CAAGCTTCTTTCAGCCATCC 

Deep 
Sequencing 

DNMT1.1_Ontar_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
AACCCTCTGGGGACCGTTTG 

Deep 
Sequencing 

DNMT1.1_Ontar_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
AGTCACTCTGGGGAACACGC 

Deep 
Sequencing 

DNMT1.1_OT1_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
TGTCTGCTGGAAGCTCCTATTC 

Deep 
Sequencing 

DNMT1.1_OT1_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
GAAAGTTTAGCATGGAGGAGAGG 

Deep 
Sequencing 

DNMT1.1_OT2_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
GCTCTTCCCCTCAACCACTA 

Deep 
Sequencing 

DNMT1.1_OT2_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
TGTGGATGCTCAGGAAGTTTC 

Deep 
Sequencing 

DNMT1.1_OT3_FWD 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG    
TATGAGTGGGGTAGGGGAGG 

Deep 
Sequencing 

DNMT1.1_OT3_REV 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG    
ATGCATGCCTAGGAAGTTGC 

Deep 
Sequencing 

sgRNA RT Primer 
GGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG  
NNNNNNNNNN GCACCGACTCGGTGCCACTT 

5' RACE, 
RNA-Seq 
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Template Switch Oligo AAGCAGTGGTATCAACGCAGAGTGAATrGrGrG 
5' RACE, 
RNA-Seq 

Lib_Recovery_FWD 
AATGATACGGCGACCACCGAGATCTACACGCCTGTCCGCGGA 
AGCAGTGGTATCAACGCAGAGT*G*A 

5' RACE, 
RNA-Seq 

Lib_Recovery_REV CAAGCAGAAGACGGCATACGAGAT NNNNNN GTCTCGTGGGCTCGG 
5' RACE, 
RNA-Seq 

Custom_R1_Primer GCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGTGA 
5' RACE, 
RNA-Seq 
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5. Chapter 5. Genome engineering to dissect the binding 
and function of the AP-1 transcription factor family 
5.1 Preface 

In this study we set out to apply genome-engineering tools to solve an 

outstanding problem in genomics and gene regulation. A major limitation in the 

ENCODE consortia’s goal to map the noncoding genome is in the generation of ChIP-

seq data. In particular there has been a growing set of transcription factors for which 

there is a lack of ChIP-grade antibodies. The generation of ChIP-grade antibodies is the 

major bottleneck in the production of this data: it is both time- and cost-intensive, and is 

prone to failure. To circumvent this process we decided to use genome engineering to 

generate cell lines that express transcription factors tagged with an epitope for the FLAG 

m2 antibody, sold by Sigma Aldrich and validated by numerous labs as a high-quality 

ChIP antibody. In thus study we create a pipeline to efficiently tag transcription factors 

and utilize the pipeline to investigate AP-1’s binding and function in human cells. We 

discover that AP-1 subunits bind the same genomic elements at a much higher 

frequency than expected. This work, especially computational aspects, were done in 

collaboration with Jungkyun Seo and we will be submitting a manuscript on the work as 

joint co-first authors. 

5.2 Abstract 

The AP-1 transcription factor complex contributes to many biological processes 

and environmental responses. AP-1’s many subunits and dimerization patterns have 
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posed a challenge to understanding its regulatory function. To investigate this 

complexity, we combine gene-editing and functional genomics to characterize both the 

distinct genome-wide binding patterns and the enhancer function of five AP-1 family 

members. We identified diverse compositions of AP-1 subunit binding across the 

genome despite a common underlying DNA motif. The most enriched mode of AP-1 

binding, however, was one where all studied AP-1 subunits were observed at the same 

site. We term those sites AP-1 hotspots. Integrating additional genomic data sets, we 

show that AP-1 hotspots show hallmarks of strong regulatory elements, predict gene 

expression changes, exist in across species, are more evolutionarily conserved across 

species, and are more enriched for disease-associated genetic variants compared to other 

AP-1 binding classes. Collectively this work highlights the diverse binding profiles of 

distinct AP-1 subunits and characterizes a new mode of AP-1 binding that is uniquely 

predictive of gene regulation.    

5.3 Introduction 

Initially discovered as a driver of oncogenic transformation, AP-1 has since been 

shown to play a role in a variety of transcriptional mechanisms related to development 

and disease (PMID: 15564374, 11402336, 11988758, 9797762, 12427831, 16313345, 

14668816). AP-1 is composed of heterodimers of FOS, JUN, and ATF gene families 

(PMID:3034432,3135941,9069263, 11402339, 2974122, 15564374). JUN proteins hetero- and 
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homo-dimerize with all AP-1 subunits, whereas FOS and ATF proteins are thought to 

only form heterodimers (PMID:1827665, 2158162, 2516828).  

 AP-1 binds DNA at 12-O- Tetradecanoylphorbol-13-acetate response 

elements (TREs) or cyclic AMP response elements (CREs), and either element is 

necessary for direct binding of AP-1 to DNA (PMID: 28092692). However, a TRE or CRE 

is not sufficient for AP-1 binding as the majority of these elements remain unbound by 

AP-1 in several cell types (PMID: 22955990). AP-1 binding is also highly divergent across 

cell types (PMID: 22955616). Insufficiency of motif, a property common to many TFs, has 

inspired efforts to use sequence properties flanking the motif to explain TF binding 

events (PMID: 22534400, 26160164). This approach has recently been successfully 

extended to AP-1 as well, where cooperative interactions with other TFs are used to 

explain AP-1 binding and enhancer activity (PMID: 29272704, 30679424, 29305491).  

 AP-1 has been shown to be a critical mediator of enhancer function 

(PMID: 28890333, 29272704, 21726817). However, a remaining challenge in 

understanding AP-1 function arises from two seemingly contradictory observations: that 

each AP-1 subunit is functionally unique and yet AP-1 heterodimers acts through a 

minimally variable motif. How unique effects are mediated through a largely invariant 

DNA sequence remains an open question. The functional uniqueness of each AP-1 

subunit has been demonstrated across numerous loss of function studies (PMID: 

10080190, 10352021, 8371760, 11927562, 30679424). Meanwhile, studies to define 
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complex-specific AP-1 binding motifs have only minimally elaborated on the core TRE 

or CRE (PMID: 28092692). Furthermore, massively parallel reporter assay (MPRA) 

analyses have shown that AP-1-mediated cis-regulatory activity depends on sequences 

beyond the core TRE (PMID: 29305491). Thus it remains an open question whether AP-1 

subunits show biased dimerization patterns, whether these dimers bind to distinct 

genomic regions, and whether different AP-1 binding classes have unique regulatory 

activity. 

 Here, we focused on addressing the possibility that distinct AP-1 

complexes potentiate distinct regulatory effects on gene expression. To do so, we took an 

unbiased approach to characterize both the distinct genome-wide binding profiles and 

associated regulatory activity of five AP-1 subunits (JUN, JUNB, JUND, FOSL1 and 

FOSL2). By using genome-editing to endogenously tag each AP-1 subunit, we were able 

to determine the genomic binding of each subunit at its native expression level and 

control for variations in antibody affinity and specificity. Further, to relate changes in 

AP-1 subunit occupancy to changes in gene regulation, we focused on the glucocorticoid 

gene response, where AP-1 interacts extensively with other transcriptional regulators to 

influence transcriptional changes. Together, these analyses provide a highly detailed 

perspective of the dynamics of AP-1 subunit composition across the human genome, 

and reveal distinct configurations with strong effects on gene regulation. 
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5.4 Methods 

5.4.1 Plasmids and oligonucleotides 

Expression plasmids for the Cas effectors and their respective gRNAs were 

obtained through Addgene (Addgene #41815, 47108, 78742, 78744). For SpCas9, the 

guide RNA scaffold region was modified as previously described to increase efficiency 

(Chen et al, Cell 2013). To create the sgRNA plasmid, oligonucleotides containing the 

target sequences were obtained from IDT, hybridized, phosphorylated and cloned in the 

appropriate plasmids using BbsI or BsmBI sites. Gibson assembly was used to create the 

donor plasmid. Gibson DNA fragments for the homology arms were generated in two 

steps. First the region was amplified by PCR using A549 genomic DNA with AccuPrime 

Taq DNA Polymerase (ThermoFisher) followed by SPRI bead purification (Beckman 

Coulter). A subsequent PCR was performed to add necessary overhangs between 

fragments. The fragment containing the 3xFLAG epitope and PuroR expression cassette 

were synthesized as GeneBlocks (IDT) and were amplified by PCR. Gibson assembly 

mastermix (NEB) was used to perform the ligation reaction per manufacturer protocol. 

Ligations were transformed into DH5alpha bacterial cells and colonies were used to 

inoculate cultures. Plasmids was purified using the MiniPrep Kit (Qiagen), sequence 

confirmed by Sanger sequencing, and stored for future use. 
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5.4.2 Cell culture 

A single seed culture of human A549 cells was obtained from Duke University 

Cell Culture Facility (obtained ultimately from ATCC) and expanded under standard 

culture conditions using Ham's F-12K (Kaighn's) Medium, 10% FBS, 1% penicillin-

streptomycin at 37 °C with 5% CO2. Cells were received at passage 83, seeded, passed 

three more times, then viably frozen in 55 aliquots of 10 × 106 cells at passage 87.  

5.4.3 Generation of gene-edited cell lines 

A549 cells were electroporated in a 0.2cm cuvette using Biorad’s GenePulser 

Xcell; 2M cells were resuspended in 200 uL of OptiMEM (ThermoFisher) with 5 ug of 

pooled plasmid (1ug of donor, 1ug of guide RNA, and 3 ug of Cas, expression vectors). 

This was done in biological triplicate for each guide RNA used, where 3 separate 

electroporations were performed for each guide RNA and these were maintained 

independently thereafter. Immediately after electroporation, cells were rescued with 

1mL of complete media and transferred into complete media. Media was exchanged 

every 2 days thereafter. Transfection efficiencies were routinely higher than 60%, as 

determined by fluorescence microscopy after delivery of a control eGFP expression 

plasmid. 5 days post electroporation cells were selected with puromycin at a 

concentration of 1ug/mL. Selection was performed for 3 days. Cells were then treated 

with adenoviral Cre recombinase per manufacturers protocol (Univ. Iowa Vector Core).  
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The efficiency of the desired editing event was assessed by restriction fragment 

length polymorphism analysis. Genomic DNA of the cell population was extracted 

using the DNeasy kit (Qiagen). The C-terminus of the gene of interest was amplified 

using AccuPrime Taq DNA Polymerase (ThermoFisher) with primers that bind external 

to the homology arm region. The PCR product was purified using a 0.5x SPRI bead 

purification (Beckman Coulter) and the product was digested using PsiI (New England 

Biolabs), which recognizes a DNA sequence embedded in the 3xFLAG coding sequence. 

Digests were run on an agarose gel and the efficiency of gene editing was assessed by 

densitometry. For those groups that demonstrated measurable editing rates at the DNA 

level, the desired modification was then further confirmed by western blot using the 

Sigma M2 antibody (F1804). Cells were then expanded and stored in 10M cell aliquots 

for all subsequent experiments. 

5.4.4 Generation of ChIP-Seq Libraries 

10M cell aliquots were seeded in a square 500 cm2 dish and cultured for four 

days with a media change on the second day. Cells were then split into five 500 cm2 

plates on day four, split into a total of 20 500 cm2 square plates on day seven, and 

harvested on day ten after a designated time of dexamethasone (dex) exposure. All 

culturing was performed with 100 mL of growth media per plate. Cells reached 

confluence approximately two days after the final passaging step. At that point, cells 

were treated with 100 nM dex for 0, 1, 4, 8, or 12 hrs. Dex was added in a staggered 
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manner so that all time points were harvested at the same time. Cells were treated with 

dex by tilting plates to the side and diluting 5 mM dex into the gathered media to a final 

concentration of 100 nM. The plates were then tilted side-to-side and front-to-back five 

times each to disperse the dex evenly throughout the media. For ChIP-seq, three plates 

were treated for each time point. 

Before harvesting for ChIP-seq, cells from one untreated plate were used to 

obtain a cell count, which we required to be approximately 60 × 106. For each batch of 

ChIP-seq assays, we harvested cells from 15 500 cm2 square plates. To harvest, cells were 

crosslinked for 10 min at room temperature with 1% formaldehyde in media. The 

reaction was quenched for 5 min at room temperature in 0.125 M glycine. After 

quenching, media was removed and cells were washed once with 100 mL of 1X PBS at 

4°C. Cells were then lysed in 15 mL of Farnham lysis buffer (5 mM PIPES pH 8, 85 mM 

KCl, 0.5% NP-40) with added protease inhibitor (Sigma product #11836153001 and 

11836145001) added to the plate and tilted side-to-side. Cells were manually scraped 

from the plate and pipetted into 50 mL conical tubes, then pelleted by centrifugation at 

2,000 rpm for 5 min at 4°C. The supernatant was removed and the pelleted cells were 

frozen on dry ice and stored at -80°C for downstream processing. 

Cells were sheared in aliquots of 20 × 106 cells in 300 µL of 4°C RIPA buffer (1X 

PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) with added protease inhibitor on 

the Biorupter Twin for 45 min on high setting using 30 seconds ON/30 seconds OFF. 
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After shearing, the cells were centrifuged at 14,000 rpm for 15 min at 4°C. Supernatant 

from time points harvested from the same plate were collected and combined, and 15 µL 

of supernatant was reserved to serve as a shearing size check and input control. The 

remaining sheared chromatin was split into 10 × 106 cell aliquots in 300 µL RIPA, snap 

frozen, and stored at -80°C. Next, 45 µL of RIPA buffer was added to the size check and 

split into two 30 µL aliquots.  

ChIP was performed as described previously (Reddy et al. 2009). Reverse cross-

linked ChIP'ed DNA was cleaned using the Qiagen PCR Purification kit. Post-IP 

concentration was determined using Invitrogen's Qubit dsDNA High Sensitivity and 

Broad Range assay kit. Sequencing libraries were prepared using 7 ng input of ChIP'ed 

DNA and the Kapa Biosystems Hyper Prep kit for Illumina sequencing. Samples were 

barcoded with Illumina Truseq indexes and normalized to 10 nM after library 

preparation. Final libraries were pooled—twelve libraries per pool for TFs and six 

libraries per pool for histone modifications—and run on a HiSeq 4000 to generate 50 bp 

single-end reads. 

5.4.5 Sequencing data processing pipelines and quality control 

Sequencing data processing pipelines are freely available online at 

https://github.com/Duke-GCB/GGR-cwl. Raw sequencing reads were processed with 

assay-specific pipelines. For ChIP-seq and RNA-seq, overrepresented, contaminating 

sequences were discovered using FastQC (v.0.11.3;Andrews 2010). Contaminants and 
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low-quality bases were trimmed using trimmomatic (v.0.32; Bolger et al. 2014), with 

arguments: adapters_and_contaminants.fa:2:30:15 LEADING:3 TRAILING:3 

SLIDINGWINDOW:4:20 MINLEN:15. For ChIP-seq, all libraries were required to have a 

PCR bottleneck coefficient (PBC) of at least 0.5 and at least two replicates per time point 

were required to have a relative strand cross-correlation (RSC) of at least 0.8 

(Supplemental Table 4; The ENCODE Project Consortium 2012). Additional samples 

were filtered based on low correlation across samples. Briefly, we merged called peaks 

from each sample into a union peak set using bedtools (v.2.25.0; Quinlan and Hall 2010) 

merge utility to merge book-ended or overlapped peaks, quantified counts from each 

library within the union peak set, correlated counts across libraries, and hierarchically 

clustered samples with complete linkage and 1 minus the Pearson correlation coefficient 

as the distance metric. Samples were manually filtered by visual inspection 

(Supplemental Fig. 8). After sample filtering, all time points were required to have at 

least 2 replicates.  

5.4.6 Western blot 

Cells were lysed in 50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 0.5% Triton X-100, 

and 0.1% SDS. Lysates were mixed with loading buffer, boiled for 5 min, and equal 

volumes of protein were run in NuPAGE® Novex 4-12% or 10% Bis-Tris Gel 

polyacrylamide gels and transferred to nitrocellulose membranes. Non-specific antibody 

binding was blocked with 50 mM Tris/150 mM NaCl/0.1% Tween-20 (TBS-T) with 5% 
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nonfat milk for 1 hour. The membranes were incubated with primary antibodies (Anti-

Flag Sigma, F1804) in 5% BSA in TBS-T diluted 1:1000 overnight at 4C; anti-GAPDH 

(Cell Signaling, clone 14C10) in 5% milk in TBS-T diluted 1:5000 for 30 min at room 

temperature. The membranes were washed 3 times with TBS-T for 10 minutes each. 

Membranes labeled with primary antibodies were incubated for 1 hour with anti-rabbit 

HRP-conjugated antibody (Sigma-Aldrich) diluted 1:5000 for 30 min, or anti-mouse 

(1:5000) and washed with TBS-T for 30 minutes. Membranes were visualized using the 

Immun-Star WesternC™ Chemiluminescence Kit (Bio-Rad) and images were captured 

using a ChemiDoc™ XRS+ System and processed using ImageLab software (Bio-Rad). 

5.4.7 Defining distinct AP-1 binding modes 

To identify different binding modes of AP-1 subunits, all called ChIP-seq peaks 

were categorized as regions occupied one or more of the 5 AP-1 subunit: JUN, JUNB, 

JUND, FOSL1 and FOSL2. AP-1 hotspots are defined by the colocalization of all 

subunits; putative heterodimerized AP-1 are defined as the exclusive colocalization of 

JUN-FOS or JUN-JUN gene family members (e.g. JUN::FOSL1, JUN::FOSL2, 

JUNB::FOSL1, JUNB::FOSL2, JUND::FOSL1, JUND::FOSL2, JUN::JUNB, JUN::JUND, 

JUNB::JUND); putative singleton AP-1 binding sites are characterized by the genomic 

occupancy of a single AP-1 subunit (e.g. JUN, JUNB, JUND, FOSL1 and FOSL2).  

ChIP-seq analysis for different AP-1 binding modes 
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Sequencing reads from FLAG tagged AP-1 ChIP-seq experiments were mapped 

to the GRCh38 assembly (GCA_000001405.15). Bowtie (v.0.12.9; PMID:22388286) was 

used for mapping. We excluded mapped reads that overlap with ENCODE blacklist 

regions (The ENCODE Project Consortium 2012). Peaks were called using MACS2 

(macs2 2.1.1.20160309;  PMID:18798982) with parameters -f  BAM -g hs –nomodel -q 0.05 

--extsize ext, where ext is estimated by SPP (v.2.0; PMID:19029915). We also used the 

same data processing pipeline of previous studies (PMID: 30575722, 30097539) to obtain 

sequence alignment map for STARR-seq and ChIP-seq for GR, CTCF, BCL, HES2, EP300, 

CEBPB, H3K27ac, H3K4me1, H3K4me2 and H3K9me3.  HOMER (v4.10, PMID: 

20513432) was used to quantify ChIP-seq tag density for given genomic regions.  

To compare AP-1 binding activities at loci characterized by different AP-1 

binding modes, we selected a subset of each AP-1 binding region that matched in 

chromatin accessibility and compared their averaged binding signals. This process 

created a total of 100 bootstrap replicates of each region and allowed us to reduce 

confounding that might arise when comparing ChIP signals.  

5.4.8 Analysis of sequence dependent features 

Genomic regions of different AP-1 binding modes were centered on the AP-1 

motif, as  defined by the JASPAR database (PMID:24194598) For a given nucleotide 

sequence, four DNA shape features (minor groove width, Roll, propeller twist and helix 

twist) were predicted using DNAshapeR (PMID:26668005). The sitepro plots of DNA 
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shape were plotted within 100 bp window from the motif. The phastCon scores 

(PMID:16024819) for multiple alignment of 100 vertebrate genomes to human genome 

were obtained through the UCSC genome browser. Conservation scores of each 

sequence centered on the AP-1 motif were plotted. To reduce confounding, we 

repeatedly compared scores from a subset of sequences that matched in GC-content. 

This process generated a total of 100 bootstrap replicates of each region and 

average/standard error of scores at a given genomic position were plotted.  

5.4.9 Analysis of regulatory potential 

Different AP-1 binding modes were first identified at pre- and post- dex time 

points using a method for AP-1 subunit binding hierarchy. Next, genomic loci were 

labeled as i) gained AP-1 sites if a particular AP-1 binding mode was newly observed in 

response to dex, ii) lost AP-1 sites if a particular AP-1 binding mode was lost in response 

to dex and iii) maintained AP-1 sites if no change in a particular AP-1 binding mode was 

observed in response to dex. Dynamic transcriptome data were downloaded from a 

previous study and the same data processing pipeline was used (PMID: 30097539). Log2 

fold changes in gene expression in response to dex at 11 time points (0.5hr, 01hr-08hr, 

10hr and 12hr) were computed using edgeR (PMID:19910308). To map changes in 

different AP-1 binding modes to transcriptional changes of target genes, we utilized 

three mapping strategies including i) statistically significant eQTL from GTEX 

(PMID:23715323), ii) dex-responsive genome interaction map (Hi-C) from a previous 
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study (PMID:30031775) and iii) the proximity to the nearest genes. Significant SNPs and 

target gene pairs from lung cancer data were downloaded from GTEX 

portal(https://gtexportal.org/home/). Genes with any of these eQTLs that colocalize with 

a particular AP-1 binding mode were considered to be influenced by changes in that AP-

1 binding mode. A similar strategy was applied to Hi-C data obtained from a previous 

study (GEO accessions: GSE92819, GSE92793, GSE92804, GSE92825, GSE92811) and the 

same data processing pipeline was used in that study (PMID:30031775). Centroids of 

chromatin contact coordinates from Hi-C were used as anchors for target genes linked to 

a genomic site displaying a certain AP-1 binding mode. For proximity-based mapping, a 

gene that is closest to genomic sites with AP-1 occupancy was selected as the target 

gene.  

5.4.10 AP-1 bindings across different cellular context and organism  

We downloaded various ChIP-seq data for AP-1 subunits (JUN, JUNB, JUND, 

FOS, FOSL2 and ATF3) and other TFs (PU.1 and CEBP) from an external study (GEO 

accessions: GSE111856). Sequencing reads from C57BL/6J were mapped to the mm10 

reference genome using the latest version of Bowtie2 with default parameters 

(PMID:22388286). Genomic sites occupied by each AP-1 subunit were used to determine 

loci with distinct AP-1 binding modes using the same method used for determining 

distinct AP-1 subunit binding classes in our study. For all ChIP-seq data, HOMER was 

used to quantify tag density for given genomic sites. For DNA shape and sequence 
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conservation analysis, we applied the same method used for analysis of sequence 

dependent feature in our study.  

 5.4.11 Enrichment analysis of GWAS SNPs 

The SNPs curated in the GWAS Catalog (PMID: 24316577) were downloaded 

from the NHGRI-EBI catalog of published genome-wide association studies 

(https://www.ebi.ac.uk/gwas/). For downstream analysis, we only included SNPs that 

have been identified for a trait in at least in two independent studies. To compare the 

enrichment of GWAS SNPs, the same number of subsets of genomic sites marked by 

each AP-1 binding mode were randomly selected and then we computed the frequency 

of SNP presence per 100kb in each class. The process was repeated 1000 times to build 

the distribution of SNP density. Gene Ontology(GO) and Disease Ontology (DO) 

enrichment P-values from binomial and hypergeometric test were computed for each 

AP-1 binding mode using GREAT (PMID: 20436461). 

5.4.12 Permutation analysis 

Permutation analysis was performed on union AP-1 subunit binary binding matrix, Mij, 

where i and j represent a binding peak and AP-1 subunit factor, respectively. To 

conserve the same number of peaks in each and across chromosome during 10,000 

permutations, we shuffled the matrix by each chromosome in each AP-1 subunit factor. 

From each permutation, the patterns of colocalized AP-1 subunits were obtained and, in 
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doing so, the null distribution of AP-1 subunit colocalization was built. Z-score was 

computed from this null distribution.   

5.5 Results  

5.5.1 Genome-editing enables genome-wide characterization of AP-1 
subunit binding  

In order to begin to characterize AP-1 function we set out to characterize the 

genome wide binding profiles of each subunit using ChIP-seq. A major concern in 

applying this method to the AP-1 family is the variable specificity and affinity of 

antibodies. FOS and JUN family members have highly conserved regions that may 

result in antibody cross reactivity (Figure 32a). To overcome these issues, we generated a 

series of A549-derived cell lines with a FLAG epitope inserted at the C-terminus of each 

of seven AP-1 family members: c-FOS, FOSL1, FOSL2, FOSB, c-JUN, JUNB, and JUND 

(Figure 31a). We directed precise insertion of each FLAG sequence, using CRISPR/Cas9 

to introduce a double strand break in the A549 genome and using homologous 

recombination to insert a donor plasmid containing the FLAG tag and a puromycin 

resistance gene. After selecting for edited cells with puromycin, we used Cre 

recombinase to remove the resistance gene. We evaluated the efficiency of gene-editing 

via PCR amplification of the target locus, followed by a restriction digest specific to the 

FLAG DNA sequence (Figure 32b). The use of polyclonal tagged lines was intended to 

avoid clone-specific effects confounding our analysis (PMID: 30089904).  
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Figure 31: Characterization and dissection of AP-1 subunit occupancy.  

a Schema depicting the genome-engineering strategy b Western blot of engineered cell 
lines, confirming tagging of the desired gene  c Bar plot showing the distribution of AP-1 
binding classes across the genome defined by the varying levels of subunit occupancy in 
response to dexamethasone. d Sitepro plot showing the AP-1 motif per bp per peak for 
distinct AP-1 binding classes. P-values were calculated using a two-sided Student’s t-test 
based on the normalized motif density within 1kb window of peaks. *P < 0.05; **P < 0.01; 
***P < 0.001, n.s. not significant e Sitepro plot showing 95% confidence intervals (C.I) for 
the differences in the normalized AP-1 motif density between different AP-1binding 
classes across flanking regions of peaks. 95% C.Is were calculated using a two-sided 
Student’s t-test based on each of 7pb sliding window from the center of peaks. f Sitepro 
plot showing DNA shape information featured by propeller twist for each AP-1 binding 
class. P-values were calculated using a a two-sided Student’s t-test based on quantified 
DNA shape information within 100bp window centered by the motif. *P < 0.05; **P < 
0.01; ***P < 0.001, n.s. not significant. g Sitepro plot showing GC-matched sequence 
conservation defined by Phastcon100way scores for each AP-1 binding class. P-values 
were calculated using a two-sided Student’s t-test based on the Phastcon100way scores 
within 400bp window centered by the motif. *P < 0.05; **P < 0.01; ***P < 0.001, n.s. not 
significant. h (Right) Heatmap showing ChIP-signal of five significant AP-1 subunits 
(JUNB, cJUN, JUND, FOSL1, FOSL2) and control genomic regions for distinct AP-1 
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binding classes in RPKM. (Left) Aggregate profile plots showing ChIP-signal across sites 
for distinct AP-1 binding classes that matches in chromatin accessibility. 

 

Across eight genes and and sixteen gRNAs, we observed tagging efficiencies 

varying from 5-50% of alleles (Figure 32b). As a positive control for the ChIP, we also 

tagged the gene encoding the glucocorticoid receptor (GR), NR3C1, which we have 

previously characterized with ChIP-seq using several different antibodies against the 

endogenous protein (PMID: 30097539). All targeted genes were detected via western 

blot, except for FOSB, which is lowly expressed levels in A549 cells and was excluded 

from further analysis (Figure 31b). Each tagged protein also showed dex-dependent 

changes in expression, consistent with the transcriptional changes in unedited A549 cells 

(Supplementary Figure 2d). That observation indicates that endogenous regulation of 

the tagged genes was maintained across the tagging procedure. 
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Figure 32: Validating tagging efficiency at the DNA level of tagged AP-1 cell 
lines.  

(a) Schema describing the measurement of precise gene editing events. (b) Tagging 
efficiency for GR and AP-1 genes using SpCas9 or LbCas12a. Error bars represent s.e.m. 
for n=3. Guide RNA sequences and characteristics are described in Supplementary Table 
1. 

To characterize the genome-wide binding patterns of each AP-1 subunit, we 

performed ChIP-seq on each tagged lined using an anti-FLAG antibody to recognize the 

tagged subunits. We observed a range of 2568 to 64,058 binding events for each subunit. 

Occupancy correlated with the RNA and protein levels of each subunit (Figure 31c, 

Figure 33c). ChIP-seq data of the c-FOS line was inconsistent across replicates, perhaps 

due to low expression, and was excluded from further analysis (Figure 31b). 
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Figure 33: Expression profiles and dynamics of AP-1 subunits  

(a) Absolute TPM of each subunit across a 12 hour timecourse of dexamethasone 
exposure in A549 cells, measured by RNA-seq. (b) Fold changes of each subunit across a 
12 hour timecourse of dexamethasone exposure in A549 cells, measured by RNA-seq.(c) 
the relative expression levels of each AP-1 subunit in A549 cells without and with a 1hr 
dexamethasone exposure. (d) Protein levels of AP-1 family members before and after a 
1hr dexamethasone exposure, as measured by western blot. Subunits follow trends in 
panels (a-c). (e) RNA-Seq various tissues from GTex showing absolute TPM of each AP-1 
subunit. 

 

5.5.2 AP-1 subunit binding is enriched in hotspots across the human 
genome 

 ChIP-seq revealed that AP-1 subunits display a wide range of binding 

configurations across the genome (Figure 34). We observe genomic sites bound by single 

subunits, by combinations of subunits, and by all subunits assayed. We first sought to 
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determine if specific AP-1 subunits preferentially dimerize with each other or if instead 

subunits randomly dimerize to bind genomic sites. Using our ChIP-seq data to compare 

these two models, we performed a permutation test, which controls for ChIP efficiency 

by keeping the binding frequency of each AP-1 subunit constant within each 

chromosome. Using this permutation test we first compute the null distribution of AP-1 

subunit colocalization under a model of  random AP-1 dimerization and then compare it 

to the colocalization patterns observed in our ChIP-seq data (See Methods). Surprisingly, 

the most-enriched configuration of AP-1 binding over a null model was the 

configuration where all AP-1 subunits were colocalized, suggesting that AP-1 subunits 

bind preferentially to the same genomic sites (Figure 35). In resting cells, we did not 

observe any enrichment for particular AP-1 dimers over the null model, suggesting 

random AP-1 dimerization in this state. However, we did observe enrichment of JUNB-

FOSL2 colocalization after treatment with dexamethasone to activate glucocorticoid 

receptor  signaling (Figure 35a). Interestingly, JUNB and FOSL2 mRNA are similarly 

expressed, and both increase by ~2x with dexamethasone treatment, suggesting 

preferential dimerization, perhaps simply due to higher expression of the two genes 

(Figure 33a).  
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Figure 34: Distribution of genomic loci occupied by various AP-1 subunits. The 
colocalization pattern of AP-1 subunit occupancy enriched from input DNA. Each 

subunits are represented by a different color scheme. The frequency of FOS and JUN 
family subunits at given loci was plotted in opposite directions with respect to the center 

line for the better visualization purpose.  

The high degree of enrichment for regions where all AP-1 subunits are bound led 

us to hypothesize that perhaps this is a class of genomic sites with unique properties. 

Thus we classified genomic sites occupied by AP-1 subunits into three classes: i) AP-1 

hotspots where all subunits in question were colocalized, ii) putative AP-1 heterodimers, 

where a pair of subunits were colocalized and iii) AP-1 singletons, where only a single 

subunit was detected (Figure 31c). As negative controls, we selected genomic loci 

matched in chromatin accessibility and containing an AP-1 motif but that were not 

enriched as AP-1-bound in our ChIP-seq analysis (N.E). 
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Figure 35: Enrichment of AP-1 subunit colocalization by a permutation test.  

a Heatmap showing Z-scores for a observed binding pattern computed from 
permutation test where genomic loci for all AP-1 subunits were randomly shuffled 
across each chromosome. Different colors in each cell represent a z-score for a given 
colocalzation pattern at a given dexamethasone exposure time point. b Cumulative 
distribution of distance to nearest neighboring transcription start sites (TSS) for each AP-
1 binding class. P values were calculated using Wilcoxon rank-sum test. *P < 0.05; **P < 
0.01; ***P <0.001, n.s. not significant. c Boxplot showing the distribution of motif 
matching scores for TRE and CRE from genomic regions occupied by distinct AP-1 
binding classes. P-values were calculated using Wilcoxon rank-sum test based higher 
matching scores from either strand. *P < 0.05; **P < 0.01; ***P < 0.001, n.s. not significant. 
d Sitepro plot showing the proportion of four nucleobases at loci occupied by distinct 
AP-1 binding classes. 

 

We observed that several sequence features distinguished AP-1 hotspots from 

other AP-1 binding sites. AP-1 hotspots had more instances of AP-1 motifs (Figure 31d). 

Computing differences of motif density between classes, we observe that hotspots 
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display an increase in motifs throughout the ChIP-seq peaks, but especially within the 

window of 50 bps of the peak center (Figure 31e). While a colocalization of ChIP-seq 

peaks cannot confirm tandem binding, due the averaging of signal across many cells, the 

high density of AP-1 motifs in hotspots suggests a tandem mode of binding. AP-1 

hotspots were also more A- or T-rich, more closely resembled the canonical AP-1 DNA 

binding motif (Fig 35c-d), had distinct DNA shape and were more evolutionarily 

conserved (Figure 31f-g). Together, these features indicate that underlying sequences 

and sequence features in AP-1 hotspots are unique and may contribute to hotspot 

formation and function. 

5.5.3 AP-1 hotspots show hallmarks of strong regulatory elements 

To investigate whether AP-1 hotspots indeed have distinct functionality, we 

investigated whether different AP-1 binding configurations were more likely to  also 

bind other transcription factors. To do so, we compared the ChIP-seq binding signal for 

numerous other transcription factors in the same cells (PMID:30097539). To reduce 

confounding effects due to differences in chromatin accessibility, we matched sites 

according to DNase-seq signal when comparing between classes.  

Overall, we found evidence that AP-1 hotspots showed evidence of being active 

gene regulatory sites. ChIP-seq signal for all AP-1 subunits was greatest in AP-1 

hotspots, as anticipated (Figure 31g). However, the sites were also more likely to bind 

the glucocorticoid receptor (GR), the histone acetyltransferase EP300, and the CCAAT 
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Enhancer Binding Protein Beta (CEBPB). In agreement with those findings, AP-1 

hotspots also had increased levels of covalently modified histones tails that are 

associated with active gene regulation. Specifically, AP-1 hotspots had increased 

acetylation of H3 lysine 27 (H3K27ac), and greater mono-methlyation of H3K4 

(H3K4me1) (Figure 36a-c, e-g). As a third and complementary measure of gene 

regulatory element activity, we also compared enhancer activity measured by whole 

genome self-transcribing active regulatory region-seq (STARR-seq) (PMID:30575722). 

Consistent with the results above, enhancer activity was significantly stronger for AP-1 

hotspots relative to the two other AP-1 binding configurations (Figure 32d). Importantly, 

AP-1 hotspots had the least CTCF and H3K9me3 signals of the three defined classes, 

suggesting that genomic loci occupied by all subunits are not permissive for 

indiscriminate TF binding and histone marks (Figure 36g-h). Taken together, these 

results suggest that AP-1 hotspots have higher regulatory element activity compared to 

other AP-1 bound sites. 
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Figure 36: Genomic and chromatin landscape of distinct AP-1 configurations. 
a-h Spatial distribution of dex-responsive TFs and histone marks for distinct AP-1 
binding classes: (a)glucocorticoid receptor (GR), (b)coactivator EP300, (c)CEBPB, 

(d)enhancer activity defined by genome self-transcribing active regulatory region-seq 
(STARR-seq), (e)H3K27ac, (f)H3K4me1, (g)H3K9me3, (h)CTCF. P-values were calculated 

using a two-sided Student’s t-test based on ChIP-seq signal intensity within 1kb 
centered by each peak. *P < 0.05; **P < 0.01; ***P < 0.001, n.s. not significant. 

 

5.5.4 AP-1 hotspots are associated with greater changes in gene 
expression 

We next sought to determine if different configurations of AP-1 binding had 

different effects on gene expression responses. While it's difficult to discern AP-1's 

contribution to enhancer activity under steady state conditions, under a stimulus, 

changes in AP-1 binding can be linked with potential changes in gene expression. Thus, 

we analyzed RNA-seq and ChIP-seq data across a 12 h time course of 100 nM 

dexamethasone (dex) exposure (PMID:30097539). Dexamethasone is a synthetic 

glucocorticoid hormone that activates the transcription factor activity of the 

glucocorticoid receptor (GR). By comparing across timepoints, we could evaluate effects 
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of AP-1 hotspots in terms of differential signals rather than trying to interpret steady-

state activity. Using that data, we evaluated if dex-mediated gains or losses of AP-1 

corresponded to changes in the expression of candidate target genes. Target genes were 

predicted in three different ways: (i) statistical associations with expression in lung cells 

(PMID: 25954001), (ii) Hi-C chromatin interaction maps (PMID:30031775), and (iii) 

proximity in the genome. 

 We found that changes in AP-1 hotspots were linked to changes in gene 

expression with a greater effect size than those of other AP-1 binding classes. In 

particular, dex-dependent gains of AP-1 binding at hotspots positively associated with 

dex-dependent increases in gene expression (Figure 37a-c), regardless of the specific 

approach for predicting target genes (P = 4.1× 10-5 in hotspots vs. heterodimer, P = 3.2× 10-

4 in hotspots vs. homodimer,  Wilcoxon test at 12 hr from eQTL). Conversely, dex-

dependent loss of AP-1 binding correlated with decreased target gene expression, again 

independent of the approach for predicting target genes (Figure 37d-f; P = 0.009 in 

hotspots vs. heterodimer, P = 0.0004 in hotspots vs. homodimer, Wilcoxon test at 12 hr 

from eQTL). Finally, stable AP-1 binding signal had minimal association with changes in 

target gene expression(Figure 37g-i). These results suggest that AP-1 hotspots have 

higher transcriptional regulatory effects than other classes and, by extension, the gain or 

loss of AP-1 hotspots is more likely to result in the activation or repression of genes, 

respectively. 
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Figure 37: Change in gene expression that links to change in different AP-1 
binding classes. a-c Temporal gene expression trajectory plot showing log fold change in 
gene expression mapped to  the gains of each AP-1 binding classes in response to dex 
according to (a) eQTLs (b) Hi-C and (c) the proximity to the nearest genes. d-f Temporal 
gene expression trajectory plot showing log fold change in gene expression mapped to 
the losses of each AP-1 binding classes in response to dex according to (d) eQTLs (e) Hi-
C and (f) the proximity to the nearest genes. g-i Temporal gene expression trajectory plot 
showing log fold change in gene expression mapped to maintained AP-1 binding classes 
in response to dex according to (d) eQTLs (e) Hi-C and (f) the proximity to the nearest 
genes. P-values were calculated using Wilcoxon rank-sum test based changes in log 
folds at 12hr. *P < 0.05; **P < 0.01; ***P <0.001, n.s. not significant. 
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5.5.5 AP-1 hotspots are found across cell types and organisms 

To determine if the distinct features of AP-1 hotspots generalize beyond the A549 

cell model studied here, we performed a similar set of analyses for a previously-

published dataset of AP-1 subunit occupancy in primary and immortalized mouse 

macrophages (PMID: 30679424). Consistent with our observations in A549 cells, AP-1 

subunit binding sites are highly variable across the mouse macrophage genome. We 

then identified ~5,000 AP-1 hotspots based on ChIP-seq signal for different AP-1 

subunits. As in human A549 cells, the murine AP-1 hotspots are also enriched in distal 

intergenic regions (Figure 35b, 38a-b), have distinct DNA shape (Figure 38c), and 

contain more evolutionarily conserved sequences quantified by the phastCons60way 

score (Figure 38d).  
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Figure 38: Genomic features of AP-1 hotspots in immortalized mouse macrophages 

(a) Bar plot showing the proportion of genomic annotation for distinct AP-1 binding 
classes. (b) Cumulative distribution of distance to nearest neighboring transcription start 
sites (TSS) for each AP-1 binding class. P values were calculated using Wilcoxon rank-
sum test. *P < 0.05; **P < 0.01; ***P <0.001, n.s. not significant. (c) Sitepro plot showing 
DNA shape information featured by propeller twist for each AP-1 binding class. P-
values were calculated using a a two-sided Student’s t-test based on quantified DNA 
shape information within 200bp window centered by the motif. *P < 0.05; **P < 0.01; ***P 
< 0.001, n.s. not significant. (d) Sitepro plot showing sequence conservation defined by 
Phastcon60way scores for each AP-1 binding class. P-values were calculated using a 
two-sided Student’s t-test based on the Phastcon60way scores within 200bp window 
centered by the motif. *P < 0.05; **P < 0.01; ***P < 0.001, n.s. not significant. 

 

To further interrogate molecular differences among different AP-1 subunit 

configurations in the mouse cells, we compared the genomic occupancy of several TFs 
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across the different AP-1 binding classes. In hotspots, we observed significantly higher 

binding activity of PU.1 and C/BPA as well as AP-1 subunits including Jun, JunB, JunD, 

Fos, FOSL2 and ATF3 (Figure 39a-h). Along with various AP-1 subunits,  PU.1 and 

C/EBPs play a critical role in controlling macrophage development and differentiation 

(PMID: 23932714, 26235892, 8896458). This enrichment pattern for key TFs binding 

reconfirmed that AP-1 hotspots were associated with high occupancy of context-specific 

TFs. Taken together, across cellular contexts and organism, loci co-localized by all 

relevant AP-1 subunits display distinct genomic landscapes and might be a common 

anchor for cell-specific regulators  and responsible for a critical genomic response to an 

environmental signal. 

 

Figure 39: TF binding activities for distinct AP-1 biding classes in immortalized mouse 
macrophages. Spatial distribution of various TFs for distinct AP-1 binding classes: (a) 
Atf3 (b)JUNB (c) JUND (d)cJUN (e) FOS (f)FOSL2 (g)PU.1 (h)CEBPA. P-values were 
calculated using a two-sided Student’s t-test based on ChIP-seq signal intensity within 
1kb centered by each peak. *P < 0.05; **P < 0.01; ***P < 0.001, n.s. not significant 
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5.5.6 Disease-associated noncoding variants are enriched in AP-1 
hotspots 

A substantial fraction of the variation in gene expression and common disease 

risk is attributed to noncoding genetic variation (PMID:25954001, 27899670). Because 

AP-1 is important to many biological processes, we reasoned that disease-associated 

genetic variants might be more enriched within AP-1 hotspots as well. To test this 

hypothesis, we investigated the frequency of each AP-1 class that contains at least one 

disease-associated genetic variant and the distribution of variants occurring within each 

class. Specifically, we analyzed 5,886 single nucleotides polymorphisms (SNPs) 

associated with diverse phenotypic traits and diseases in 2,596 published genome-wide 

association studies (PMID:27899670). These SNPs were identified for a trait in at least 

two independent studies. Of those SNPs, 93% were localized within non-coding regions, 

consistent with previous studies (PMID:24119843). Distinct AP-1 binding classes were 

significantly correlated with the different occurrences of GWAS SNPs (  test, P = 0.002) 

and all AP-1 binding classes had higher enrichment compared to control genomic 

regions (Figure 40a). GWAS SNPs were particularly enriched in AP-1 hotspots 

compared to other AP-1 binding classes (Figure 40b; hotspots vs. heterodimers; 

Student’s t-test, P < 1 x 10-10, hotspots vs. homodimers; Student’s t-test, P < 1 x 10-10).  

χ2
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Figure 40: Disease-associated genetic variants and GO enrichment in distinct AP-1 
binding classes. 

a Bar plot showing the proportion of each AP-1 binding class that contains at least single 
GWAS SNP. b Boxplot showing the distribution of trait-associated SNP density 
(SNP/100kb seuquence) for distinct AP-1 binding classes. Each dot represents the SNP 
density based on the same number of loci repeatedly subsampled from each class. P-
values were calculated using Wilcoxon rank-sum test. *P < 0.05; **P < 0.01; ***P <0.001, 
n.s. not significant. c GO enrichments using the genomic region-based binomial test (left) 
and gene-based hypergeometric test (right) for distinct AP-1 binding classes. The color 
and size of dots represent the different AP-1 binding classes and the adjusted p-values 
for a given annotation, respectively. d Disease ontology (DO) enrichments using the 
genomic region-based binomial (left) and gene-based hypergeometric test (right) for 
distinct AP-1 binding classes. The color and size of dots represent the different AP-1 
binding class and the adjusted p-value for a given annotation, respectively. 

 

As complementary evidence that AP-1 hotspots are have more functional 

significance than other AP-1 binding configurations, the AP-1 hotspots were also likely 

to impact genes enriched for evidence of functional effects in the Gene Ontology 

database (PMID: 10802651) according to GREAT analysis (PMID: 20436461). Compared 



 

158 

to other AP-1 binding classes, AP-1 hotspots were enriched for glucocorticoid (GC) 

responsive activities including GR binding, GC metabolic process and cellular response 

to GC stimulus (Figure 40c). This pattern was consistent with our observation that AP-1 

hotspots were characterized by hallmarks of strong GC responsive regulatory elements. 

Several lung and respiratory diseases also had strong associations with AP-1 hotspots, 

likely due to the use of A549 cells in this study (Figure 40d). Together, these analyses 

demonstrate that AP-1 hotspots are more enriched for genetic variants linked to diseases 

than other AP-1 binding configurations and suggest that AP-1 hotspots may play a role 

in organismal development and disease risk.  

5.5 Discussion 

Assigning regulatory activity to the noncoding genome is a major challenge in 

understanding eukaryotic gene regulation. The presence of transcription factor families, 

where closely related transcription factors bind the same sequences, further complicates 

matters because experimentally distinguishing between these factors can be challenging 

due to conserved protein and motif sequences. Here, we complete a detailed study of 

one such family, the AP-1 family. In doing so, we define an experimental approach that 

allows for the unambiguous detection of highly similar transcription factors using a 

common antibody and while maintaining endogenous gene expression and regulation.  

 Through this analysis, we have established AP-1 hotspots as a distinct 

mode of TF binding with particularly strong regulatory effects. Using statistical testing 
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we show evidence that AP-1 subunits dimerize randomly to bind the genome. Further, 

we show evidence that these subunits bind the genome in tandem at  hotspots at a much 

higher frequency than expected under a null model of AP-1 binding. A high local 

density of AP-1 motifs likely contributes to the formation of AP-1 hotspots. Previous 

studies demonstrated that high level of TF co-occupancy showed distinct genomic 

features at many genomic sites such as high-occupancy target (HOT) regions 

(PMID:16880385, 2353112, 24653213, 21177976). HOT genomic regions are often 

characterized by a co-localization pattern with unusually high number of TFs. Similar to 

AP-1 hotspots, genes associated with HOT regions had high expression levels and HOT 

regions were evolutionarily more conserved than non-HOT regions (PMID: 21177976, 

24243024). In addition, HOT regions were discovered across multiple cell types and 

species with disparate functions, consistent with our findings of AP-1 hotspots observed 

in different cell types of mouse and human (PMID: 21177976, 25164749, 16880385, 

19627575, 24653213). Despite these similarities, AP-1 hotspots  also display many 

differences when compared to HOT regions. Whereas HOT regions typically lack 

canonical motifs for the TFs cross-linked in those regions, AP-1 hotspots were enriched 

with a multiplicity of canonical AP-1 motifs (PMID: 21177974, 21177976, 16880385, 

22950945). Moreover whereas HOT regions are typically found at promoter-proximal 

sites with high occupancy of RNA polymerase II, AP-1 hotspots reside at distal-

intergenic regions with high occupancy of context-specific co-regulators. Importantly, 
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we also demonstrate that AP-1 hotspots are distinct from ‘hyper-ChIPable’ regions 

(PMID:24173036) due to the lack of CTCF and H3K9me3 occupancy at those sites.  

 Differences in sequence features, especially in flanking regions of 

canonical motifs, often influence the DNA binding specificity for closely related TFs that 

share motifs (PMID:29605182, 30679424). Distinct functions and features of AP-1 

hotspots can be explained in part by the difference in sequence features among AP-1 

binding classes. One possible explanation is that, compared to other AP-1 binding 

classes, AP-1 hotspots with multiple canonical AP-1 motifs promote sequence-

dependent DNA structures that are more optimized for the assembly of high-order 

nucleoprotein complexes. That model coincides with the possible mechanism by which 

IFN-β enhanceosome, composed of at least 8 DNA binding proteins (a heterodimer of 

ATF-2/c-Jun, a heterodimer of p50/Rel, and four IRF monomers), is formed; intrinsic 

deformability of DNA determines the final DNA structure optimized for enhanceosome 

assembly by the feedback loop where the binding of each factor enhances the binding of 

other factors (PMID: 17574024, 9199299, 18206362). Similar to the cooperative function of 

Hox-Exd/Pbx heterodimers with other TFs (PMID:17981120), AP-1 hotspots may reflect 

extensive cooperativity of protein-protein interactions between AP-1 subunits and 

various TFs enriched within AP-1 hotspots that promote the assembly of higher order 

complexes. Indeed, motif driven cooperatively has been recently proposed as a driver of 

phase condensation and enhancer activity (PMID: 31398323). Of note, genomic loci 
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occupied by multiple members of FOX protein family are more frequently functional 

than those occupied by a single member (PMID:26578569), suggesting that the 

mechanism by which AP-1 hotspot is formed may be generalized to other TF families.  

 More broadly, we demonstrate here that gene-editing combined with 

functional genomics is useful to address challenges in distinguishing transcription 

factors that contain regions of nearly identical protein sequence. In doing so, we bypass 

conventional difficulties in finding ChIP-grade antibodies that discriminate closely 

related members of a protein family. Epitope tags have been widely used to successfully 

map the binding patterns of TFs (PMID: 18176569, 22081127, 26355004). Our approach 

differs from these previous efforts in one or more ways, including, modification of 

endogenous genomic sequences, use of a floxed selection cassette, use of multiple Cas 

systems, and evaluation of individual guide RNAs for their tagging efficiencies. Overall, 

the approach developed here can prove useful as an additional strategy for the profiling 

heteromeric transcription factor families, which are highly prevalent in the human 

genome.  
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6. Chapter 6. Discovery of genes essential for the 
glucocorticoid transcriptional response 
6.1 Abstract 

Nuclear receptors have been extensively studied over a period spanning 5 

decades. This has yielded a number of therapeutic small molecule drugs that target 

these pathways. However, there are still a number of outstanding questions in the field 

of nuclear receptor biology. In particular it has yet to be characterized what the genetic 

dependency of these responses. Here we take a step toward understanding these genetic 

dependencies. Taking the glucocorticoid receptor as a model transcriptional response, 

first, we investigate two families of canonical nuclear receptor coregulators, the nuclear 

receptor coactivators and nuclear receptor corepressors. We tag these genes with the 

FLAG epitope and perform ChIP-seq to map their genome wide localization across a 

timecourse of dexamethasone exposure. Further we apply these tagged cell lines to 

discover potent guide RNAs that can inhibit their expression. In order to determine the 

contribution of each NCOA or NCOR family member to the dexamethasone drug 

response, we perform loss of function studies followed by RNA-seq. Finally using 

CRISPR-based genome-wide genetic screens, we discover a number of novel co-factors 

that are required for the dexamethasone transcriptional response.  

6.2 Summary 

Nuclear receptor family of genes that encode ligand inducible transcription 

factor, and have been widely studied, both as models of transcription and as potential 
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targets for new classes of drugs. Found in all vertebrates, this gene family controls a 

wide array of physiological processes, including cell proliferation, metabolism, circadian 

rhythms, and immunological responses. The glucocorticoid receptor in particular has 

been of particular interest since agonists of this receptor mediate potent anti-

inflammatory effects. Glucocorticoids are the most widely prescribed class of anti-

inflammatory drug. Immensely effective, glucocorticoids are just as limited by side-

effects that preclude their long-term use. Identifying the molecular mechanisms 

mediating the glucocorticoid transcriptional response are a first step toward the 

development of biased glucocorticoid agonists that might reduce these side effects. 

Under basal conditions, in the absence of ligand, the glucocorticoid receptor 

remains in the cytoplasm, bound by heat shock proteins. When a cell is stimulated with 

the hormone agonist cortisol under the natural state, or dexamethasone under a 

provided drug, the glucocorticoid receptor is released from those interactions confining 

it to the cytoplasm and translocates to the nucleus. Once in the nucleus the 

glucocorticoid receptor binds to approximately ten thousand genomic loci (as measured 

by ChIP-seq signal and peak calling) and regulates hundreds of genes (as measured by 

RNA-seq). The glucocorticoid receptor has been shown to activate and repress genes in 

approximately equal frequency and equal magnitude. The determinants of whether the 

glucocorticoid receptor will activate or repress a gene at a particular locus still remain 

unclear. The glucocorticoid receptor can localize at a particular gene based on direct 
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binding to its DNA motif, the glucocorticoid response element (GRE). This type of 

protein-DNA interactions is typically associated with gene activation. The glucocorticoid 

receptor can also bind to genomic loci through protein-protein interactions rather than 

interacting directly with the DNA. These protein-protein interactions are referred to as 

tethered modes of binding and are typically associated with gene repression events.  

The number of distinct mechanisms that the glucocorticoid receptor uses to 

regulate genes is still unclear. The mechanisms can be categorized into at a minimum of 

two different classes, for activation and repression. Beyond that the different 

mechanisms can likely be subdivided further. There have been numerous mechanisms 

put forth to explain the glucocorticoid receptor’s diverse activity. The first variable is the 

way in which it interacts with DNA. The glucocorticoid receptor has been proposed to 

sense very subtle changes in its GRE and relay that information into subtle changes in its 

structure. In this model the glucocorticoid receptor uses subtle sequence information to 

adopt varied structural states; these structural states then allow for the specific 

recruitment and interaction of other transcriptional cofactors. Beyond the distinction 

between direct and indirect binding, the glucocorticoid receptor is known to bind to 

DNA as both a dimer and a monomer. These two distinct modes are likely utilized 

preferentially to regulate gene expression. Finally there is some evidence to show that 

the repressive effects glucocorticoid receptor activation might be a result of the limited 

resources that cells have to activate genes, where repression at one gene is due to the 
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pulling away of transcriptional resources to activate other genes. In this schema, the 

glucocorticoid receptor only activates genes, and because of this direct activation also 

causes indirect repression.  

Despite the many proposed mechanisms of the glucocorticoid receptor’s mode of 

interaction at different genes, one commonality is that all of these models require the 

receptor to recruit other cofactors to mediate enzymatic and transcriptional activity. The 

ability of the glucocorticoid receptor to mediate dual function in transcriptional 

activation and repression is thus due to its ability to recruit various protein complexes. 

In this study we investigate the gene regulatory potential of the glucocorticoid receptor 

with a focus on the co-factors that the receptor requires. First we investigate a family of 

co-factors that were among the first co-regulators of gene regulation by nuclear 

receptors: the nuclear receptor co-activators and nuclear receptor co-repressors. We 

tracked the genome wide binding profiles of this class of genes to determine whether 

binding of these cofactors was predictive of the regulatory effects of glucocorticoid 

receptor binding. Next we sought to determine all co-factors required for the activation 

of a single glucocorticoid responsive gene. Toward this end we performed a genome-

wide CRISPR-based loss of function screen for all genes required to activate the GILZ 

gene in A549 cells. 

The major findings of this work was that the NCoA and NCoR gene family 

bound to all glucocorticoid receptor sites, regardless of whether the proximal gene was 
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repressed or activated. This suggests that the binding of these co-factors is not predictive 

of the effects that the glucocorticoid receptor might have at a particular gene. 

Furthermore, this challenges the classical notion of these gene families as strict co-

activators or co-repressors that have been inscribed into their names. In order to 

investigate the requirement of these co-factors we are performing single gene knockout 

of each family member followed by RNA-seq. Investigations are underway to perform a 

genome-wide loss of function screen to identify other co-factors essential to the 

glucocorticoid response. 
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7. Chapter 7. Conclusions 
The initial demonstration of CRIPSR based genome editing in human cells was 

done independently by three different laboratories across two continents: by the groups 

of Feng Zhang, George Church, Jinsoo Kim and Jennifer Doudna. After these studies, 

the flood gates opened, and a torrent of publications have followed. This surge has yet 

to subside as new CRISPR based technologies continue to be developed. This includes 

the discovery of new CRISPR systems with more compact Cas effectors, methods for 

imaging DNA and RNA in live cells, Cas effectors that target RNA, base editing of RNA 

or DNA with programmed deaminases, and genome wide screens.  

Looking to the future, one can be sure that shortcomings of these tools will be 

identified and quickly optimized. As of now there are a number of issues that still limit 

the application of these tools to achieve certain therapeutic or experimental targets. For 

therapeutic applications delivery, efficiency, and specificity of CRISPR systems to the 

relevant tissue types is major concern for moving this technology to the clinic.  

CRISPR systems did not evolve to function as highly specific genome-editing 

platforms. These systems evolved to function as immune systems in bacteria. Thus, 

while it is miraculous that these systems work to a great extent in human cells, it is just 

as obvious that, out of the box, they are not the optimal solution to our genome-

engineering problems. However, they are very a good start. There are a number of 

limitations to CRISPR systems that would benefit from further optimization.  
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One major issue is that while scientists can now identify many guide RNAs work 

well, this effort still takes a significant amount of time. Bench scientists must screen 

numerous guide RNAs in order to find one that works at a very high efficiency. Another 

issue is that existing CRISPR systems are very large in gene size, making them very hard 

to deliver within the state-of-the-art therapeutic viral vectors. This problem is 

exacerbated in therapeutic applications of base-editing and epigenetic editig, where the 

CRISPR cargo is even larger due to the tethering of additional proteins to the Cas 

effector.  

Finally, while it is true that CRISPR systems are very good at modifying DNA, 

they can only efficiently produce a very particular kind of modification: indels, random 

insertions or deletions. When trying to produce a more precise modifications, all options 

are highly inefficient: homologous recombination, base-editing, and prime-editing often 

occur at so infrequent a rate as to be limiting for therapeutic applications. While there 

have been numerous reports of these methods being applied efficiently, these reports 

often turn out to be non-generalizable cases, where, say, a change of guide RNA makes 

it such that efficiencies plummet. Methods to apply directed evolution towards the 

solution to these problems would be a highly successful, especially since the efficiencies 

of these various methods occur at rates that are well above zero.  

Specifically, the selection of novel variants must be conducted in human cells 

where rational design essentially stops at the addition of a nuclear localization sequence. 
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I expect that unbiased, highly diverse selection of CRISPR technologies in human cells 

will create new refined tools that can open the door to new therapeutic applications. 

These new proteins could then usher in a new wave of genome editing technologies for 

applications at the bench and bedside.  
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