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Abstract: CRISPR-Cas9-mediated genome editing technologies are poised to revolutionize the 

therapeutic treatment of a variety of diseases. For many diseases with a genetic etiology, current 

treatments can only manage the symptoms; the root cause of the disease can only be addressed at the 

genetic level. Therapeutic genome editing has been limited by the lack of safe, effective, and efficient 

delivery strategies. Often CRISPR-Cas9 genome editing machinery is delivered into the cell via a viral 

vector, however for safety considerations, a nonviral delivery route, such as delivery of Cas9 in a mRNA 

or protein format, would be preferrable.  

Lipid nanoparticles are a versatile and promising tool for in vivo delivery of biomacromolecules and are 

promising for the intracellular delivery of either Cas9 mRNA or protein to effect genome editing. The 

combinatorial lipidoid strategy allows for the rapid development of thousands of potential lipid 

nanoparticle drug carriers, which must then be optimized for each given application. 

The current work reflects the development and optimization of lipid nanoparticle-mediated delivery 

platforms for both Cas9 mRNA and protein, for a variety of applications. I have developed a safe and 

efficient lipid platform for the delivery of mRNA to the liver. I demonstrated the application of this 

platform by generating long-lasting, therapeutically relevant levels of genome editing in the liver upon a 

single administration of Cas9 mRNA co-delivered with a guide RNA targeting the Angptl3 gene, a gene 

relevant in cholesterol regulation that has been explored for the treatment of hyperlipidemia. I have 

also demonstrated intramuscular delivery of Cas9 protein to the gastrocnemius muscle in a mouse 

model of Duchenne Muscular Dystrophy, and have demonstrated some optimization of the lipid 

formulation to achieve more efficient genome editing in the muscle. I have also developed a platform to 

assist in more rapid screening of the combinatorial lipid library. 

Overall, this work reflects significant advancement in the development of non-viral CRISPR delivery 

platforms. More work will be necessary to continue to optimize the delivery paradigms, especially for 
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Cas9 protein delivery. However this lays a significant foundation to develop these technologies, and 

ultimately allow their safe and effective therapeutic translation. 
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Chapter 1: Introduction 

1.1: The CRISPR genome editing platform 

Genome Engineering, the discipline of generating specific, targeted changes in an organism’s genomic 

DNA for therapeutic or research purposes, has flourished over the past decade. This field has garnered 

tremendous amounts of interest due to the possibility of providing therapeutic relief for an entire new 

class of diseases. For many diseases with a genomic etiology, including both heritable diseases and 

diseases arriving from a novel mutation, science has yet to reliably develop a cure. Often there are 

therapies that can address the symptoms of the disease, but without repairing the underlying genetic 

causes, the disease will remain with the patient for a lifetime. Genome engineering seeks to change this 

paradigm, by repairing the root cause of the problem. 

Early genome editing platforms used zinc-finger (ZF) and transcription activator-like effector (TALE) 

nucleases [1, 2] .These technologies required the specific engineering of the nuclease protein to 

specifically target the genomic region of interest. While functional, this process was slow and time 

consuming. It was particularly not very agile—each new genomic target for editing would require 

extensive protein engineering to re-design the nuclease to target the correct site. 

The development of the CRISPR (clustered regularly interspersed short palindromic repeat) genome 

editing platform changed the field of genome editing. The name CRISPR was given in the early 2000s as a 

descriptor for a unique feature that had begun to be recognized across a variety of bacterial and 

archaeal genomes [3, 4]. As the name suggests, certain regions of these bacterial genomes displayed 

repeated patterns of DNA, spaced apart at regular intervals; at the time the function of these repeats 

was unknown. Later, it was determined that the CRISPR system was a form of bacterial adaptive 

immunity against phage infection [5-7]. Briefly, upon a phage infection, the bacteria would seek out 
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short segments of phage DNA and incorporate it into its own genome (these ultimately became the 

“spacers” in between the palindromic repeats which give CRISPR its name). Later, upon reinfection with 

the same phage, the bacteria would express that portion of its DNA as a short RNA strand, which could 

bind to the phage DNA via simple Watson-Crick complementarity, and then that short RNA would direct 

a nuclease, termed CRISPR-Associated protein 9 (Cas9), to cleave the target phage DNA, destroying and 

removing the infector. 

In early 2013, it was discovered that, given an appropriate guide RNA (gRNA, sometimes called sgRNA) 

strand, the Cas9 protein could be used to cleave mammalian DNA [8, 9]. Thus the bacterial immune 

protein was repurposed as a powerful genome editing tool. The power of the Cas9 genome editing 

system lies in the gRNA. Unlike TALE or ZF nucleases, the genome-targeting mechanism of Cas9 is 

controlled by the guide RNA molecule rather than the nuclease itself [10]. Custom RNA synthesis of a 

unique sequence is a dramatically quicker, cheaper, and more ubiquitous process than custom protein 

engineering. Furthermore, RNA-DNA binding mechanics are driven by simple and well-understood 

Watson-Crick base pairing rules, while protein-DNA binding is driven by more complex electrostatic 

interactions. Thus the design process for the gRNA molecule is fairly straightforward—simply design a 

strand complementary to the target DNA. The Cas9 system is essentially modular—the same Cas9 

protein can be used to cut virtually any genomic site in any species of organism, provided that an 

appropriate gRNA strand is provided, and the RNA molecule can be swapped out with relative ease.  A 

novel gRNA molecule can be designed and synthesized de novo in days, using relatively inexpensive and 

easily accessible tools, while ZF or TALE nuclease engineering may have taken months. As a result, 

CRISPR genome engineering tools have quickly proliferated as popular and effective research tools [11]. 

It should be noted that, while much of the literature focuses on the Cas9 protein, there are a wide 

variety of CRISPR-related nucleases, both naturally-occurring and engineered in the laboratory, which 

have seen use. One notable example is Cpf1, sometimes called Cas12a, which was first discovered by the 
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Zhang lab in 2015 [12]. While there are notable and important differences between Cas9 and Cpf1 which 

will be discussed further, both operate via a pairing between a nuclease enzyme guided by a single-

stranded guide RNA which relies on Watson-Crick pairing to identify and direct the nuclease to a specific 

cutting site. Furthermore, there are both Cas9 and Cpf1 enzymes which have been isolated from a 

variety of bacterial species, which each may have variations in recognition efficiency, PAM sequence, 

protein size, etc [12, 13]. Beyond that, there have been engineered variants such as dCas9 (or dead 

Cas9, i.e. a Cas9 protein which has been mutated to lose its ability to cleave DNA, yet retain the ability to 

bind to gRNA and thus be brought to a specific genomic site) or Cas9 nickase (i.e. a Cas9 protein which 

as been mutated to only cleave a single strand of DNA rather the double-stranded break typical of wild-

type Cas9). Another extremely promising tool is the Base Editor developed by the Liu lab [14]. The 

original base editor was comprised of a Cas9 nickase fused to a cytidine deaminase enzyme, which can 

(as the name suggests), deaminate the deoxynucleotide base cytidine into uracil, which in the nucleus 

would quickly be converted into thymidine, in effect causing a C->T mutation. The dCas9 portion of the 

fusion allows for precise targeting of the Base Editor to only be capable of generating the C->T mutation 

at the precise location defined by the gRNA molecule. Further research has expanded the library of 

single-base edits which can be achieved. While all of these are certainly extremely promising and 

powerful tools, my research has focused on the delivery of Cas9, with a small amount of focus on Cpf1. 

The gRNA molecule is critical to the function of CRISPR gene editing. It is typically one continuous single-

stranded RNA molecule, although sometimes it is available commercially as two separate strands which 

can be combined. One region of the molecule is a constant region; it self-assembles into three loop-

structures which bind to the nuclease protein. This region will not change regardless of the genomic 

target. When gRNA is commercially provided in two separate strands, this constant region is typically its 

own strand and referred to as tracrRNA. The other region of the gRNA is the targeting or recognition 

region, sometimes referred to as crRNA. This region contains typically 20 bases which are 



4 
 

complementary to the genomic target DNA. The genomic target should be immediately adjacent to a 

short sequence known as a protospacer-adjacent motif (PAM). Importantly, the PAM is not included in 

the gRNA molecule itself; however it is crucial for the Cas9 recognition, binding, and ultimately cleavage 

of the genomic DNA target. Thus care must be taken that the 20-base target sequence is immediately 

adjacent to the appropriate PAM. CRISPR enzymes derived from different species of bacteria have 

slightly different PAM recognition sequences; the most commonly used in research is the Cas9 protein 

isolated from Streptococcus pyogenes (SpCas9), which recognizes a PAM site of NGG. In the literature 

there has been some effort to engineer CRISPR proteins to recognize different PAM sites, or to alter the 

specificity of PAM recognition. When designing a new gRNA sequence to target the same species of Cas9 

to a new genomic locus, the tracrRNA region will never change; only the 20 bases of the target sequence 

will vary between gRNA molecules. This contributes to the ease of reprogramming of Cas9. In fact, this 

contributes to why the gRNA is occasionally sold in two parts; one can buy a large supply of tracrRNA, 

and then a small supply of many different crRNA sequences and mix-and-match. 

1.2: Intracellular delivery of CRISPR in vitro and in vivo 

Delivery of CRISPR components has been the predominant challenge limiting both the laboratory 

applications and the therapeutic adoption of CRISPR genome editing technology, and has been the 

specific focus of my thesis research. Successful CRISPR-mediated genome editing requires that each of 

the CRISPR components (i.e. the nuclease, the gRNA, and any additional components such as a DNA 

repair template) be successfully delivered into the nucleus, with all components being delivered 

simultaneously and functionally. Furthermore, delivery of CRISPR components is uniquely challenging, as 

the Cas9 protein is very large (~160 kDa) [15], and the phosphate backbone of the gRNA molecule is very 

highly negatively charged. These features are specifically what the cell membrane has evolved to 

exclude from the cell [16]. In addition to the unique concerns regarding CRISPR-Cas9 machinery, any 

potential therapeutic application of CRISPR gene editing must face the same challenges as any 
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pharmaceutical drug compound. Namely, the CRISPR machinery must be delivered to the correct target 

cell type at the correct and desired dose, while minimizing off-target delivery, adverse systemic / 

immunological response to the drug or vehicle, and unwanted side-effects. Therapeutic gene editing 

must also consider off-target editing events in addition to off-target delivery events. In other words, 

even if the CRISPR machinery is delivered into the correct cell type at the proper dose and timing, care 

must be taken to insure that only the target gene of interest is actually modified, without any 

unintended gene editing events at any other loci. 

A variety of delivery approaches have been employed, including both varying formats of the cargo itself 

(i.e. delivery of DNA, RNA, or protein), as well as various types of carriers. These strategies have been 

extensively reviewed in the literature, by myself [17] as well as by others and will be briefly discussed 

here. It should be noted that there are a variety of physical delivery approaches (i.e. electroporation, 

direct nuclear injection, etc), which will not be discussed here. While these strategies have shown 

success in certain laboratory applications and may be valuable ex vivo, they are not suitable for in vivo 

therapeutic applications. 

1.3: Limitations of viral delivery of CRISPR machinery 

Early CRISPR research relied on viral delivery vectors. Viruses are evolutionarily evolved to deliver 

nucleic acids across the cell membrane, and induce the target cell to efficiently express the delivered 

nucleic acid into protein [18]. As a result, viral vectors have been extensively used in research as delivery 

vehicles, typically to deliver DNA encoding for the expression of a protein. Very recently, there have 

been two FDA-approved AAV-mediated therapeutics, Luxturna in 2017 and Zolgenzma in 2019 [19]. 

However there are significant limitations to viral vectors which make them less ideal for CRISPR delivery.  

First, viral vectors typically are physically limited in terms of the length of the nucleic acid sequence to 

be delivered; for example AAV vectors are limited to no more than around 4.7kb of delivered geneic 
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material [18]. Cas9 is a particularly large protein encoded by a particularly long gene; some variants are 

up to 7kb in length. Furthermore in addition to the protein, the virus must also express the gRNA 

molecule, and sometimes a DNA repair template. While there have been strategies to mitigate this, 

including using smaller or engineered Cas9 variants [13], engineering the gRNA to be shorter, and 

splitting the delivery into two separate viruses, overall this is a challenge. 

Furthermore, viral vectors have a number of therapeutic concerns. For one, the use of viral vectors 

comes with a risk of insertional mutagenesis, i.e. the viral genome may be inserted into the host 

genome at a location that disrupts the function of the host cell, or in some cases even induces 

tumorigenesis [20]. For another, viruses may have immunogenic concerns, either in regard to eliciting an 

immune response in the host that can damage host organs, or even just by the host expressing 

antibodies against the virus due to exposure to similar wild-type viral strains over the course of their 

lifetime [21]. Viruses also suffer from an issue of controlled dosage; once the viral-encoded CRISPR 

genome is transfected into the host cell, that cell typically will constitutively express the construct. 

Researchers (or, ultimately, clinicians) can no longer titer the exact level of protein expression, nor can 

they stop the expression. While one advantage of genome editing may be that a single editing effect 

may be sufficient for the lifetime of the edited cell, viral delivery will result in continued Cas9 expression 

even after the therapeutic edit has been made. Studies have shown that this may result in increased 

likelihood of off-target editing events [22]. Finally, while it perhaps would ideally not be a concern in a 

world of sufficient scientific literacy, the issue of public perception is a reality that cannot be avoided. 

While viral vectors have been extensively engineered and tested to remove all possibility of virulence, it 

could be argued that a non-viral delivery vector may have benefits with regard to public perception, 

especially after the devastating effects of a viral pandemic has shaken the entire world so dramatically. 

1.4: Formats for nonviral CRISPR Delivery 
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For any CRISPR delivery application, the objective is to get a functional complex between the Cas9 

nuclease protein and the gRNA (referred to as a Ribonucleic-Protein complex, or RNP) present inside the 

nucleus of the target cell in order to effect the genome editing. It may seem as though the easiest way 

to achieve this is to form the RNP in the lab and then deliver it directly into the nucleus. However this is 

not the only method that has been pursued. In addition to direct RNP delivery, CRISPR can also be 

delivered as a DNA or mRNA molecule. In either of these formats, the nucleic acid molecule would be 

delivered into the cell, at which point the cell would express the Cas9 protein in situ based on the 

delivered template. Ultimately, the outcome would be the same (i.e., the presence of a Cas9 RNP inside 

the nucleus), however there are advantages and disadvantages to each delivery modality. The work 

presented in this thesis will focus largely on mRNA and protein delivery, but there are reports in the 

literature of successful Cas9 genome editing using any of these formats. In light of this, I will briefly 

discuss the strengths and weaknesses of DNA, mRNA, and protein delivery. 

1.4.1: DNA Plasmid Delivery 

Cas9 as well as gRNA can be encoded in a plasmid, a circular double-stranded DNA construct which 

contains the cargo gene as well as a set of promoters and other regulatory elements, and delivered into 

cells in the lab [22, 23]. The advantages of using plasmids lie in their cost and stability. Double-stranded 

DNA is incredibly stable, especially when compared with RNA molecules, and DNA is fairly inexpensive to 

synthesize using standard, easily available and commercial techniques. Plasmid DNA however, must be 

delivered not only through the cell membrane but also the nuclear membrane in order to become 

expressed by the cell, which may introduce additional delivery challenges. Once in the nucleus, there 

may be some risk of insertional mutagenesis, although there is some debate as to the extent of that risk 

[24]. There is also some evidence that plasmid delivery may induce an immunogenic response in the 

patient [25]. When using plasmid DNA for delivery, care must be taken that the correct promoter 

sequence is used for the target species, and possibly even target cell type, otherwise the expression may 
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be low or absent. Compared with Cas9 mRNA or RNP delivery, plasmid DNA delivery may have the 

longest lag time in between delivery and successful editing, and may also have the longest sustained 

expression of Cas9. While this may be advantageous in certain applications, there is also some evidence 

that the prolonged expression may lead to increased likelihood of off-target editing events [22, 26]. 

Recently, in vivo local injection of a plasmid encoding for Cas9 has been reported for the treatment of 

muscular dystrophy in a dog model [27]. 

1.4.2: mRNA Delivery 

In my research, I have used messenger RNA (mRNA) encoding for the Cas9 gene. mRNA only needs to be 

delivered to the cytoplasm, where it can be expressed by ribosomes, avoiding the need for delivery of 

the therapeutic compound all the way into the nucleus. Of course, the subsequent Cas9 protein which is 

expressed by the ribosomes must ultimately still be trafficked into the nucleus in order to interact with 

the chromosomal DNA for genome editing applications. However this can be accomplished somewhat 

readily via the inclusion of nuclear localization sequence (NLS) tags encoded in the mRNA, leveraging the 

cell’s native machinery to traffic the Cas9 into the nucleus. Cas9 mRNA delivery may result in a quicker 

onset of gene editing when compared with plasmid delivery, likely due to the time necessary for plasmid 

DNA to be first transcribed into mRNA intracellularly [22]. mRNA delivery results in transient expression 

of the encoded protein. Thus, while care must be taken that a dose of Cas9 sufficient to achieve the 

desired genome editing is reached before the mRNA is cleared by the cell, the transient nature may be 

leveraged to reduce off-target editing events as described above, and may be beneficial in the clinic to 

allow doctors tighter control over the precise dosage and duration of Cas9. Notably, mRNA delivery of 

Cpf1 has also been demonstrated [28]. This may be evidence of the power and flexibility of mRNA as a 

CRISPR delivery format. 
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One important facet to consider regarding the therapeutic use of mRNA is its relative instability. 

Generally speaking, RNA is less stable than DNA, and single-stranded nucleic acids are less stable than 

double-stranded. Thus, mRNA, as a single-stranded RNA molecule, is markedly less stable than plasmid 

DNA. Furthermore, RNase enzymes which degrade RNA molecules are ubiquitous both in the blood 

stream and intracellularly, and may even easily contaminate laboratory benchtop surfaces. mRNA 

therapeutic compounds must be handled very carefully by practitioners to avoid their unintended 

degradation before delivery, and likely should be delivered using a delivery vehicle which may protect 

the molecule in vivo from enzyme-mediated degradation pathways. Recent research has focused on the 

chemical modification of RNA molecules, which may serve both to increase the molecules’ stability, 

reduce susceptibility to enzymatic degradation, and even modulate the expression level inside the cell 

upon successful delivery [28-32].  

Another challenge to consider regarding mRNA delivery is the gRNA component. While plasmid or viral 

vectors can typically encode for both the Cas9 protein and the gRNA to be expressed via a single vector, 

a single mRNA molecule will encode for a single product. Thus, if Cas9 is delivered as mRNA, gRNA 

 must be separately delivered. On one hand, mRNA and gRNA are both RNA species, so it is likely that 

the same delivery vehicle will be appropriate for both targets. However, it is important to consider the 

timing of the delivery; in order for genome editing to occur, functional Cas9 protein and gRNA must be 

present in the cell nucleus at the same time. After Cas9 mRNA is delivered into a cell, there is a time 

delay while the mRNA is translated into protein in situ. If the mRNA and gRNA are delivered 

simultaneously, there may be a risk of the gRNA becoming degraded by RNases inside the cell during 

that lag time, effectively reducing the effective editing efficiency. Some groups have addressed this by 

delaying the delivery of the gRNA by up to 6 hours relative to the mRNA [33]. Other groups have instead 

focused on modifying the gRNA molecule to improve its intracellular stability and half-life [34, 35]. Based 

on the independent works of Yin and Finn, my research has relied on the use of gRNA which has been 
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“end-modified”; that is, the first and last three bases of the gRNA molecule contain an O-methyl 

modification on the ribose backbone, and are linked together via a phosphorotioate bond rather than 

the traditional phosphodiester bond. This end-modified gRNA can be purchased from Synthego or other 

companies.  In my hands, this has been the most effective approach, and is discussed further in the 

methods section. Outside of these approaches, some groups have used a hybrid approach, where the 

Cas9 is delivered in a mRNA format while the gRNA is delivered via viral genome, resulting in 

constitutive expression of the gRNA which can avoid the timing issue [36]. 

1.4.3: RNP Delivery 

Instead of delivering nucleic acids which instruct the cell to produce Cas9 protein, the Cas9 protein itself 

can be delivered into the cell. This delivery format is extremely difficult due to the large size and charge 

of the protein, but successful Cas9 protein delivery has been demonstrated by our group and others [37, 

38]. Notably, in vivo RNP delivery is incredibly challenging. A handful of groups have achieved local Cas9 

RNP delivery [26, 38-42]. However, systemic delivery of Cas9 RNPs was only achieved in June 2020 [43]. 

This relative lack of success contributed to inspiring my thesis research to focus on in vivo RNP delivery. 

In this approach, Cas9 protein and gRNA can be pre-complexed in the lab prior to delivery and delivered 

as a single unit, which may avoid some of the challenges of the expressed gRNA and protein to interact 

and complex in situ in the complicated intracellular environment. The delivery species must be delivered 

across the nuclear membrane to reach the genomic DNA, however protein engineering to fuse NLS tags 

can be employed to facilitate this [41]. Compared with both plasmid and mRNA delivery, RNP delivery 

can result in the most immediate occurrence of genome editing after delivery, due to the lack of the 

need to translate DNA into RNA and/or transcribe RNA into protein in situ [22]. RNP delivery may also 

result in reduced rates of off-target editing events [22, 26]. This is due to both the transient nature of 

RNP delivery as well as the likely relative low copy number found in the cells, relative to plasmid or even 
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RNA delivery where a single delivered copy may be amplified in situ via translation. Of course, the 

negative consequence of this is potentially very low rates of on-target editing as well. 

A potential advantage to protein delivery is the familiarity of the FDA with protein therapeutics. As of 

2017, almost 240 peptide and protein drugs have been approved by the FDA [44]. Granted that most (or 

all) of these are for drugs with an extracellular means of action, and that the FDA is sure to have 

increased scrutiny on any genome-editing drug, the fact remains that no mRNA therapeutics have yet 

been approved by the FDA, and the first small RNA therapeutics have only recently reached approval 

[45]. Interestingly, Moderna is pursuing a mRNA-based vaccine for the SARS-CoV-2 virus; if approved, 

this may be the first FDA-approved mRNA therapeutic. Safe protein expression protocols, understanding 

of dosing schemes and pharmacokinetics and pharmacodynamics already exist as institutional 

knowledge, and may ultimately prove beneficial to the use of RNP therapeutics.  

Interestingly, in my unpublished data, I have found that formulation of RNPs using the chemically end-

modified gRNAs results in improved editing efficiency in vivo, while making very little impact on editing 

efficiency in vitro. While more study would be necessary to further confirm this observation, it does 

shed light on how dramatically harsh the in vivo milieu is towards RNA entities. 

 

1.5: Delivery vehicles 

Delivery vehicles are carriers which can protect the delivery payload, carry it specifically to a desired 

target, and facilitate transport through the cell membrane and into the cell. For each of the delivery 

formats described above, some delivery vehicle is usually necessary. It has been shown extensively by 

our lab and others that large biomacromolecule cargos (such as plasmid DNA, mRNA, and large proteins) 

cannot readily be delivered into cells without the assistance of a delivery vehicle. 
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Viral delivery, which was described above, is uniquely both a delivery format and delivery vehicle; while 

other biomacromolecules may be delivered using a variety of different vehicles, viral delivery uniquely 

requires a viral genome format being delivered by a virus particle.  

It should be noted that physical delivery routes are similar to delivery vehicles in that they facilitate the 

delivery of large biomacromolecules across the cell membrane. Routes such as electroporation, 

hydrodynamic injection, and microinjection rely on physical disruption of the cell membrane, allowing 

biomacromolecules to pass through directly. Physical routes have been used extensively in vitro for the 

delivery of CRISPR cargos, and a more thorough discussion of these can be found in my review 

[17].However, generally speaking, these approaches do not scale well to in vivo delivery. Furthermore 

often the physical disruption may cause irreversible damage to the cell or allow pathogens to cross the 

membrane in addition to the desired cargo, so these are not recommended for therapeutic approaches. 

It is important to note their existence, but they will not be discussed here further. 

Chemical delivery, by contrast, is the use of additional materials (in addition to the therapeutic itself) to 

facilitate bypassing the cell membrane and other biological barriers, and to protect the cargo from 

degradation pathways. Chemical delivery may include chemical modification of the cargo itself, 

adsorption onto physical carriers, or encapsulation of the cargo within the carrier. An advantage of 

chemical delivery for in vivo therapeutic applications is the ability to further modify the vehicle to 

include cell- or organ-targeting moieties. Thus, in addition to protecting the cargo and facilitating 

transport into the cell, the vehicle may also facilitate delivery specifically to the organ of interest for 

therapeutic application. Our lab’s research focuses on lipid nanoparticle delivery vehicles. Here, I will 

briefly summarize other (non-lipid) delivery vehicles for context, and then explore a deeper discussion of 

lipid delivery vehicles. 

1.5.1: Chemical modification of the cargo 
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Proteins and nucleic acids can be directly modified to improve their stability, delivery efficacy, and even 

organ-targeting. This strategy can be applied both to provide an opportunity to directly deliver the cargo 

without encapsulation, or in conjunction with another delivery vehicle. Generally speaking, proteins may 

be modified in one of two different strategies. First, the protein may be engineered using molecular 

biology techniques. In this approach, the gene encoding for the protein can be engineered to directly 

fuse additional proteins, peptides, or moieties together. The result is an engineered fusion protein. 

Either the engineered gene may be directly delivered as a therapeutic, or the fusion protein may be 

expressed (in E. coli or mammalian cell culture) and purified, and the purified protein may be used as 

the therapeutic. This strategy has been frequently used by others (i.e. for the fusion of cell-penetrating 

peptides, discussed further below) [41], and has also been used by our lab, for example for the 

generation of a fusion between a hypernegative charged GFP with a Cre genome editing protein (-27-

GFP-Cre) [37]. In the second approach, purified protein stock can be reacted with additional chemical 

moieties using biochemistry and chemical engineering techniques. Our lab has utilized this strategy in 

the past for the delivery of other proteins [46, 47]. To date, this strategy has not been widely applied for 

CRISPR applications, but it may be applied in the future. Nucleic acids, by contrast, are most frequently 

modified via chemical synthesis 

A common chemical modification for the delivery of Cas9 is the use of cell-penetrating peptides (CPPs). 

CPPs are short peptide sequences that can be used to induce the transmembrane translocation of a 

bound cargo molecule [48]. Although the exact mechanisms are yet to be fully understood, CPP 

sequences used for research and therapeutics have often been found naturally-occurring in viruses, such 

as the Tat protein of the human immunodeficiency virus, or the nuclear localization sequence from the 

Simian vacuolating virus 40 [41, 48]. CPPs have been used for the delivery of Cas9, even in the absence 

of additional delivery vehicles, and have been conjugated to both the Cas9 protein as well as the gRNA 

to facilitate intracellular delivery. Nuclear localization sequences (NLS) operate on the same principle as 
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CPPs, except they traffic the bound particle specifically into the nucleus. NLS are also frequently used for 

CRISPR applications. In our lab, both the Cas9 protein and Cas9 mRNA which we use includes NLS. 

As discussed above, RNA molecules (including mRNA and gRNA) may be chemically modified to improve 

their stability. While this strategy is frequently used [28, 34, 35], it is typically in conjunction with 

another delivery vehicle, rather than used directly as a delivery vehicle. Chemical modification of both 

the gRNA as well as HDR donor DNA has been demonstrated  [49] and may warrant future study. 

1.5.2: Polymeric delivery vehicles 

Polymeric delivery vehicles are popular potential drug delivery carriers, with many examples currently 

under FDA review [50]. While there are many classes of polymers which may be used as drug delivery 

vehicles, the most frequently used are sugar-based polymers such as chitosan, or polymers based from 

synthetic monomers such as poly-caprolactone (PCL) or poly-lactic/glycolic acid (PLGA) [51]. Polymeric 

encapsulation may protect and conceal the cargo from in vivo degradation, and may be functionalized 

with active targeting ligands which may help direct the cargo delivery to a particular cell type. However, 

polymeric delivery vehicles tend to suffer from high toxicity, especially those constructed from synthetic 

chemical monomers. This may be a result of the polymer degradation after delivery resulting in high 

local concentrations of these synthetic monomers. CRISPR-specific applications of polymeric delivery 

vehicles are not extremely common, although a recent study successfully used a variety of polymers to 

stabilize Cas9-gRNA-HDR complexes for intracellular delivery in vitro, finding poly-glutamic acid (PGA) to 

be particularly effective [52].  

Nucleic acids are themselves polymers, and a recent study has demonstrated the use of nucleic acid 

carriers for Cas9 RNP delivery [53]. While this study showed some efficacy, nucleic acid carriers may 

ultimately not provide sufficient protection against nuclease degradation in vivo, and thus may warrant 

combination with other delivery vehicles. Further study may be warranted. 
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1.5.3: Inorganic delivery vehicles 

Nanocarriers composed of inorganic materials such as gold, silica, and carbon nanotubes, have all been 

used as drug delivery vehicles. This type of nanoparticle may be extremely colloidally stable, and the size 

and properties of inorganic nanoparticles may be more precisely controlled than other nanoparticle 

types. In particular, gold nanoparticles have been extremely promising for CRISPR delivery [54]. Prior to 

the very recent work out of the Siegwart group, the most successful in vivo delivery of Cas9 RNPs had 

been accomplished using a gold nanoparticle, termed CRISPR-Gold[38, 40]. In these studies, successful in 

vivo Cas9-mediated genome editing and specifically HDR have been observed. 

1.5.4: Lipid Nanoparticles 

Lipid nanoparticle delivery vehicles are the core tool of the Xu Lab, and the exclusive delivery vehicle for 

all of my experiments. Lipids are amphiphilic organic molecules composed of a hydrophilic head group 

and an aliphatic tail group, which spontaneously form nanoparticles in an aqueous environment. Lipid 

nanoparticles have been particularly popular for delivery of CRISPR components. Lipid-based drug 

carriers are frequently approved by the FDA, from the earliest approvals in the 1980s [55] to the recent 

approval of Patisiran [56]. The commercial lipid transfection agent Lipofectamine is a well-established 

delivery vehicle for nucleic acids generally, and is often considered a gold standard for in vitro delivery of 

CRISPR nucleic acids or even proteins [26, 28]. However, Lipofectamine is known to be fairly toxic to 

cells, so a variety of other natural and synthetic lipids are more popular for in vivo delivery applications, 

including the synthetic lipid termed DLin-MC3-DMA, which is the FDA-approved delivery vehicle for the 

siRNA drug Patisiran [57].  Generally, cationic lipids are used, as their positive charge can aid in forming 

electrostatic complexes with negatively charged nucleic acid cargos, including Cas9 mRNA or gRNA. This 

application is very well-documented [28, 34, 35, 57]. Recently, these same cationic lipids have 

demonstrated efficacy for the delivery of Cas9 RNPs as well [37]. 
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One notable advantage to lipid nanoparticles are the diversity of chemical properties that can be 

exhibited by lipids. This advantage can be leveraged via the use of a combinatorial library of synthetic 

lipidoids, or lipid-like materials. The combinatorial strategy was made famous by Langer and Anderson, 

and has been extensively used by the Xu Lab and others [46, 58-61]. In this approach, a library of 

lipidoids is assembled from a chemically diverse set of amine-containing head groups, and a chemically 

diverse set of long-chain tail groups. The power of the library lies in the fact that any one head may be 

reacted with any one tail via simple Michael addition reaction to result in a novel lipidoid material that 

exhibits drug delivery and self-assembly properties [58]. Due to the combinatorial nature, the addition 

of one new chemistry to either the head or tail group sets results in dozens of novel delivery vehicles, as 

that single new entity can be combinatorically combined with any or all of the existing entities in the set 

(i.e. one single new head group may be reacted with any/all of the existing tail groups in the library, 

resulting in dozens of new lipidoids). The focus of the Xu Lab has been the use of bioreducible tail 

groups. These lipids contain a single disulfide bond within the aliphatic tail chain. This disulfide bond can 

be cleaved specifically in the reducing intracellular environment. This can both facilitate the release of 

the cargo from the nanoparticle upon delivery, as well as reduce the toxicity of the lipid to the cell due 

to the ease of degradation. Recently our group has expanded our lipid library by way of adding 

additional chemistries to both the head group and tail group chemistries. Notably, we have explored the 

use of neurotransmitter-derived amines as head groups for lipids, for the purpose of achieving delivery 

across the blood-brain barrier [62]. We have developed a number of changes to the tail structure, 

including the inclusion of chalcogen atoms in the linker molecule to provide additional chemical diversity 

[63], the inclusion of cholesteryl-based structures within the hydrophobic tail group to improve 

biocompatibility [61], the variation on specific head-group structures to carefully examine structure-

function relationships [64], and other variants. 
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Lipidoids may be formulated with excipient lipids and lipid-like materials during the construction of the 

nanoparticles to alter the ultimate physiochemical properties and deliver capabilities of the particles. 

The most frequently-used excipients in our lab are cholesterol, phospholipids (such as 

DOPE,DSPE,DSPC), and lipid-tethered Poly(ethylene glycol) (PEG). Notably, our lab has demonstrated 

that LNPs can demonstrate intrinsic organ-targeting capabilities, either via the chemistry of the active 

lipidoid compound, or through the particular formulation of excipient lipids. This makes the LNP drug 

delivery system extremely powerful for in vivo delivery. In addition to any intrinsic properties of LNPs, 

the nanoparticles could also be functionalized with active targeting moieties to further improve delivery 

specificity. 

1.6: Scope 

In this thesis, I present my work developing and optimizing lipid nanoparticle formulations to achieve in 

vivo nonviral CRISPR-mediated gene editing. I present my methods and techniques learned over 5 years 

of research. I show my extremely promising results, in collaboration with other members of our lab, 

regarding in vivo Cas9 mRNA delivery. I demonstrate significant progress towards achieving in vivo Cas9 

protein delivery, and I discuss my progress towards developing a method for rapid in vivo screening of 

the combinatorial lipid library. 

1.7: Objectives and Aims 

The objective of my thesis is to develop functional, therapeutically relevant levels of Cas9 genome 

editing in vivo, using lipid nanoparticle-mediated delivery of Cas9 in either the mRNA or the protein 

format. As described above, the therapeutic application of CRISPR gene editing technology is largely 

hindered by the lack of suitable nonviral delivery vectors. My objective is to develop the application of 

the Xu Lab Combinatorial Lipid Library to address this gap in the field. 

To accomplish this, I have set forth three research aims. First, I aim to develop a lipid nanoparticle 

delivery platform to achieve specific and efficient co-delivery of Cas9 mRNA with sgRNA to the liver, and 
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to use this platform to achieve therapeutically relevant genome editing of the Angptl3 gene. The 

development of liver-specific LNP delivery platforms has already seen some therapeutic success for the 

delivery of siRNA, but has not yet been demonstrated for therapeutic Cas9 delivery. I aim to 

demonstrate our LNP platform as a therapeutically viable platform for in vivo genome editing. The 

model gene Angptl3, involved in cholesterol regulation, was chosen as the target for study, due to its 

recent consideration as a potential therapeutic target for hypercholesterolemia. 

Second, I aim to achieve local in vivo delivery of Cas9 protein into the Gastrocnemius muscle. The 

advancement of nonviral delivery for Cas9 proteins remains somewhat less advanced than that for Cas9 

mRNA. Much of the success to date has been with the local injection of Cas9 protein. Therapeutically 

relevant intramuscular Cas9 protein delivery for the treatment of Duchenne Muscular Dystrophy has 

been demonstrated, but the success has been modest. In light of this, I aim to optimize our LNP delivery 

platform to improve the intramuscular delivery of Cas9 protein. 

Finally, I aim to develop a high-throughput screening system, using CRISPR-Cas9 genome editing, to 

enable rapid in vivo screening of the combinatorial lipid library. The Xu Lab combinatorial lipid library 

contains thousands of potentially effective delivery vehicles. While these materials can be effectively 

screened in vitro, there is not yet an effective way to screen a large number of lipids to determine their 

in vivo efficacy. Such a screening method will be necessary to efficiently determine the optimal lipids 

from among the library for a given application, and thus would contribute significantly to the rate at 

which the developments of the Xu Lab may be translated into technologies that can benefit human 

health. 

Chapter 2: Methods 
2.1: Introduction 
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 The primary expertise of the Xu lab is in chemical synthesis and drug delivery. My thesis 

research, while focusing on the drug delivery challenges surrounding the therapeutic delivery of CRISPR 

components, has required me to become proficient in many of the molecular biology underpinnings of 

CRISPR functionality itself. A significant portion of my time was devoted to establishing the groundwork 

necessary to accomplish CRISPR research in the Xu lab. While this foundation was not novel to the 

CRISPR field (and in fact much of it was directly learned from spending time in Dr. Zhang’s lab, with 

tremendous help from Dr. Xin Jin, Dr. Mary Haas, and Linyi Gao, for whom I am extremely grateful), 

there was very little institutional knowledge of these procedures within the Xu Lab or the Tufts 

Biomedical Engineering department at the time I began this work. 

 As the focus of the Xu Lab will continue to progress more and more towards applications for 

CRISPR delivery, the existence of these groundwork protocols will be more and more beneficial. For 

example, the successful in vivo delivery of Cas9 mRNA to the liver for editing of the Angptl3 gene 

presented in Chapter 3 was a relatively rapid project. The process from CRISPR guide design to 

publishable data took mere months, thanks in part to the prior years’ worth of developing groundwork 

protocols. Protocols for guide design, primer design, NGS sequencing, and so forth, all had had needed 

optimization for our hands and tools available, but by the time the Angptl3 project began each step 

worked smoothly and successfully on the first try, allowing for rapid progress on this particular project. 

As the Xu Lab continues to develop novel drug delivery applications for targeted in vivo CRISPR genome 

editing, it will be imperative that the knowledge base be maintained to continue the ability to rapidly 

develop new targets. 

 The purpose of this section is not only to report on the methods of my work, but to provide a 

concise protocol for these procedures, which may be shared down through future members of the Xu 

Lab. Again, I cannot claim to have developed these techniques.  However, I have assembled a process 

which I have found to be the most efficient and effective, taking from a variety of different sources. 
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Following the process as laid out here would be much quicker than attempting to assemble these 

protocols again from the various primary sources. As such, the following protocols are written in a 

format for ease of use for future lab members, rather than in a formal manuscript format. 

2.2: Process overview 

1. CRISPR Pre-Experiment Preparation 

a. Selection of genomic target 

b. Design of sgRNA sequence 

i. Design of Cas9 sgRNAs 

ii. Design of Cpf1 sgRNAs 

c. Design of templates for homology-directed repair (HDR) 

d. Design of PCR Primers 

e. Ordering or synthesizing oligonucleotides. 

2. Nanoparticle Formulation 

3. Genomic analysis of CRISPR Experimental Results 

a. DNA extraction 

b. Electrophoresis-based analysis of results 

i. T7E1 cleavage assay 

ii. SapI Cleavage assay 

c. Sequencing-based analysis of results 

i. Sanger Sequencing and TIDE 

ii. Next-Generation Sequencing 

2.3: A Note on Benchling 

 Benchling (www.benchling.com) is a website originally designed as a digital lab notebook. While 

I do not rely on it as my primary notebook, I have found it to be an incredibly valuable tool for organizing 

any projects involving genome editing. While many tools can be found online for CRISPR guide sequence 

design, benchling is unique among the tools I have found in that it allows you to save and annotate DNA 

sequences. Benchling keeps an “inventory” of DNA sequences that the user has worked on. For any 

gene, Benchling will find the complete genomic sequence from a database, automatically annotate the 

http://www.benchling.com/
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exons and the translated amino acid sequence, and then save a private copy of this sequence to my 

personal inventory.  I can then further annotate my private copy of this sequence. For example, I can 

make note of my PCR primers directly on the genome sequence. I have found such a simple tool to be 

incredibly valuable. In addition to the obvious reasons (such as keeping a backup record of the guide 

RNA and PCR primer sequences for future reference / re-purchasing needs), I can at-a-glance check the 

predicted PCR product size, the predicted distance from the PCR primer to the gRNA cutting site, and 

even the exact predicted PCR product sequence to compare against sequencing results. I can design and 

annotate HDR repair templates directly onto the genomic sequence. The fact that the translated amino 

acid sequence is directly displayed allows for understanding of how frameshift or point mutations in the 

genome will affect the protein, and can help to design HDR repair templates to correct these mutations. 

Most importantly, all of these annotations are saved to the cloud, and thus can be referenced from 

anywhere with internet access. I have found this invaluable. Applications include (1) making notations at 

the office, and then referencing the notations in the lab; (2) designing oligos to order, and then 

accessing them in the main office for ease of purchasing; (3) discussing the CRISPR designs with 

collaborators, or with the sequencing core facility. 

 Of course, as with all tools Benchling has limitations. I prefer to use NCBI for PCR primer design. 

Benchling cannot predict editing efficiency of Cpf1 guides. Finally, while it can give an “off-target score”, 

it is not great for identifying potential off-target loci, or comparing for cross-species reactivity. Flaws 

nonwithstanding, Benchling is an incredibly powerful tool. 

 

2.3: CRISPR Pre-Experiment Preparation 

 

2.3.1: Selection of the genomic target and editing effect for CRISPR genome editing 
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 When beginning a CRISPR delivery project, the selection of the genomic target and the CRISPR 

tool are intertwined. For CRISPR delivery, the exact delivery cargo components will vary depending on 

whether the objective is simple genomic knockdown, homology-directed repair / knock-in, or even 

single-base editing. The selection of which of those applications is necessary is directly tied to the 

desired therapeutic outcome.  

 From a delivery perspective, the simplest CRISPR application may be genomic knockdown. 

Delivery of Cas9 along with a single gRNA results in a double-stranded break, which will most frequently 

be repaired by the cell using Non-Homologous End Joining (NHEJ). The NHEJ repair is error-prone and 

frequently results in a frameshift mutation that renders the entire protein non-functional. This type of 

knockdown would be suited to knock down the expression of a protein which is overexpressed. This is 

also the type of knockdown which I used in Chapter 4 to knockdown Angptl3, and that has been used by 

others to knock down PCSK9, Fah, Ttr among other targets [13, 34, 35].This type of knockdown may also 

have applications for disorders which result in aggregation of a misfolded protein, for example in the 

case of ALS [65]. In these instances, while complete correction of the misfolded protein may yield the 

best results, there is evidence that knockdown of the protein expression to limit the aggregation may 

also be therapeutically relevant. Another possibility is the use of CRISPR in signaling pathway disorders. 

In these disease cases, a genetic mutation has resulted in the loss-of-function of an intracellular entity 

which itself would typically serve as an inhibitor of some downstream pathway. The loss of the inhibitor 

results in the overexpression of the downstream components. In this case, CRISPR-mediated knockdown 

of the downstream component may be beneficial, although it may be difficult to titer the dose to 

achieve the appropriate levels of expression.  

Often, an efficient way to select potential genome knockdown targets is to search for siRNA drugs 

currently undergoing clinical trials. The field of siRNA therapeutics is slightly more advanced than the 

field of CRISPR therapeutics, and the siRNA technique also relies on knockdown / reduction of 
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expression. Thus, it may serve as a good guide for identifying the types of disorders which could be 

effectively treated with CRISPR knockdown. Finally, there has been some research into using simple 

NHEJ mutations to induce alternate exon splicing. In this case, generating a point mutation at precisely 

the splicing location has been demonstrated to interfere with the gene splicing mechanism in a way that 

can result in targeted skipping of a particular exon. This has been applied in the case of DMD [66]. 

However my research did not focus strongly on this feature. 

 For genomic disorders which cannot be repaired via knockdown alone, additional delivery 

components are necessary. One particular challenge is the fact that many genetic disorders result in 

point mutations. Efficient repair of this single-base mutation may be the best conceptual treatment; 

however standard CRISPR-Cas9 is not the best tool for this application. There has been tremendous 

work out of David Liu’s lab at Harvard developing single-base editors, engineered CRISPR proteins fused 

with enzymes that can convert one base to another [14]. In my research however, I did not spend much 

time on delivery of base editors. Another technique is Homology-Directed Repair (HDR). In this 

technique, an additional component, known as a repair template or sometimes as an oligo donor 

nucleotide (ODN) must be delivered to the cell in addition to the CRISPR components. The repair 

template should be designed to have regions of DNA homologous to the genomic DNA on either side of 

the CRISPR cutting site (these regions are known as “homology arms”). Between the homology arms, the 

repair template can contain a section of DNA to be inserted [67]. This allows for much greater specificity 

of induced mutation, at the cost of reduced editing efficiency. This has been used to repair point 

mutations, such as in the case of DMD [38]. Reports in the literature vary on the length of genomic 

sequence which can be inserted in this manner, but at minimum this can be used to make a targeted 

change up to multiple amino acids, and some reports claim very large-scale insertions. 

2.3.2: Design of sgRNA sequence for Cas9 genome editing—genomic knockdown applications 
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It should be important to note that, when designing Cas9 sgRNA, the sgRNA binds to the DNA 

strand complementary to the strand containing the PAM (See Figure 2.1). Thus when reading the sgRNA 

in a 5’-3’ manner, the gRNA will be the complement to the strand that is the complement to the PAM 

strand—in other words, exactly the same sequence as the strand containing the PAM. For ease of 

reference, we can consider the “target sequence” as the 20 DNA bases immediately preceding the PAM, 

on the same strand as the PAM, and the gRNA sequence as the same as same sequence as the target 

sequence, except using the RNA base uracil instead of thymidine. 

 

 

 

Tools used: 

NCBI Gene Database (https://www.ncbi.nlm.nih.gov/gene/) 

Benchling (www.benchling.com) 

Uniprot (www.uniprot.org) 

Cas Off Finder (http://www.rgenome.net/cas-offinder/) 

Figure 2.1: 

Schematic of gRNA complementarity to genomic DNA. The “target sequence” (shown here in green) is a 
20-nt sequence found in the genomic DNA immediately upstream of the PAM site (shown here as NGG). 
The gRNA binds to the genomic DNA that is complementary to the target sequence (shown in red). Thus, 
when read in the 5’-3’ direction, the gRNA sequence is identical to the “target sequence”. Note that this 
is the correct orientation for spCas9. Other CRISPR variant proteins may have a different orientation; for 
example the Cpf1 PAM site is located upstream of the target sequence. 

https://www.ncbi.nlm.nih.gov/gene/
http://www.rgenome.net/cas-offinder/
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1. I recommend to have each of NCBI, Benchling, Uniprot, and Cas Off Finder all open in separate 

windows / tabs, for ease of reference. 

 

2. Search for the genomic target gene on NCBI, and verify the genome name, chromosome 

location, and any potential gene aliases. 

 

3. In Benchling, go to “CreateCRISPRCRISPR Guides”, and search for your gene name. Be sure 

you are designing guides for the experimental species (e.g. experiments to be performed in 

mouse must use a guide RNA designed for the mouse genome) and verify that the chromosome 

location matches with the NCBI search. 

 

4. For designing SpCas9 guides, all the benchling default settings (single guide, 20-base guide, NGG 

PAM, etc) should be correct for most common applications. 

 

5. Benchling will open a window containing the full genomic sequence of the gene, with the Exons 

(transcribed regions) highlighted and the protein amino acid sequence shown. 

 

6. In UniProt, search for the protein coded by your genomic target. Under “PTM / Processing”, you 

will find information about any propeptides or subchains which are cleaved off prior to the final 

protein product. For the avoidance of doubt, try to avoid designing a guide sequence which 

targets a region coding for a propeptide.  Under “Family and Domains / Region”, you will find 

information about which portion of the peptide contains the active site. To maximize protein-

level knockdown, try to design a guide sequence that targets a region coding for upstream of 

the active site, or directly within the active site. However, Doench 2016 reports that a successful 

frameshift mutation at any position may result in a total loss-of-function of the protein product, 

so do not worry too much about the exact position of the cut site [68]. Doench found editing 

earlier in the protein is better, but there is still some efficacy further downstream in the 

sequence. 
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7. In Benchling, click-and-drag to select the genomic DNA sequence corresponding to an exon 

which codes for amino acids, following the guidelines from step 6. Once the region is selected, 

press the green “+” symbol on the right-side panel.  You may select multiple regions—once you 

have pressed the green +, simply select another region of DNA (i.e. another exon), and press the 

+ again. This process can be repeated as many times as desired.  

 

NOTE: Doench 2016 reports a dramatic reduction in protein knockdown efficiency when the 

guide sequence targets the final 10% of the total amino acid sequence. Try to select DNA regions 

as far “upstream” as possible to avoid this challenge. 

 

8. Benchling will populate a list of potential guide sequences—basically every instance of 20 bases 

that immediately precedes a “NGG” in the region you selected. Each guide will be provided with 

two “scores”, both on a scale from 0 (worst) to 100 (best). “On-Target Score” predicts how 

efficiently a guide will successfully edit the target based on Doench 2016. I recommend to use 

an On-Target Score higher than 70.  Off-Target Score predicts the likelihood that the guide will 

successfully edit an unintended genomic locus, based on Hsu 2013 [69]. Chose the highest Off-

Target Score available.  However, note that for certain gene targets, it may be difficult to find a 

guide with a high Off-Target score. If this is the case, a guide with high on-target score may be 

selected, and extra care taken to check for adverse effects or off-target editing events. 

 

I recommend to select 3-5 potential guide sequences at this stage, and perform the off-target 

analysis described below for each potential guide. Based on the off-target analysis, finally 1-3 

guides may be selected for experimental use. 

 

If this process has not identified a sufficient guide, it is possible to return to Step 7 and select 

additional exon regions of DNA to search for new guides.  As per Doench 2016, it should be 

possible to generate a complete loss-of-function from a guide sequence found anywhere within 

the gene, but knockdown is most likely to be effective when the target sequence in the first 50-

70% of the gene sequence. To save time, I typically only select the first several exons initially 

(perhaps the first 10-20% of the gene sequence). Often a successful guide sequence can be 

found in this region, but if none can be found it is easy to expand the search to additional exons 
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a few at a time until promising guide sequences are found. 

 

9. To further check for off-target editing events, go to Cas-Off-Finder. This program directly 

compares the gRNA target sequence against the entire genome to identify specific sites where 

the gRNA may bind the genome. Select the PAM type (typically SpCas9 5’-NGG-3’). Scroll down 

the page to select the species of interest. I recommend to perform this analysis twice—one time 

in your experimental species (i.e. mouse), and a second time for human to check for any risks 

due to unintended exposure.  

 

10. Under Query Sequences, copy/paste in the Cas9 Target Sequence. The 3 settings on the right 

side indicate how precisely the designed gRNA sequence must match the genomic sequence to 

be included in this search. For example, Mismatch Number of 0 means that you will only search 

for locations that exactly match all 20 bases of the gRNA sequence. Mismatch Number of 1 will 

find locations where any 19 out of 20 bases match. I typically select “2” for all settings. 

 

Note: This software searches for mismatches regardless of location within the gRNA sequence. 

Certain studies have found that the Cas9 protein is more tolerant to mismatches at different 

positions within the gRNA sequence (e.g. Hsu 2013, Zhang Lab). Specifically, a mismatch close to 

the PAM (7-8 base) are least likely to result in an unintended editing event, while mismatches far 

from the PAM are more likely to be permissive of editing events. You may manually take this into 

account—the software will not consider this, but will show you where the mismatch is located. 

 

11. Click “submit”, and wait for the analysis to be performed. This may take several minutes. Once 

the results are generated, I find it easiest to select “download results”. This will download a text 

file to your computer, which may be opened directly with Excel, or else the results copied and 

pasted into an excel spreadsheet. 

 

12. If you were searching within the target organism (i.e. mouse), it is expected to find one exact 

match (0 bulge, 0 mismatch). This should be the intended target site. Check the described 

chromosome location against benchling / NCBI gene to confirm this.  If there are multiple exact 

matches within the same organism, then this likely is NOT a good gRNA sequence to use. Return 

to step 8 of this protocol and select another guide sequence. 
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If you are designing a guide for editing in mouse, and this software find an exact match in the 

human genome (0 bulge, 0 mismatch), proceed with extreme caution. In the case of accidental 

exposure to functional Cas9 / gRNA complex, this has the potential to edit your own genome. If 

possible, it is best to return to step 8 of this protocol and select another guide sequence that 

does not match the human genome. 

 

13. The software will likely identify a number of potential match sites containing some number of 

mismatched bases or DNA/RNA bulges—this is unavoidable. I prefer to sort the list by Mismatch 

Number. For low mismatch counts, check the chromosome location and position. Often, the 

mismatches found are actually still within the target gene of interest, and are thus not a 

concern. 

 

14. For all other mismatches, I recommend to keep these locations in mind as you proceed with 

your experiments, and to experimentally check for off-target genome editing if necessary. 

However the presence of these mis-matches should not automatically rule out a potential gRNA 

sequence. For example, in our ANGPTL3 experiments described in Chapter 4 of this thesis, Cas-

Off-Founder identified off-target sites with a mismatch of 1 and bulge of 1. This is among the 

smallest deviation possible (closest to an exact match), yet after interrogating this site via NGS, 

we found no off-target editing occurred. 

 

15. A guide sequence that has been determined to be acceptable using this computational protocol 

may then be selected and used for experimental purposes. 

 

2.3.3: Design of sgRNA sequence for Cpf1 genome editing—specifically genomic knockdown 

Tools used: 

NCBI Gene Database (https://www.ncbi.nlm.nih.gov/gene/) 

Benchling (www.benchling.com) 

Uniprot (www.uniprot.org) 

https://www.ncbi.nlm.nih.gov/gene/
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Cas Off Finder (http://www.rgenome.net/cas-offinder/) 

rgenome Cpf1 tool (http://www.rgenome.net/cpf1-database/) 

1. Follow steps 1-6 for Cas9 gRNA design.  Note that at the time of this writing, Benchling can 

identify Cpf1 PAM sites, but it cannot assess “on-target score” or predict editing efficiency. As 

such, I prefer to use other tools for the actual guide design. However, I still find Benchling’s copy 

of the gene sequence to be incredibly useful for annotating guide sequences, primer sequences, 

etc.  By proceeding as though you were designing gRNA, Benchling will add a copy of the gene to 

the “inventory”.  You can then simply skip the gRNA design steps, but use the copy of the gene 

for annotation. 

 

2. Open the rgenome Cpf1 tool. Select the organism which you would like to design a guide RNA 

for, and type the name of the gene in the search bar. 

 

3. rgenome may find only 1 gene, or it may find many genes with similar names. Make certain that 

the gene symbol and ID match your target gene ID from NCBI database, then select the green 

“Quick Info” button. 

 

4. At the top of the screen will be many filter settings.  The defaults are typically OK. Here are 

some guidelines: 

a. “Out-of-frame score more than X” is likely the most important setting. I recommend to 

select the guides with the highest possible out-of-frame score. 

b. “# of mismatches” attempts to screen out guides with likely off-target cleavage sites. If 

it is difficult to find a good guide sequence, I recommend to make this filter the most 

permissive (select N, N, N), and then follow the off-target analysis described in Step 5 

below: 

c. I do not know if “starting with G at 5’ end” is necessary. If possible to design 2 guides, I 

suggest designing one with the highest out-of-frame score regardless of G, and design 

the other one with the highest out-of-frame score among those guides starting with G at 

5’ end. 

d. Please note that “relative cleavage pos in CDS” reflects where in the amino acid 

sequence the cut site will be found. Please follow the suggestions described in step 6 of 

http://www.rgenome.net/cas-offinder/
http://www.rgenome.net/cpf1-database/
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the Cas9 sgRNA design protocol (i.e. try to avoid pro-peptides, design guides as “early” 

in the sequence as possible [e.g. 50% or less], upstream of active sites, etc). 

 

5. To check for off-target editing sites, follow steps 9-15 of the Cas9 gRNA design protocol for using 

the cas-off-finder tool. Be sure to select the correct PAM type (i.e. AsCpf1: 5’-TTTN-3’) 

2.3.4: Design of sgRNA sequence and repair template for Homology-Directed Repair (HDR) genome 

editing 

 

 Homology-Directed Repair (HDR) is a method for inducing specific mutations in the genome, by 

way of cutting the genome via CRISPR and then providing the cell with a template DNA molecule which 

is homologous to the target gene on either side of the mutation site. In brief, the template molecule is 

designed to contain two “homology arms”, one arm for upstream of the cut site and another for 

downstream, with a sequence for insertion found between the arms. Under the proper circumstances, 

the cell will use the template DNA molecule to guide the repair of a CRISPR-induced double-stranded 

break, resulting in the insertion sequence to be permanently incorporated into the genome.  

In practice, the design process for sgRNA sequences for HDR applications is very similar to the 

design of guides for NHEJ-mediated knockdown applications. The major difference is in the location of 

the cut site. For NHEJ-mediated genome knockdown, the objective is to reduce the expression of the 

protein. Any frameshift mutation anywhere within the gene sequence which results in this knockdown is 

sufficient, so the exact position of the gRNA sequence is less consequential.  

For HDR applications, the objective is to induce a specific mutation at a specific point within the 

genome. Thus, the target site is restricted to the region very close to the desired mutation site. For 

NHEJ, it is typical to search through multiple genomic exons in order to find the guide sequence 

predicted to be most efficient, with the least likelihood of off-target editing.  For HDR applications, we 

do not have this luxury. The optimal situation is to design a target sequence to cut exactly at the 
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position of the intended mutation. However, the location of target sequences is determined by the 

presence of appropriate PAM sequences. Sometimes it is simply not possible to find a PAM sequence at 

the desired location. The development of alternate nucleases with different PAM sequences (i.e. AsCpf1 

using TTTN rather than the SpCas9 using NGG) helps to expand the space of possible locations. 

Additionally, there has been work into engineering the nuclease itself to accept alternate PAM 

sequences, which would further expand the space. Even if an appropriate target sequence/PAM 

combination can be found, we are still limited by the predicted efficacy at that site. 

In my hands, there is still some efficacy even if the mutation site is located nearby the nuclease 

cutting site. For HDR applications, we typically provide a template DNA molecule around 120 bases in 

length (exact length depends on the length of the insertion sequence). It is best if the cut site is found as 

close as possible to the mutation site.  In my experience, at minimum the cut site should fall within the 

span of the repair template, so that the homology arms will span the Cas9 cut site. Even if the cut site is 

not adjacent to the mutation site, if the homology arms span both the mutation and cut sites, it may still 

be possible to achieve the correct mutation repair. 

For the design of the repair template, I largely rely on the study in Nature Biotechnology by 

Richardson, et. al. [67]. Richardson reports that the best HDR results are gained from using a donor DNA 

template that is single stranded (sometimes referred to as single-stranded Oligo Donor Nucleotide, or 

ssODN), “complementary to the non-target strand”. The non-target strand, by the nomenclature of that 

manuscript, is the strand which contains the PAM site, therefore the ssODN sequence should be that of 

the strand complementary to the PAM site. Richardson reports the ssODN should contain 36 bases of 

homology on the PAM-distal side (i.e., if you assume that a DSB has been generated, there are 36  
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bases of homology on the side of the cut that does not contain the PAM), and 91 bases of homology on 

the PAM-proximal side. See Figure 2.2 for a schematic detailing this.  

 

Notably, the Richardson paper designed the mutation site to be precisely located at the 

insertion site. As a practical example, I used the ssODN sequence published by Lee and Murthy, et. al. 

for my experiments with the DMD mouse model [38]. This ssODN was designed to essentially delete 13 

bases and replace them with a different 13 bases. The Cas9 cut site was found at position 11 of the 

bases intended to be deleted. While Murthy’s template did not exactly follow Richardson’s rules, the 

principle is instructive. Murthy’s ssODN was homologous for 80 bases upstream of the insertion site, and 

for 33 bases downstream of the insertion site. This means that for 11 bases upstream and 2 bases 

downstream of the Cas9 cutting site, the ssODN was not homologous to the genomic DNA. In both my 

hands and Murthy’s report, this was sufficient to successfully generate the targeted insertion of those 

13 bases, although the efficiency was fairly low. This may be instructive of the permissivity of the ssODN 

design. 

2.3.5: Methods for generating gRNA molecules 

 

Figure 2.2: Schematic of design of single-straned oligo donor nucleotide (ssODN) for homology-directed 
repair: 

As described in Richardson 2016, the sequence of the SSODN should be the same sequence as the DNA 
strand complementary to the strand containing NGG (depicted here as a red sequence). The inserted DNA 
sequence (depected here as yellow) should ideally be inserted at the Cas9 cut site if possible. The ssODN 
should be 91-nt long on the PAM-proximal side, and 36-nt on the PAM-distal side 
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 After a target sequence has been identified and gRNA sequence designed, it is necessary to 

generate or obtain a stock of RNA to use for experimental applications. I have used a number of 

methods across my experiments, which all vary in terms of scale, cost, time, and effectiveness. 

 The scale of RNA produced is of major concern, particularly when it comes to in vivo 

experiments. Consider that, for in vitro delivery to a single well of a 48-well plate culture, 7.5 pmol of 

gRNA is typically sufficient to generate detectable levels of genome editing. For one young mouse (5-7 

weeks old, C57), the typical dose may be 1 nmol of gRNA. In other words, a single animal requires nearly 

three orders of magnitude more gRNA than a single well of culture. We have evidence that the in vivo 

genome editing is dose-dependent in certain circumstances, and relies on multiple repeated dosing in 

certain circumstances. Also, simple N=3 animals is sometimes not sufficient to generate statistically 

powerful results in vivo.  Taken together, an in vivo experiment requires a tremendous amount of gRNA. 

As a result, before synthesizing or purchasing gRNA, it is important to consider the applications. A 

method which may be appropriate for cell culture applications may be hugely inefficient for in vivo 

work, and conversely a method at a scale for animal experiments may be unnecessary for in vitro work. 

 After scale, the next most important concern is chemical modification. In vivo, in addition to the 

biochemical and immunological barriers opposing drug delivery, there are RNases both intracellularly 

and in the blood stream which will degrade any RNA-based drug molecule, dramatically reducing the 

efficacy of the delivery, which in the case of Cas9 gRNA means reduced editing efficiency. Chemical 

modification of the gRNA molecule has been demonstrated in the literature to dramatically improve 

editing efficiency of LNP-mediated CRISPR delivery in vivo [34, 35]. My experiments have confirmed this 

in vivo, however in vitro experiments appear to be less reliant on chemically-modified gRNA. The most 

effective chemical modifications reported in the literature are specific modifications to precise 

nucleotide bases dispersed throughout the length of the gRNA molecule. Notably, while this may be 

referred to as “fully modified gRNA” for simplicity, this is specifically NOT a modification of every base in 
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the gRNA. Yin has strongly demonstrated that modification of every base in the molecule actually 

inhibits Cas9-mediated gene editing, as the chemical modifications interfere with the protein-gRNA 

interaction. Instead, the modifications only occur at precise locations throughout the strand, to 

maximize the protective effects of modification while minimizing the obstruction of the protein-gRNA 

interaction. As a result, this “fully modified” gRNA is extremely expensive, and must be custom-

synthesized by a 3rd party company at fairly large scale. For my experiments, I most frequently used 

what the literature refers to as “end-modified” gRNA, in which only the first and last 3 bases of the 

molecule are chemically modified. While this can still be more expensive than unmodified gRNA, it is 

significantly more accessible than fully-modified gRNA. It may be possible to synthesize end-modified 

gRNA in house, but I have never attempted it. At the far end of the spectrum is unmodified gRNA. This is 

widely and cheaply available from many companies, and I have also synthesized it in-house. This is 

effective enough for in vitro applications, but I would not recommend it for in vivo experiments. 

 At the time of this writing, Cas9 gRNA is much more widely available commercially than Cpf1 

gRNA. Unmodified Cpf1 gRNA can be purchased from IDT off-the-shelf, but from most other companies 

it must be custom synthesized. It is also possible to synthesize Cpf1 gRNA in-house. 

 For the majority of my experiments, I relied on end-modified Cas9 gRNA purchased from 

Synthego. Fully modified gRNA can be purchased from AxoLabs. Unmodified gRNA could be purchased 

from IDT. Synbio Technologies can also synthesize gRNA, although their synthesis is limited to about 90 

bases in length at the time of this writing. This may be sufficient for shorter Cpf1 gRNA, but is not 

sufficient for Cas9 gRNA. In-house synthesis of gRNA was performed using a NEB T7 RNA Synthesis Kit 

(NEB #E2050), and a thorough protocol can be found here 

https://www.neb.com/protocols/2015/11/24/sgrna-synthesis-using-the-hiscribe-quick-t7-high-yield-

rna-synthesis-kit-neb-e2050. 

https://www.neb.com/protocols/2015/11/24/sgrna-synthesis-using-the-hiscribe-quick-t7-high-yield-rna-synthesis-kit-neb-e2050
https://www.neb.com/protocols/2015/11/24/sgrna-synthesis-using-the-hiscribe-quick-t7-high-yield-rna-synthesis-kit-neb-e2050


35 
 

 For HDR DNA templates, the simplest and easiest method is to purchase single-stranded 

oligonucleotides from IDT. If the template is longer than 100 bases, the Ultramer product is 

recommended.  

 

2.3.6: Design of PCR Primers for CRISPR Editing Analysis 

 While there will always be downstream markers to assess functional CRISPR-mediated genome 

editing (i.e. qPCR or protein-level assays), direct interrogation of the genomic site of interest will always 

be an important tool to assess the efficacy of the delivery. Regardless of the assay used, PCR 

amplification of the genomic locus is typically necessary as a precursor step. Efficient primer design is 

crucial for streamlined data analysis. However, it is important to note that different assays may have 

unique primer design restrictions. This mostly lies in the length of the PCR product. For assays that rely 

on visual electrophoresis bands (such as T7E1 assay or HDR cleavage assays), longer PCR products with 

the precise cut site off-center are the most convenient. This is due to the fact that small cleavage bands 

may be difficult to see, yet the two cleavage bands must be different enough in size to easily separate 

on the gel. For example, a PCR product around 500-650 bp with a predicted editing site asymmetrically 

located around 200-250 bp away from the forward primer and 300-400 bp away from the reverse 

primer will result in cleavage bands long enough to see, and distinct enough to easily resolve on the 

agarose gel. By contrast, for most sequencing-based assays (including Next Generation Sequencing as 

well as Sanger Sequencing), it is necessary for the predicted editing site to be extremely close to one 

primer. For sequencing, additional bases in between the primer and the cut site result in higher error 

rates in the assay, as well as increased cost and time. Ideally, the predicted cut site should be no more 

than 200 bp from the sequencing primer (and no less than 30 bp from the sequencing primer). While a 

shorter total product length typically yields better PCR results, it sometimes is difficult to find unique 
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PCR primers around the target locus. In this case, it is important to keep the cut site as close as possible 

to the sequencing primer, even if the reverse primer is far from the cut site. In my sequencing 

experiments, I have used PCR products as small as 150 bp and as long as 750 bp. 

I use the NCBI Primer BLAST primer design tool to design all primers used in this thesis 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). To control the total PCR product length and 

distance from the primer to the Cas9 cut site, I use Benchling to select a small segment of genomic DNA 

symmetrically surrounding the predicted cut site. For NGS primers, I typically will begin with a segment 

500bp total, spanning 250 bp upstream of the predicted cut site and 250 bp downstream. For primers 

used for visual electrophoresis assays, I will begin with a segment 800 bp total, similarly symmetrical. I 

copy this sequence directly into the field on Primer BLAST labeled “enter accession, gi, or FASTA 

sequence”, and I instruct the software to limit the forward primers to be found in the first half of the 

sequence (i.e. from nucleotide position #1-#250), and the reverse primer to be found in the second half 

(i.e. from position #251-#500). It is important to change the parameters under “Primer Pair Specificity 

Checking Parameters” to check the “Genomes for Selected Organisms” database (the default database is 

mRNA, but this protocol is amplifying genomic DNA), and to insure that the “organism” matches the 

species of origin of the DNA samples. I ascertain that “use new graphics view” is selected, and instruct 

the database to construct primers. Because the template sequence is symmetrical around the predicted 

cut site, the graphical representation allows us to see at-a-glace both the overall length of the PCR 

product, as well as the distance from either primer to the predicted cutting site. As mentioned above, 

both of these features are crucial for successful analysis of CRISPR results. 

I use the IDT OligoAnalyzer tool (https://www.idtdna.com/pages/tools/oligoanalyzer) to confirm that 

the PCR primers will amplify cleanly. Specifically, I check that each primer’s hairpin Tm is less than ~50oC; 

as the PCR cycles should typically be run above 60o, this insures that the primers will not form hairpins in 

the reaction and inhibit the product formation. Similarly, I check each primer’s self-dimer and hetero-

https://www.idtdna.com/pages/tools/oligoanalyzer
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dimer with the paired primer, to insure that the Delta G of any primer dimers is no less than -6 

kcal/mole (a value more negative than -6 kcal/mole is bad). A very negative Delta G for a primer-dimer 

indicates that primer-dimers are more favorable to form, and may amplify primer-dimers instead of 

amplifying the target DNA. 

For certain genomic targets, there may not be optimal primers available. After checking the most 

restrictive conditions, if no suitable primers can be found, first I will expand the size of the target space 

(i.e. if I initially selected 500 nt surrounding the cut site, I will expand to 700 nt surrounding the cut site). 

For the electrophoresis-based assays, there is no harm in the product length increasing, however for 

sequencing-based assayed, it is crucial that at least one primer is within 200 nt of the Cas9 target site 

(notably, it does not matter whether that primer is the forward or reverse primer; it is possible to 

sequence off of either one). In the case that it is difficult to find acceptable primers for sequencing, the 

product could be made more asymmetrical (i.e. design the target site to be within 200 nt of one primer, 

but arbitrarily far away from the other primer), or the hairpin and primer-dimer restrictions may be 

relaxed, or even the primer Tm restrictions on Primer BLAST’s settings may be relaxed. 

Importantly, NGS sequencing requires the addition of adapters to the PCR primers. Please see the 

section below on NGS sequencing for details. Primer design is performed exactly as described here. 

However, the adapter sequence is simply appended to the 5’ end of the primer sequence when placing 

the order through IDT or another oligonucleotide vendor.  

2.4: Nanoparticle Formulation 

The purpose of this section is to describe the general mechanics of formulating our lipid nanoparticles. 

In practice, there are a few minor variants to the process. Some of the experimental considerations 

which govern the selection of these variants is discussed in greater detail in Chapter 4. The synthesis and 
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purification of the combinatorial library of synthetic lipidoids was never performed by my hands. As a 

result, I will not discuss any of those details here. 

After synthesis and purification, the synthetic lipidoids are stored as a pure-lipid wax in glass vials at        

-20oC. In this format, the lipidoids are fairly stable long-term. Other students in our lab have begun to 

more thoroughly study this stability, but this is also beyond the scope of my thesis. For my purposes, I 

considered the pure-lipid wax to be stable for at least 2 years when stored in this format. 

To use the lipidoid, a small sample of the pure wax is taken from the stock vial and transferred via 

pipette to either a glass vial or a plastic Eppendorf tube. Depending on the chemical properties of the 

synthetic lipidoid, at room temperature the viscosity of the wax may vary dramatically. To account for 

this, lipidoid aliquots taken this way are always exclusively measured by mass. The empty container is 

used to tare the balance, and then the pure wax is transferred into the container and the exact mass of 

lipid transferred is recorded. This mass is then dissolved in a known volume of solvent for immediate 

use. Most frequently, the solvent I used is 100% ethanol. Vortexing or gentle sonication could both be 

used to insure the lipid was well dissolved. By all accounts, lipid stored in ethanol in this way is stable for 

at least 7 days. While some members of our lab have reported lipid stability in ethanol for much longer 

than this amount of time (at least out to 1 month), I did not want to introduce any additional 

inconsistently, so my personal protocol was always to exclusively prepare the ethanol solution as fresh 

as possible before use. 

Excipient lipids such as cholesterol, phospholipids such as DOPE or DOPC, and PEGylated lipids were 

purchased from Avanti Polar Lipids, and also prepared as a 10 mg/mL solution in 100% ethanol. These 

solutions were stored at -20oC, and considered as stable for at least 2-3 months. Before each use, these 

solutions were gently sonicated to insure the lipid components were well dissolved. 
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To prepare nanoparticles, the most frequent method I used was a hand-mixing method. The synthetic 

lipidoid was prepared in 100% ethanol as described above. If required for the experiment, the excipient 

lipids in ethanol solution were added directly to the active lipidoid solution. Regardless of the inclusion 

of excipients, the total volume of ethanol was calculated, and a 3x volume of sodium acetate buffer 

(NaOAC, pH 5.2, 25 mM) was prepared. This weakly acidic solution is used to insure that the cationic 

lipidoids are protonated, which results in a stronger polarization of the amphiphilic molecule (i.e. the 

protonated amine becomes more hydrophilic relative to the hydrophobic tail), which helps encourage 

self-assembly of the lipid into nanoparticles. The NaOAC was gently vortexed, and during vortexing the 

ethanol solution was slowly added dropwise into the NaOAC (dropped one drop at a time while 

vortexing is simultaneously occurring). After the entire volume of ethanol solution has been added to 

NaOAC solution, the resulting nanoparticle formulation was dialyzed against either diH2O or PBS. The 

samples could be dialyzed at room temperature for 2-16 hours, or at 4oC for up to 24 hours, to remove 

the ethanol and acetate. Nanoparticles prepared in this fashion should be stable for at least 7 days when 

stored at 4oC. However, again to avoid any variance, I prefer to use fresh nanoparticle formulations 

(within 48 hr of preparation) whenever possible. As an alternate to the hand-mixing, the exact same 

ethanol and NaOAC solutions could each be prepared for loading into the NanoAssemblr Microfluidic 

mixer. The machine can be run at a variety of flow rates, which can control the nanoparticle size or 

other properties, but the NaOAC : Ethanol flow rate ratio should be maintained at 3:1. 

Most frequently, I would prepare the nanoparticles as described above, without any cargo. After the 

nanoparticle formulation and dialysis, I then simply mix the cargo with the lipid solution; the cargo 

should tightly bind to the particles via electrostatic interactions. However, it is also possible to dissolve 

the cargo molecules into the aqueous NaOAC solution (assuming the cargo is a biomacromolecule) prior 

to the mixing of the NaOAC with the ethanol. However, when this is done, care must be taken to insure 

that the cargo molecule is compatible with both the NaOAC, as well as stable enough to withstand 
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contact with the low concentration of ethanol that remains before dialysis (approximately 25% ethanol). 

Again, I prefer to use freshly-prepared nanoparticle-cargo complex solutions. After allowing 15 minutes 

for the particle-cargo complex to form via electrostatic interactions, the formulation can be delivered to 

cells in culture or to animals via injection immediately, or within 2-3 hours. They may be stable for 

longer storage at 4oC. Although I briefly studied this, for consistency I preferred to use fresh particles 

whenever possible. 

 

2.5: Genomic analysis of CRISPR Experimental Results 

2.5.1: DNA extraction and PCR 

After experimental treatment of a sample (either in vitro or in vivo) with a CRISPR-LNP, it is typically 

necessary to interrogate the DNA to examine for successful editing events. The first step for any 

interrogation approach is the extraction and isolation of the edited genomic DNA.  

For in vitro Cas9 editing experiments in cell culture, I relied on the QuickExtract solution (Lucigen). For a 

48-well plate, each well is trypsinized with 150 µL of trypsin. Detached cells are completely removed via 

pipetting, and the cell suspension is transferred into a 1.5 mL Eppendorf tube. Importantly, each 

independent sample / well must be transferred into its own tube; wells may be pooled if necessary, but 

be aware that after pooling, the results cannot be deconvoluted back into the original samples. All 

Eppendorf tubes are centrifuged for approx. 6 min at 6000 RPM. Excess trypsin is carefully removed via 

pipetting, being extremely careful not to disturb the cell pellet. I would typically err on the side of 

leaving too much trypsin, rather than risking losing the cell pellet. 75-100 µL of QuickExtract solution is 

added to each tube. The tubes are vortexed vigourusly, and then incubated at 65oC in a heating block for 

6 minutes. The tubes are vortexed again, and then incubated at 95oC in the heating block for an 

additional 2 minutes. The DNA samples are then ready for direct use, and can be stored. 
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For in vivo Cas9 editing experiments, I prefer to use the Qiagen DNEasy Blood and Tissue extraction kit, 

following the kit protocol exactly. 

Interestingly, although DNA is expected to be stable in either the QuickExtract or in the Qiagen Elution 

Buffer at -20oC, I have found consistently that I generated better results when the DNA was stored at 4oC 

and used as freshly after extraction as possible. I believe that the freeze-thaw cycle may have been 

damaging the DNA. 

PCR Primer design was described above. For sequencing applications, I rely exclusively on the NEBNext 

PCR Master Mix (New England Biolabs). For electrophoresis-based analysis, I have used the NEBNext as 

well as the ThermoFisher Platinum SuperFi Green interchangeably. For either kit, I follow the 

manufacturers instructions. Both New England Biolabs and Thermo have websites with a Tm Calculator 

that is calibrated specifically to the PCR reaction conditions of their respective products; I rely on these 

calculators to select the Tm for the PCR cycle conditions.  Information on primer sequences can be found 

in each chapter of this thesis as those sequences are relevant. Again, I prefer to perform subsequent 

analyses on fresh DNA samples whenever possible, and avoid freeze-thaw of the PCR products. 

2.5.2: Electrophoresis-based analysis of results 

2.5.2.1: Cell-free in vitro Cas9 Cleavage Assay 

 

This protocol may be used to confirm the activity of an aliquot of Cas9 protein stock, or it may be used 

to confirm the function of a gRNA. First, DNA containing the target of the sgRNA is amplified via PCR, 

column-purified using the ThermoFisher GeneJet PCR purification kit, and the final concentration is 

measured via NanoDrop. For a 20 µL reaction, I prepare 2 µL of NEB Buffer3, 2 µL of 50 mM DTT, and 

200 ng of DNA in 17 uL of diH2O. 1.5 uL of Cas9 protein and 1.5 uL of gRNA, each at a stock 

concentration of 10 µM are mixed and allowed 10 minutes to form a complex. Then the RNP complex is 
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added to the DNA and buffer mixture. The reaction is incubated for 5 minutes at 37oC. The reaction 

could be terminated simply by heating to 65oC for 5 minutes, followed by directly running the product 

on 2% agarose gel. Occasionally, however, there may be a lot of noise in the gel. In this case, after the 

37o incubation, the reaction can be incubated for an additional 1 minute at 37o with 1 uL of RNAse A to 

degrade the gRNA molecule, followed by 1 minute with 1 uL of Proteinase K to degrade the Cas9 

protein. This may be run directly on the agarose gel, or it may be column-purified again. 

For simple readout of results, an agarose gel is sufficient. However for best publication-quality images, 

use a precast TBE polyacrylamide gel. I will typically run 1 lane of the gel as pure DNA (no Cas9 enzyme 

control). Uncleaved DNA should show one single band on the gel, at the exact length of the PCR product. 

Cleaved DNA should show two small bands whose lengths add up to the total length of the PCR product. 

2.5.2.2: T7E1 cleavage assay 

 

The T7E1 endonuclease (New England Biolabs) is an enzyme that detects and cleaves dsDNA 

mismatches. The use of this enzyme to detect CRISPR-mediated genome editing presumes that there is 

some fraction of DNA which is edited, but importantly, this method would fail if ever there were 100% 

complete and uniform editing. Briefly, the target genomic locus is amplified via PCR, then heated to melt 

the DNA products to single strands, and then slowly cooled back down. By slowly cooling in this way, 

single-strands from an unedited copy of the PCR product may stochastically anneal with a 

complementary strand from an edited copy. As a result, there will be a mismatch at the site of the 

CRISPR-mediated mutation in the resulting double-stranded DNA. The T7E1 enzyme can recognize and 

cleave this mismatch. 

The genomic locus containing the target of the Cas9 is PCR-amplified, and the product is column-purified 

and quantified via NanoDrop. 2 µL of NEB Buffer 2 and 200 ng of DNA is combined in a total volume of 
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19 µL. The DNA is annealed by heating the sample to 95oC, and then slowly cooling the sample by 

0.1oC/min down to 25oC. 

Afterwards, 1 µL of T7E1 endonuclease is added to each reaction. The reaction is incubated at 37oC for 

20-30 minutes, as per the instructions provided by NEB. Afterwards, the reaction is inactivated for 5 

minutes at 65oC, and the product is run directly on a 2% agarose or a precast TBE gel. I typically run a 

lane of DNA without the enzyme as a negative control. A single lane of Cell-Free In Vitro Cas9 Cleavage 

assay could be run as a positive control. Uncleaved DNA should show one single band on the gel, at the 

exact length of the PCR product. Cleaved DNA should show two small bands whose lengths add up to 

the total length of the PCR product. The ratio of the intensity of the uncleaved band vs the cleaved band 

in any given well reflects the extent of editing; a sample with a higher genome editing rate should have a 

stronger-intensity cleaved band and a weaker-intensity uncleaved band. 

 

SapI Cleavage assay 

 

A simple in vitro assay to determine homology-directed repair (HDR) is to design a HDR template 

specifically to insert a SapI restriction enzyme cleavage site (GCTCTTC) into the target locus. Of course, it 

is crucial to first check the predicted sequence of the PCR product to insure that this sequence is not 

found natively within the product. If so, a different restriction enzyme could be used. 

SapI enzyme can be purchased from New England Biolabs. Importantly, they sell multiple variants of the 

enzyme, with the reaction time and temperature being the major differences. I recommend to follow 

the instructions of the particular product. The PCR product is purified as before, and 200 ng of DNA is 

mixed with the SapI enzyme in the buffer provided, and incubated for the length of time and 
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temperature described in the product instructions. The reaction may be inactivated at 65o for 5 minutes, 

and then the reaction run on a 2% agarose or a precast TBE gel. 

2.5.3: Sequencing-based analysis of results 

 

2.5.3.1: Sanger Sequencing and TIDE 

 

CRISPR-mediated genome editing results can be read out via Sanger sequencing, using a protocol called 

TIDE (Tracking of Indels by Decomposition) [70]. TIDE analysis may be faster than NGS sequencing, and 

may be more cost-effective, especially at small scale. However, TIDE analysis may be less sensitive to 

very low editing rates, or very small-magnitude differences between samples or experimental groups. 

Furthermore, TIDE sequencing may not be able to precisely quantify the specific different mutation 

types that can be read out of NGS sequencing. 

Sanger sequencing can be performed by commercial resources such as GeneWiz. Instructions for 

preparing and submitting samples to GeneWiz can be found on their website. Briefly, the target locus is 

amplified via PCR and column-purified as described above. The appropriate volume and concentration 

of DNA as well as sequencing primer, as defined by Genewiz, are prepared in PCR tubes. I have simply 

used one of my PCR amplification primers as the sequencing primer; GeneWiz does not recommend this 

technique (instead they recommend designing a second sequencing primer slightly downstream of the 

primary amplification primer), but it has worked well enough for me. GeneWiz has a drop box at Tufts. 

Once the order is submitted through the GeneWiz website, the samples can simply be dropped in the 

box, and a GeneWiz representative will come collect the samples. Sequencing results are often returned 

within 24 hours. 
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TIDE analysis can be performed for free at the website https://tide.nki.nl/. The Sanger sequencing 

results file, directly received from GeneWiz, can be uploaded to the TIDE website, following the prompts 

on the page. The estimated genome editing efficiency can be directly read out, along with certain 

graphical reports. 

2.5.3.2: Next-Generation Sequencing (NGS) 

 

Next Generation Sequencing is a procedure where sequencing of millions of individual DNA molecules 

are performed in parallel on a microfluidic chip, and the specific DNA sequence of each individual 

molecule could be read out. This allows for the most precise and sensitive analysis of CRISPR-mediated 

genome editing results. The sensitivity of the results are only limited by the small amount of noise in the 

machine; under a properly designed experiment, editing rates far below 1% may be accurately detected. 

Furthermore, when editing events are detected, NGS allows to know the precise sequence of the edited 

projects. As shown in Chapter 4 of this thesis, this can allow us to precisely know what fraction of all 

editing events result in any specific genomic sequence. This can be very powerful when understanding 

the therapeutic applications for CRISPR technologies. 

I have performed my NGS analyses using the Illumina MiSeq machine. Some experiments were 

performed on the MiSeq of Dr. Feng Zhang at the Broad Institute, others were performed on the MiSeq 

at the Tufts Genomics Core Facility. However, as both facilities use the same machines, the protocols 

described here are specific to sequencing on this device. If another model of NGS machine will be used, 

the protocol may need to be adapted accordingly. The protocol presented here was given to me by Dr. 

Mary Haas and Dr. Xin Jin, both of Dr. Zhang’s lab at The Broad Institute. 

NGS on the Miseq requires two distinct cycles of PCR. The purpose of the first PCR cycle is to isolate and 

amplify the target locus from among the entire genomic DNA, and to append handles. To accomplish 

https://tide.nki.nl/
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this, genomic PCR primers are designed as above, and the handles are appended as described in Table 

2.1. As described above, the region of the genomic DNA that is expected to contain a CRISPR-mediated 

mutation should be within 200-nt of a sequencing primer. It does not matter whether that is the 

“forward” or “reverse” primer as defined by the Primer BLAST software. However, whichever primer is 

closer to the predicted cut site should be appended with the “Forward Primer” described in Table 2.1. As 

PCR primers are always written in the 5’-3’ direction, and the appendices described in Table 2.1 are 

always appended upstream (i.e. to the 5’ end) of the PCR primers, either appendix could be added to 

either primer. 

Table 2.1: PCR1 Primer Handles 

The sequences described in this table should be appended to the 5’-end of the genomic primers designed 

using the Primer BLAST tool. *: The “forward” primer should be defined as the primer which is closer to the 

predicted Cas9 editing site. 

NGS Forward Primer Handle 5’- CTTTCCCTACACGACGCTCTTCCGATCT – [genomic forward* primer] -3’ 

NGS Reverse Primer Handle 5’- GACTGGAGTTCAGACGTGTGCTCTTCCGATCT – [genomic reverse* primer]-3’ 
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The first PCR reaction is run using the NEBNext PCR Master Mix, using a 20 µL reaction and 28 cycles. 

After the reaction, 10 µL of product can be checked on a 2% agarose gel to confirm proper specific 

amplification occurred; the gel can be discarded, and the remaining product may be used immediately 

for the second round of PCR, or stored at 4oC (avoiding freeze-thawing). 

The second round of PCR is intended to attach unique DNA barcodes to the DNA from each 

experimental sample. Ultimately, all samples will be pooled together and run together in the MiSeq 

machine; as mentioned above the NGS can sequence millions of DNA molecules in parallel. The unique 

barcodes are appended as a way to later demultiplex the samples; that is, to identify which individual 

DNA molecules arrived from which biological samples. To accomplish this, Illumina has suggested a 

series of forward and reverse PCR primers. The sequences for 24 of each of the forward and reverse 

primers can be found in Appendix 1A and 1B, found at the end of this document. Each PCR primer is 

composed of 3 regions: a region designed to bind to the microfluidic chip used for sequencing; a unique 

8-nt barcode sequence; and a region that should bind to the primer handles that were appended in 

PCR1 and shown in Table 2.1. During data processing and analysis, a sample can be identified by a 

unique combination of forward and reverse primer barcodes; thus with 24 forward and 24 reverse 

barcodes, 576 unique samples can be identified from a single NGS run. If more samples are necessary, 

additional barcode sequences can be found through Illumina; however as will be discussed below, it is 

unlikely that more than 576 samples would be run in parallel. 

The easiest way to prepare the barcode primers is to prepare a working stock of primer mixes at 2µM of 

each primer in a 96-well plate. For example, each well can first be filled with 96 µL of diH2O. Then, 

Forward Primer #1 can be added to every well in Column 1, Forward #2 to every well in Column 2, and 

so forth. This can be quickly accomplished with a multichannel pipette. Next, Reverse Primer #1 can be 

added to every well in Row A, Reverse Primer #2 to every well in Row B, and so forth. Ultimately Well A1 

will have the barcode F1R1; A2 will have F2R1; B1 will have F1R2, and so forth. Finally, the actual PCR2 
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reactions can be performed in a clean 96-well plate, and the multichannel pipette used to use a unique 

barcode mix for each individual PCR reaction. It is crucial to keep careful track of which biological sample 

is amplified with which PCR2 primer pair. 

The second PCR reaction is run using 1 µL of product from the first PCR reaction as the template DNA, 

and 2 µL of barcode primer mix used as the primer, in a total 20 µL reaction for 30 cycles. After the 

reaction, 1 µL of reaction product can be run on 2% agarose gel to check the product size and quality. 

Next, the products should be pooled and purified. All biological samples containing the same PCR 

amplicon can be pooled together at this stage; therefore there will be as many pools as there are unique 

amplicons. At this stage, the sample concentrations can be roughly normalized based on the PCR2 

product band intensity on the agarose gel. Typically, if the initial DNA samples were at roughly equal 

concentrations, at the end of the PCR2 reaction all products will be at roughly equal concentrations, and 

should show a roughly similar signal intensity on the agarose gel. This does not need to be perfectly 

quantitative, if they are close it will be sufficient. If this is true, simply take an equal volume from each 

reaction condition to pool together. Typically I do this using a multichannel pipette and a clean 

disposable pipette basin. I use the multichannel pipette to take the same volume from each well of the 

96-well PCR plate, and transfer into the pipette basin. Then once all samples have been added, I use a 

larger single-channel pipette to mix the droplets and take them all up into a single Eppendorf tube.  

Note that if the signal from the PCR2 agarose gel indicates that certain samples have a dramatically 

different DNA concentration, simply adjust the volume of sample taken from that product accordingly, 

to roughly normalize the concentrations. 

Each of these pools should now be agarose gel purified. Typically around 15 – 20 µL of pooled product is 

more than sufficient. The pooled products should be run on a 2% agarose gel. Crucially, the gel must 

then be visualized using exclusively a blue light transilluminator. A traditional UV transilluminator may 
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damage the DNA molecules and interfere with sequencing results. Using the blue light transilluminator 

and a razor blade, each pooled product band should be excised from the gel, cutting as close to precisely 

the correct band as possible. This should make certain that any PCR primer dimers or other off-target/ 

unintended PCR products that may have been amplified will be excluded from the sequencing. The DNA 

from the excised bands can be extracted using the NEB Monarch Gel Extraction kit, or any other similar 

product. For sequencing at the Tufts Genomics Core facility, each pool can then be diluted to 20 nM by 

checking the concentration on a NanoDrop. 

Finally, each pool can be pooled together to create a single library for submission for sequencing. When 

pooling these samples, it is important to understand the concept of “Reads” on the NGS. As reported by 

Illumina, there are a variety of sequencing kits available, each reporting a different number of reads (for 

example the Nano Kit reports 1 million reads, the Micro kit reports 4 million reads). The number of reads 

can be approximately understood as the number of individual DNA molecules which will be sequenced. 

It is assumed that, if all sample pooling were performed correctly, all of the total reads available will be 

distributed proportionally among the samples in the pool, based on the concentration of each sample. 

In other words, if 1 single sample is run on a Micro kit, all 4 million reads will read out DNA from that 

one sample. If 2 samples are pooled at equal concentration and run, each sample will receive 2 million 

reads, and so forth. This is important to determine how many samples can be pooled. As a baseline, I 

assume that at minimum 10,000 reads per sample is necessary to generate robust results. As a result, a 

maximum of 400 biological samples may be pooled and run on a single micro kit (4 million reads / 

10,000 reads = 400). However, this requires the DNA from each of the 400 samples to be equally 

represented. If the objective is for all samples to receive an equal number of reads, the 20 nM pools 

should therefore be pooled proportionally to the number of samples in the pool. In other words, if Pool 

A contains 50 biological samples and Pool B contains 30 biological samples, the final library should 
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contain 5 µL from Pool A for each 3 µL from Pool B to insure that at the end all samples have equal read 

representation. 

To sequence at the Tufts Genomics Core facility, an order may be placed via their website at http://tucf-

genomics.tufts.edu/. The final library can be submitted to the core, either by delivering the library in-

person to their office at 136 Harrison Ave on the Tufts Boston Campus, or by shipping the package to 

their office. When submitting samples to the core facility, they will ask for a “Sample Sheet”. This is used 

to instruct the sequencing software how to identify the DNA barcodes, and thus how to separate the 4 

million individual reads into individual .fastq sequencing files. Each file will contain all of the reads from 

a given barcode pair. The sample sheet should have 3 columns, labeled “SampleName”, “i7”, and “i5”. 

An example sample sheet can be found in Appendix 2. The sample sheet should then have 1 row for 

each biological sample being sequenced. The sample name can be any identifier. Columns i7 and i5 

should each contain an 8-nt barcode sequence representing the Reverse and Forward barcodes, 

respectively. The i7 and i5 barcode sequences for each primer is also shown in Appendix 1A and B, 

respectively. Notably, due to how the data is processed, sequencing off of the Reverse barcode yields 

the reverse complement, therefore the i7 sequence is actually the reverse complement of the sequence 

that is directly included in the reverse primers for PCR2.  

Analysis of NGS Sequencing Data for Cas9 Genome Editing 

 

TOOLS: Outknocker version 2 http://www.outknocker.org/outknocker2.htm 

 

1. Sequencing data will typically be delivered as a zipped file folder. Unzip this folder to 

reveal a number of sub-folders. For data received from the TUCF-Genomics Core, the 

data will be in the folder titled “fastq_lane1”. 

 

http://tucf-genomics.tufts.edu/
http://tucf-genomics.tufts.edu/
http://www.outknocker.org/outknocker2.htm
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2. Typically, the sequencing data will still be in a compressed data format (.fastq, .fastqz, 

.gz, or something similar).  Even though the original folder has already been unzipped, 

each individual fastq file must also be unzipped using WinRAR or similar data 

compression software. 

 

NOTE: This process may take 30-45 minutes or more to unzip all of the fastq files, and 

will require a large amount of disk space. Depending on how many samples were 

sequenced, all the unzipped files may contain 4-5GB or more of data. 

 

3. After extracting the data, there will now be 1 individual fastq file for each line of the 

sample sheet (as seen in Appendix 2). I.E. if the sample sheet described 100 samples, 

there are now 100 fastq files. Each file contains the sequence of each individual strand 

of DNA identified by the NGS machine to correspond to a single sample, i.e. a particular 

barcode combination. E.G. if the sample sheet described sample 1 as having barcode F1 

and R1, the fastq file for sample 1 will contain every DNA strand containing barcode 

F1R1. 

 

4. Open Outknocker v2. Along the top of the screen, select the blue box labeled “2. 

Analyze Sequencing Data”. 

 

5. In the box labeled “Nuclease Target Site”, copy the exact DNA sequence targeted by the 

gRNA (this will typically be the same sequence as the gRNA, only notated as DNA (i.e. 

use the base T instead of U).  If data from multiple amplicons / gRNA target sites were 

sequenced in the same sequencing run, it is best to analyze the data one target site at a 

time. 

 

6. Below that, select the blue box labeled “Select FASTQ files”. This will prompt you to 

upload data files from your computer. Be sure to upload the extracted fastq files, not 

the compressed fastqz files. If data from multiple amplicons / gRNA target sites were 

sequenced in the same sequencing run, only select the fastq files corresponding to the 

samples containing the target site entered in step 5.  
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7. If analyzing HDR, copy the sequence of the ssODN or donor template strand into the box 

labeled “Targeting mutagenesis oligonucleotide (optional)”.  This box can only accept 30 

bases. If the length of the inserted DNA is shorter than 30 bases, include the inserted 

DNA sequence as well as equal lengths of homologous DNA both upstream and 

downstream of the insertion. This feature works best if all 30 bases are used (i.e. if the 

insertion is 6 bases, enter into this box 12 bases upstream + 6 bases insertion + 12 bases 

downstream = 30 total bases). 

 

8. Advanced settings are typically unnecessary to adjust from the default. Select “START 

ANALYSIS”. The analysis may take several minutes to complete, depending on the 

number of FASTQ files uploaded. 

 

9. Once the analysis is complete, the website will provide you with a variety of graphical 

representations of the data. To analyze the data quantitatively, click on the blue box on 

the right side labeled “save mutation statistics (.txt)”. This will download a text file onto 

your computer containing the raw data files. 

 

10. Open this text file in excel, or else select all the data in the text file and copy it into an 

excel spreadsheet. 

 

11. To calculate TOTAL % EDITING (% INDELS) for a given sample, use the following 

calculation: 

 

Total % Indels = [“Indels at Target Site” / (“total reads” – “failed alignments”)] x 100% 

 

12. To calculate TOTAL % HDR for a given sample, use the following calculation 

 

Total % HDR = [“targeted mutagenesis” / (“total reads” – “failed alignments”)] x 100% 
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Chapter 3: Therapeutic In Vivo Cas9-mRNA mediated genome editing 
 

NOTE: parts of this chapter have been adapted from a manuscript, co-written by me and Dr. Min Qiu, 

that is currently under review at PNAS 

 

3.1: Introduction 

 

Genome engineering technologies have the potential to revolutionize therapeutic interventions. For 

many diseases with genetic etiologies, the existing treatments have only been able to manage the 

symptoms of the disease—without addressing the root-cause genetic mutation, the disease would 

remain present throughout the patient’s life, and often require life-long medication to manage the 

symptoms as well. Genome engineering opens the possibility of directly addressing the causes of these 

diseases, and has the additional benefit of potentially providing long-term therapeutic relief upon a 

single  treatment administration. However, the therapeutic translation of genome engineering 

technologies has been limited by the lack of specific, safe, and effective delivery vehicles. 

As was discussed in Chapter 1, CRISPR-Cas9 may be delivered to cells in a variety of formats, including 

plasmid, mRNA, and protein formats. This chapter will focus on Cas9 mRNA delivery. The mRNA format 

provides a number of advantages. One particular advantage lies in the ease of adaptation from previous 

lipid nanoparticle (LNP) carriers. LNPs typically rely on electrostatic interactions to carry the cargo 

molecule. Whereas each individual protein therapeutic will have unique electrostatic properties 

stemming from not only their primary sequence of amino acids (each with their own electrostatic 

properties in turn), but also from the particular folding structure of the protein which may differentially 

sequester or expose residues of a particular charge. As a result, there is no “typical” net charge or 



54 
 

effective net charge for a protein cargo. By contrast, from a chemical perspective, all RNA-based 

therapeutics are largely similar from a chemical structure. This provides two benefits. First, this allows us 

to perform initial screening experiments using a more simple model system, for example the delivery of 

luciferase mRNA which will be used in this chapter. We can have confidence that when swapping out the 

model mRNA for the therapeutic one, the nanoparticle properties will be largely similar. This is explicitly 

not true for the case of protein delivery. Secondly, there are a number of RNA-mediated drugs that have 

already been FDA-approved, including a very recent approval for a LNP-mediated liver-targeting siRNA. 

Thus we can take lessons from the already established LNP delivery models and adapt them to our 

applications. 

mRNA-mediated delivery of CRISPR proteins is also more well-established in the literature than RNP-

mediated delivery [28, 33-35, 71]. While this may be a disadvantage in terms of finding a novel platform 

to study, it does provide an opportunity to learn from past works. For example, our lab has published 

work on the liver delivery of Cas9 mRNA and a sgRNA targeting the PCSK9 gene [71].  A pair of recent 

works provided invaluable information regarding chemical modification of Cas9 gRNA molecules to 

deliver in concert with mRNA for in vivo editing [34, 35]. Use of gRNA modified in the fashion inspired by 

these studies was instrumental in improving my own results. A recent paper even explored the delivery 

of CRISPR-Cpf1 mRNA [28]. 

Recently, Alnylam received FDA approval for a LNP-mediated siRNA therapeutic, called Patisiran under 

the trade name Onpattro, targeting the gene transthyretin (TTR) in the liver [72]. Their formulation 

relied on a lipid termed DLin-MC3-DMA, abbreviated MC3, as well as excipients Cholesterol, DSPC, and 

PEG in a molar ratio of 50 : 38.5 : 10 : 1.5, and successfully delivered siRNA to the liver [57]. As one of 

the most recent FDA-approved LNP therapies, as well as the most relevant to this research (as it delivers 

specifically nucleic acids, specifically to the liver), MC3 may serve as a valid “gold standard” treatment 

paradigm.  
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In this chapter, I studied the potential for LNP-mediated CRISPR mRNA delivery in vivo. Much of the 

work was focused on developing a therapeutically-relevant knockdown of a liver-expressed gene, 

Angptl3, using Cas9 mRNA. I demonstrate that our LNP can significantly outperform MC3. I will also 

briefly touch on some preliminary results regarding delivery of Cpf1 mRNA, as well as some non-liver 

Cas9 mRNA delivery. It should be mentioned that much of the work presented here was performed in 

close collaboration with Dr. Min Qiu, a postdoc in the Xu Lab. 

 

3.2: Lipid nanoparticle-mediated delivery of Cas9 mRNA achieves organ-specific in vivo genome 

editing of Angptl3 

 

3.2.1: Background 

 

For monogenic diseases, diseases which have resulted from a single mutation in the patient’s genome, 

the principle of genome engineering treatments is fairly straightforward; If the single mutated gene can 

be repaired, the disease state will be addressed. By contrast, complex polygenic disorders such as 

hyperlipidemia, which are the result of a combination of the effects of a large number of potentially as-

yet-unidentified genes as well as nutritional and environmental influences, repairing a single mutation 

may not be sufficient to treat the disease. Attempting to identify and edit all of the relevant genes and 

unique patient-specific mutations may be expensive, time consuming, carry increased risk, and at the 

end of the day may not even adequately address the issue due to the environmental and nutritional 

contributions to the disease state. An alternative therapeutic approach has been to identify monogenic 

mutations found naturally in the human population that have been demonstrated to correlate with a 

protective state against the disease. By using genome engineering to recreate the protective locus in a 
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patient, it may be possible to develop a single therapeutic that is effective for many patients, regardless 

of their specific genetic backgrounds. In fact, this strategy has already been applied in the clinic. The FDA 

has recently approved a siRNA-mediated drug knocking down the gene Pcsk9, whose naturally-occurring 

loss-of-function mutation has been shown to confer a protective state against hyperlipidemia [73, 74]. 

Using this strategy, additional therapeutic targets may be found to be powerful treatments for 

hyperlipidemia or other polygenic disorders. 

One such potential target is Angiopoietin-like 3 (ANGPTL3), and enzyme which regulates plasma 

lipoprotein levels [75]. There is a naturally-occurring loss-of-function mutation in the Angptl3 gene 

found in the human population, resulting in people with a natural ANGPTL3 deficiency [76]. These 

individuals show lowered blood triglycerides (TG) and low density lipoporotein cholesterol (LDL-C) 

without any apparent clinical risks or complications resulting from this deficiency [77, 78]. Recent 

genetic and pharmacologic studies have validated this finding and indicated both that this naturally-

occurring loss-of-function population may show a reduced incidence of hyperlipidemia, and that 

induction of the Angptl3 loss-of-function in wild-type patients may confer some protective benefits, 

making this gene an attractive target for potential therapeutic interventions for a variety of lipoprotein 

metabolism disorders [79, 80]. To date, there have been two separate strategies to clinically interact 

with the Angptl3 gene. First, the use of a monoclonal antibody targeting ANGPTL3, evinacumab, to block 

the interaction between ANGPTL3 and its cellular targets has proven effective for reducing LDL-C and TG 

levels in healthy human volunteers in a Phase I clinical trial [80, 81]. Second, the use of an antisense 

oligonucleotide (ASO) targeting Angptl3  messenger RNA (mRNA) to transiently inhibit the expression of 

the ANGPTL3 protein, has achieved reduced lipid levels as well as decreased progression of 

atherosclerosis in mice, as well as promising results in humans in a Phase I clinical trial [82]. These 

reports suggest that therapeutic antagonism of ANGPTL3 is effective and safe for reducing circulating 

lipid levels and controlling the incidence of atherosclerotic cardiovascular disease. Recently, it has been 
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reported that Angptl3 expression could be knocked down in mice via a viral-mediated CRISPR base 

editor [83]. However, nonviral CRISPR-mediated knockdown of ANGPTL3 has not yet been reported. 

In a recent paper, co-authored by Dr. Xu and out of the lab of former Xu Lab member Ming Wang, Cas9 

mRNA was delivered via LNPs to achieve editing of the Pcsk9 gene in vivo [71]. Although this work did 

indeed report successful LNP-mediated Cas9 mRNA delivery to the liver, the analysis was in my opinion 

somewhat limited. This paper only reported serum-level changes in PCSK9 protein, without any 

reference to direct genome editing levels, and only at a single time point.  It was my objective to achieve 

therapeutically relevant knockdown of Angptl3 via nonviral Cas9 mRNA delivery. Thorough results would 

include evidence of successful editing detected at the levels of genomic DNA, mRNA transcript, protein 

expression, and downstream therapeutically relevant markers. The objective was to show this data over 

time, and to get some additional data regarding delivery specificity and toxicity. Furthermore, this 

platform would ideally be generalizable, able to deliver multiple types of mRNA, or multiple different 

Cas9 gRNA targets, to the liver. 

In order to accomplish this, we first used a firefly luciferase (fLuc) mRNA model system to screen and 

optimize our LNP platform, including the selection of an optimal lipid from our combinatorial library, as 

well as optimization of the excipient lipid formulation parameters. Next, we used a mouse model 

containing a conditional red fluorescence protein (flox-stop-flox tdTomato) [84] to directly visualize Cas9 

editing, and to confirm that the optimized fLuc mRNA delivery system can be generalized to Cas9 mRNA. 

We briefly validated with a model Cas9 gRNA targeting the housekeeping gene GAPDH, before moving 

to a thorough therapeutic analysis of ANGPTL3 knockdown. 

3.2.2: In Vivo Screening and optimization of LNPs for mRNA delivery 
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A selection from the combinatorial lipid library was selected for in vivo screening for delivery of fLuc 

mRNA. LNPs were formulated with the excipients cholesterol, DSPC, and DMG-PEG. MC3 LNPs were 

prepared as a gold standard control [57]. Balb/c Mice were injected intravenously with fLuc mRNA LNPs, 

at a dose of 0.5 mg/kg fLuc mRNA. After 6 hr, mice were injected intraperitoneally with luciferin 

substrate, anesthetized via isoflurane, and imaged using an IVIS In Vivo Imaging System (PerkinElmer). 

As shown in Figure 3.1A, three of our lipids, termed 306-O12B, 113-O12B, and 306-O10B, demonstrated 

whole-body fLuc activity comparable to that of the gold standard MC3. Qualitatively, the fluorescent 

signal was largely found in the liver (Figure 3.1B). Based on this, we selected 306-O12B as the model 

lipid for further optimization and analysis. 

 

Figure 3.1: In Vivo fLuc mRNA delivery. 

A) Balb/c mice were injected with fLuc mRNA 
formulated with a subset of the combinatorial 
lipid library. Three lipids in particular resulted in a 
whole-body flux signal comparable to that of 
MC3. 

B) Whole-body imaging reveals that fLuc signal in 
the mouse is predominantly found in the liver in 
each of these top lipids. 
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First, the excipient phospholipid identity was optimized. DSPC was used for the initial screening due to 

its use in the FDA-approved formulation with MC3. The inclusion of a phospholipid excipient is believed 

to facilitate the endosomal escape of the cargo molecule [85]. Specifically, it has been reported that a 

phospholipid containing a quarternized amine headgroup may provide a proton sponge effect, helping 

buffer the endosomal environment and thus facilitating the cargo escape [86]. Similarly, it has been 

shown that the LNP membrane fluidity may be influenced by the carbon saturation of the phospholipid 

tail, with unsaturated tails resulting in higher membrane fluidity which may also facilitate endosomal 

escape [85, 87]. Based on these reports, we compared the delivery efficacy of lipid nanoparticles 

compared with 2 additional phospholipids, DOPE and DOPC, to compare with the phospholipid DSPC. As 

shown in Fig. 3.2A, the original DSPC is a fully-saturated phospholipid containing a quaternized 

headgroup. DOPE and DOPC each feature 1 degree of unsaturation in the tail, however DOPE has a 

primary amine headgroup while DOPC has a quarternized headgroup. As shown in Figure 3.2B, fLuc 

mRNA LNPs formulated with DOPC resulted in approximately 4-fold higher whole-body luminescence 

signal than those formulated with the original DSPC. The heart, liver, spleen, lungs, and kidneys were 

dissected from the mice, and the organs were imaged ex vivo under the IVIS to visualize organ-specific 

fLuc expression. Strong fLuc signal was seen in the liver of mice who received LNPs formulated with 

DOPC, with minimal signal in other organs (Figure 3.2C). DOPC was used for future experiments. 

Next, the ratio of excipient lipids to the active lipid 306 was studied. The initial screening used a molar 

ratio of [306 : Cholesterol : DSPC : DMG-PEG] of [50 : 38.5 : 10 : 1.5], as that was reported in the 

literature to be effective [88]. Now using DOPC as determined above, a variety of different excipient 

ratios were explored (Figure 3.2D). Interestingly, the highest bioluminescence signal was obtained after 

delivery with LNPs formulated with the original formulation (Figure 3.2E). As no new formulations 

surpassed the original, this ratio was maintained for future experiments. 
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Finally, the ratio of active lipid to mRNA was optimized. LNPs were formulated with the weight ratio of 

306-O12B : fLuc mRNA ranging from 5:1 up to 25: 1. The highest luminescence signal was detected when 

the weight ratio was 7.5 : 1. Additional lipid beyond this point does not improve the in vivo delivery 

efficacy (Figure 3.2F). This corresponds to an approximate P/N ratio (Positive : Negative charge ratio) of 

+ 2.2. 

Ultimately, a LNP formulation containing the active lipid 306-O12B, along with the excipients 

cholesterol, DOPC, and DMG-PEG at a molar ratio of 50 : 38.5 : 10 : 1.5, formulated at an active lipid : 

mRNA weight ratio of 7.5 : 1, was selected as the optimal LNP formulation for specific and efficient 

mRNA delivery to the liver. 
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Figure 3.2: Optimization of LNP formulations for delivery of fLuc mRNA using Lipid 306-O12B. 

A) Chemical structure of the three phospholipids examined here. DSPC, used in the original 
screening, contains a quarternized amine and a saturated lipid tail. DOPE contains an unsaturated 
lipid tail and a primary amine. DOPC contains an unsaturated tail and a quarternized amine. 

B) Whole body bioluminescence signal from mice who received fLux mRNA via LNPs containing 
different phospholipid excipients. All other lipid components were identical; DOPC resulted in 4-fold 
higher fluorescence signal 

C) Biodistribution from mice who received fLux mRNA via LNPs containing different phospholipid 
excipients. From top to bottom, the heart, liver, spleen, lungs, and kidneys were imaged; strong 
signal was seen in the liver; weak signal was seen in the spleen, and no signal in other organs 

D) Summary of the molar ratios of excipients to be examined 

E) Whole body bioluminescence signal from mice who received fLux mRNA via LNPs composed of 
different molar ratios of excipients. 

F) Effect of active lipid : mRNA weight ratio on the whole body bioluminescence signal. 
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3.2.3: In Vivo tdTomato induction via Cas9 mRNA delivery 

 

Screening using the fLuc delivery system is advantageous due to the very simple and rapid results 

readout. A formulation can be injected into the mouse, and within 6 hr the bioluminescence can be 

imaged directly in a live mouse, immediately informing us as to the efficacy of the delivery vehicle. In 

principle, we hypothesized that a nanoparticle that is optimized for mRNA delivery to a particular tissue 

should be effective for delivery of any mRNA to that tissue. This is predicated on the fact that 

electrostatic interactions should drive the formation of the lipid:RNA complex. Chemically, all mRNA 

molecules are nearly identical, with the predominant electrostatic feature being the phosphate ribose 

backbone common to all RNA molecules, rather than the nucleotide bases that encode for the 

expression of protein. Before moving to a therapeutic analysis, we aimed to validate this hypothesis. 

As a model system, we used the Ai14 mouse model [84]. This mouse, originally designed for use with the 

Cre recombinase platform, expresses in all cell types a so-called “flox-stopped tdTomato” construct. This 

construct encodes for the expression of the red fluorescent protein tdTomato, with the gene encoding 

for the fluorescence preceded by a stop codon, flanked by a pair of LoxP sites. In its native state, the 

expression of the tdTomato will be halted by the stop codon, preventing fluorescence. However, the 

function of the enzyme Cre recombinase is to delete any portion of DNA found in between a pair of LoxP 

sites. When Cre is delivered to an Ai14-expressing cell, the stop codon will be removed, allowing for the 

expression of tdTomato. This platform is a powerful reporter with a variety of applications. In our hands, 

if we deliver the means to cleave the stop codon via LNPs, this platform will report out specifically which 

individual cells received LNP delivery. While the system was initially designed for and optimized for 

induction of fluorescence via Cre recombinase, there are numerous reports in the literature of the use of 

Cas9, whether delivered virally or nonvirally, to induce the red fluorescence [23, 41]. In principle, the 
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Cas9 will simultaneously cut at sites in each LoxP site (either via design of a single guide that recognizes 

both sites, or via co-delivery of a unique guide for each site). 

I selected a guide sequence from the literature [23]. First the use of the Ai14 system was validated in a 

mouse that constitutively expressed both Cas9 and the Ai14 construct. Homozygous Cas9+ and Ai14+ 

were purchased from Jackson Labs and bred in-house to generate the double-expressing mice. gRNA 

targeting the LoxP sites (sgLoxP) were delivered intravenously to these mice using the 306-O12B LNP. 

Red fluorescence was detected in the liver and was colocalized with Hepatocyte-Specific Antigen), 

indicating successful Cas9-mediated excision of the LoxP sites in liver hepatocytes (Figure 3.3A&B). With 

a functional guide and reporter system, Cas9 mRNA and sgLoxP were co-delivered to Ai14+ mice 

(without any endogenous Cas9 expression) using the 3016-O12B LNPs. 7 days after delivery, the mice 

were sacrificed and the organs were imaged ex vivo using the IVIS system. Red fluorescence was 

detected primarily in the liver (Figure  3.3C&D). Notably, there does appear to be a small amount of 

signal in other organs. However, this signal is drastically less intense than that in the liver, and may be 

due to some endogenous autofluorescence in these tissue types. It is also important to know that the 

red fluorescence intensity in the liver is higher when the Cas9 is endogenously expressed, compared 

with when the Cas9 mRNA is delivered via LNP. This can be seen on both the IVIS images and the 

histology sections. This may not be surprising, but is important to note. 

 

These results are notable for two reasons. First, this indicates that we can successfully achieve Cas9-

mediated editing in the liver upon systemic delivery of mRNA. Secondly, this may reflect the 

generalizability of the platform. The same LNP platform which was optimized for fLuc mRNA also 
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successfully delivered Cas9 mRNA / sgRNA. This may indicate that the same platform would be effective 

for other therapeutic mRNA applications, and would warrant further study. 

 

 

3.2.4: In Vivo genome editing of Angptl3 

 

I designed a guide sequence targeting the Angptl3 gene using the procedure described in Chapter 2, 

termed sgAngptl3. As an initial screening, Cas9 mRNA and sgAngptl3 were delivered intravenously to 

mice using the 306-O12B system at a constant total RNA dose of 3 mg/kg, at mRNA : gRNA mass ratios 

of 2:1, 1 : 1.2, and 1:2. After 7 days, blood was collected for serum analysis, and liver tissue samples 

were collected for DNA extraction and next-generation sequencing (NGS). In all samples, we observed 

both genomic editing at the intended Angptl3 locus, as well as reduction in serum ANGPTL3 protein 

Figure 3.3: Cas9-induced tdTomato expression in the Ai14 mouse. A & B) Delivery of sgLoxP gRNA to an Ai14 x 
Cas9+ mouse. The red signal in the liver indicates that the sgLoxP can successfully induce tdTomato 
fluorescence. C & D) Co-Delivery of Cas9 mRNA and sgLoxP gRNA to an Ai14 mouse. The red signal in the liver 
indicates both successful Cas9 delivery, and successful Cas9-mediated induction of tdTomato signal. 
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levels (Figure 3.4). This indicated successful Cas9-mediated genome editing and protein knockdown. The 

difference in knockdown at both the genome and protein levels resulting from the varying mRNA:gRNA 

weight ratio were not statistically significant. As a result, the 1 : 1.2 weight ratio was selected to remain 

consistent with the methods published by our former lab member [71]. 

 

Encouraged by this, the 306-O12B platform was directly compared against the MC3 platform, and a 

more thorough analysis of potentially therapeutically relevant outcome metrics were observed. Mice 

were injected with 3 mg/kg of total RNA at a 1 : 1.2 weight ratio of Cas9 mRNA : sgAngptl3, delivered 

using either 306-LNPs or MC3-LNPs. As shown in Fig 3.5, NGS revealed 306-O12B LNP delivery resulted 

in an Angptl3 editing rate of 38.5%, compared to only 14.6% using MC3. In the blood serum, ANGPTL3 

protein, LDL-C, and TG also showed higher rates of knockdown upon delivery with the 306-O12B system 

compared with the MC3 system. A deep analysis of the NGS sequencing results showed that for both 

306-O12B and MC3 delivery, the most frequent editing event was a 1-nt deletion located precisely at 

the predicted Cas9 editing site, with the next most frequent event being a 1-nt insertion located at the 

same site. This suggests that the observed knockdowns are indeed due to specifically the intended Cas9 

editing event. Notably, the same editing events were observed in both the 306-O12B delivery and the 

MC3 delivery systems, with the only difference being the frequency of these editing events. This 

Figure 3.4: LNP-mediated delivery of Cas9 
mRNA + gRNA results in significant levels 
of Angptl3 genome editing in C57BL/6 
mice.  A) Genomic indel percentage at the 
ANGPTL3 locus and B) Serum ANGPTL3 
protein levels in C57BL/6 mice after 
delivery of Cas9 mRNA and sgAngptl3 
using 306-O12B, at a variety of mRNA : 
gRNA ratios. Ultimately, all three ratios 
yielded similar results 
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emphasizes that the method of knockdown is identical, and the only difference is the efficiency of 

delivery. 

 

 

An important consideration is both the concern for unintended off-target genomic editing events, as 

well as any systemic toxicity as a result of the delivery. The top 9 most likely off-target genomic 

mutagenic sites were identified using the CasOffFinder software as described in Chapter 2. These loci 

were interrogated via NGS from the same liver samples where the highest Angptl3 editing was 

Figure 3.5: Direct comparison of Cas9 mRNA delivery using 306-O12B vs MC3. A) Analysis of the 
genome editing rate, serum ANGPTL3 protein level, serum LDL-C level, and serum triglyceride level 
all indicate that delivery of Cas9 mRNA using 306-O12B generates a superior knockdown at all levels 
when compared with the gold standard MC3 LNP.  B) Detailed analysis of the NGS data indicates that 
Cas9 mRNA delivery with both 306 and MC3 LNPs results in the same types of editing events 
occurring. The only difference is in the frequency of these editing events. 
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observed. No evidence of editing at any of these predicted sites was observed (Figure 3.6A). 

Furthermore, serum levels of the liver function markers aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT) at 48 hr after mRNA/LNP delivery were assayed using a commercial kit. The 

delivery of Cas9 mRNA / sgAngptl3 did not result in any change in these markers, indicating a lack of 

liver toxicity. Furthermore, the serum levels of the proinflammatory cytokine tumor necrosis factor 

alpha (TNF-α)  was measured using an ELISA kit. (Figure 4.6B) There was no significant elevation of TNF-

α, indicating that this delivery does not induce an inflammatory response. 

Overall, this data indicates that Cas9 mRNA delivery can safely and efficiently knockdown the Angptl3 

gene, and that the optimized 306-O12B LNP system can do so more efficiently than the MC3 lipid 

platform. The MC3 platform has been FDA-approved for delivery of siRNA to the liver. The fact that the 

306 platform can outperform the MC3 platform on efficiency, while matching the results in terms of 

safety, is a very promising sign indicating the potential translational potential of the system. It is 

Figure 3.6: LNP-mediated Cas9 mRNA 
delivery does not generate any off-
target editing or systemic 
inflammatory or toxic responses.  

A) The top 9 potential off-target 
genomic editing loci were calculated 
using the CasOffFinder software, and 
interrogated via NGS. No editing 
events were detected at any of these 
loci. 

B) Serum levels of aspartate 
aminotransferase (AST), alanine 
aminotransferase (ALT), and the 
cytokine TNF-α at 48 hours after mRNA 
delivery. AST and ALT are markers for 
liver function, while TNF-α is a marker 
for an inflammatory response. No 
difference in any of these markers was 
detected as a result of mRNA/LNP 
delivery 
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important to point out that the MC3 formulation was optimized for siRNA delivery, so it is not 

necessarily an indictment of the FDA-approved product that we have surpassed it in a different context.  

 

While this study was not intended to be a true preclinical trial, and the Xu lab has no current intentions 

to pursue specifically the translation of this Angptl3 knockdown system, it may be informative to 

compare the results here with the true preclinical results of the ASO treatment, which are actually being 

translationally pursued [82]. In a similar mouse model (wild-type C57 mouse on a standard diet), ASO 

delivery resulted in a 50% reduction in serum ANGPTL3 and a 35% reduction in serum TG. A single dose 

of the 306-O12B LNP platform at 3 mg/kg matched or exceeded these benchmarks (65.2% reduction and 

29.4% reduction, respectively), while the same single dose using the MC3 platform did not meet these 

benchmarks (25% and 16.3%, respectively). That ASO study was followed up by Phase I clinical trials in 

humans. This suggests that our editing efficiency rates are sufficient to warrant follow-up human trials, 

if there were interest in pursuing this. 

An important potential advantage of Cas9 or other genome editing therapeutics over ASO or antibody 

therapies is in the duration of effect. ASOs and antibodies are expected to result in a transient 

therapeutic effect—indeed, in the reported Phase I human clinical trials, the maximum knockdown 

effect was observed within 1 week of receiving the drug, with serum ANGPTL3 and lipid levels slowly 

returning to baseline after that point. By contrast, genome editing is expected to permanently alter the 

expression profile of the edited cells. To examine this, mice were injected with a single dose of 306-

O12B LNPs carrying Cas9 mRNA and sgAngptl3, at a dose of either 1, 2, or 3 mg/kg total RNA, and 

monitored over a long time window.  At the 100-day point after the single dose, knockdown was still 

apparent in genomic Angptl3 editing rates, serum ANGPTL3 levels, and serum LDL-C and TG levels 

(Figure 3.7A). Furthermore, the dose-responsive editing and knockdown rates could still be clearly 
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resolved to the level of statistical significance. This could also have important therapeutic  

consequences, as the ability to titer a therapeutic intervention may be an important ability. At this 100-

day timepoint, serum ALT, AST, and TNF-a levels remain stable (Figure 3.7B). Furthermore, at the 150-

day time point, genome editing could still be detected via NGS sequencing (Figure 3.7C). The thorough 

analysis of circulating proteins and lipid levels has not yet been undertaken. However, the level of 

genomic editing detected at 150 days (28%) surpasses the levels observed at earlier time points for 

lower doses or MC3 delivery, and those lower genomic editing levels were still associated with 

statistically significant reductions in the serum protein and lipid levels, so it is reasonable to assume that 

the thorough analysis at the 150 day time point would yield similar results. A cohort of mice has not yet 

been sacrificed for analysis; as of writing it has been more than 7 months since the initial delivery. 

Analysis of data from this cohort will further elucidate the duration of the effect of the Cas9 editing. 
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Figure 3.7: Long-term results of Cas9 mRNA delivery. A) At 100 days after a single administration of 
Cas9 mRNA/sgANGPTL3, a dose-responsive increase in genomic editing, as well as a dose-responsive 
reduction in serum ANGPTL3, serum LDL-C, and serum Triglyceride levels can still be detected. 

B) At 100 days after a single administration of Cas9 mRNA/sgANGPTL3, there is still no difference in 
serum AST, ALT, and TNF-α levels between LNP-mRNA treated and controls, indicating that there is no 
toxicity as a result of the delivery. 

C) NGS reveals that the genomic editing rate of the Angptl3 gene remains high out to 150 days after a 
single administration of Cas9 mRNA. Over time there is a slight reduction in detected editing events, 
which may be due to the slow turnover of hepatocytes in the liver. 
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3.3: Other CRISPR mRNA delivery paradigms: Cpf1 mRNA, lung delivery, and Homology-Directed 

Repair 

 

3.3.1: In Vivo Cpf1 mRNA delivery 

 

As discussed in Chapter 1, Cpf1 is another CRISPR nuclease. The Cpf1 nuclease results in a DNA 

overhang, in contrast with the blunt-end cut resulting from Cas9.  There may be a variety of reasons for 

exploring Cpf1 delivery as an alternative to Cas9 delivery. For example, the Cpf1 nuclease recognizes a 

different PAM site than Cas9, potentially opening the possibility for editing a wider field of genomic loci 

that may have been prohibited by the lack of a Cas9 NGG PAM. It is also believed that Cpf1 editing may 

be more specific than Cas9 editing. 

I designed a Cpf1 gRNA targeting the Angptl3 gene using the protocol described in Chapter 2, and 

custom-ordered Cpf1 mRNA from TriLink. I delivered the Cpf1 mRNA and gRNA using the 306-O12B 

platform. Surprisingly, no editing was detected in the liver after 7 days, as determined via NGS. This is 

particularly disappointing, as we were hypothesizing that the optimized 306-O12B platform could be 

used to efficiently deliver any mRNA entity to the liver. However, I would hypothesize that the problem 

lay in the guide RNA. Firstly, as discussed in Chapter 1, the chemical modification of gRNA can make a 

tremendous difference in the ultimate genome editing rates. All of the data presented in this chapter 

using Cas9 mRNA also used end-modified gRNA purchased from Synthego. As reported in the literature 

[34, 35] as well as in my own preliminary experiments (data not shown), the use of the end-modified 

gRNA resulted in an approximately 10-fold increase in editing rates as measured by NGS. In the 

literature, a similar importance to chemically-modified Cpf1 gRNA has also been reported [28]. However 
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for these experiments, I used simple unmodified Cpf1 gRNA purchased from IDT. It is possible that the 

use of chemically modified gRNA would similarly improve these results. Secondly, I only designed and 

tested a single gRNA sequence for the Cpf1 editing. I have less experience designing Cpf1 gRNA 

compared to Cas9 gRNA, and the online tools available for Cpf1 guide design are slightly less user-

friendly than those for Cas9 gRNA. It is fairly well understood that, despite the advances in 

computational tools, it may still be necessary to design a panel of guide sequences in order to 

experimentally determine the most effective. As such, an improved guide sequence may improve these 

results. Finally, it should be pointed out that in our Cas9 studies, the most frequent edit was a 1-nt 

deletion. In a recent study of Cpf1 mRNA delivery in vitro [28], the most frequent edit was a 6-nt 

deletion. This may be related to the difference between the blunt-end resulting from a Cas9 cut vs the 

sticky-end resulting from a Cpf1 cut. In light of this, it may be that Cpf1 is not the optimal nuclease for 

this particular type of in vivo editing. However, that is pure speculation. A deeper study, beginning with 

the modified gRNA, would be necessary to validate this. 

3.3.2: In Vivo lung delivery of Cas9 mRNA 

 

Dr. Min Qiu, a postdoc in the Xu lab, has worked extensively on optimizing the LNP platform to achieve 

lung-specific delivery, using the fLuc mRNA model system very similar to the one described above. 

Ultimately, he arrived on a LNP based around the lipid 306-N16B. I used this lipid to deliver Cas9 mRNA 

and sgFlox to the tdTomato mouse. Cas9 mRNA and sgLoxP was delivered at 3 mg/kg total RNA 

intravenously. After 7 days the organs were imaged ex vivo on the IVIS system, where it was clear that 

the strongest signal was now located in the lung (Figure 3.8A). Subsequently, the lung tissue was 

sectioned and stained with antibodies targeting the endothelial cell marker CD31, the epithelial cell 

marker CD326, or the macrophage marker F4/80. As can be seen in figure 3.8B, positive red 
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fluorescence signal was seen in the lung tissue sections. The strongest distinct overlap appears to be 

between the red signal and the CD31 endothelial cell marker, with minimal distinct cell overlap between 

red signal and either CD326 epithelial cells or F4/80 macrophages. This may be reasonable, as our LNPs 

were delivered via intravenous injection, and so the particles would be more likely to be found in the 

endothelial cells that interface with the blood.  However, there appear to be some red-expressing cells 

that do not clearly overlap with any of these markers. This may warrant further study. Furthermore, for 

many of the most enticing disease targets to address via CRISPR genome editing such as cystic fibrosis, 

delivery to the epithelial cells which interface with the air may be more beneficial. Studies are ongoing 

to optimize LNP formulations to promote delivery to epithelial cells. 
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Attempts to edit a functional lung-expressed gene have been met with less success. I have designed two 

different gRNAs targeting lung-expressing genes. The first targeted Tie2, a gene believed to be 

overexpressed in the lungs of asthmatic mice [89]. Notably, the Anderson lab has used siRNA-mediated 

knockdown of Tie2 in the lungs to regulate inflammation [90]. The second targeted Axl, a gene that has 

Figure 3.8: Cas9 mRNA delivery to the lung. A) IVIS imaging of ex vivo dissected organs reveals that 
delivery of Cas9 mRNA using 306-N16B results in strong signal in the lung tissue. B) Confocal imaging of 
lung tissue reveals some overlap between the red signal and CD31+ lung endothelial cells, but minimal 
overlap with CD326+ lung epithelial cells, or F4/80+ lung macrophages. 
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seen to be elevated in a number of cancers, including lung cancers [91].  Cas9 mRNA and either of these 

gRNAs were injected intravenously at a total RNA dose of 3 mg/kg. 7 days after injection, the mice were 

sacrificed, and DNA was extracted from small piece of whole lung tissue (approx. 5mm square) using the 

Qiagen DNEasy Blood and Tissue kit for NGS analysis. No editing was detected in either of these loci 

after Cas9 mRNA delivery. There are a number of potential explanations for this. First, DNA was 

extracted from all cell types in the lung. Based on the confocal images from the delivery to Ai14 mice, 

only a small subset of lung cells actually expressed the red fluorescence. As described, the procedure for 

extracting genomic DNA collected indiscriminately from all cell types in the gross tissue sample. NGS 

sequencing results report editing as the percentage of individual DNA copies containing a mutation after 

PCR amplification. Therefore if the vast majority of cells in a sample are unedited, the DNA from those 

cells will be overrepresented after PCR, compared with the few cells that were successfully edited. Thus, 

the sequencing technique may obscure the very low-frequency editing events. Alternatively, the guide 

sequence design may need to be optimized. Furthermore, the dose may not be sufficient to generate a 

strong editing response. Finally, the LNP formulation may need additional optimization to improve the 

delivery to the lung, or to alter the lung cell type which receives the delivery.  

3.3.3: In Vivo Homology-Directed Repair using Cas9 mRNA 

 

All of the above experiments relied on the NHEJ repair pathway to repair the Cas9-generated genomic 

cut and effect the intended editing event. This was true in the case of Angptl3 knockdown, where the 

observed edit was a single-base indel at the site of the Cas9 cut, resulting from the error-prone NHEJ 

repair of the cut.  This was also true in the case of the induction of fluorescence in the Ai14 mouse line, 

where the two LoxP sites were cleaved simultaneously, and the two ends of DNA were joined by NHEJ 

without the intervening stop codon. 
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While in vivo Cas9 mRNA delivery is fairly well-established, I have not found any reports of systemic 

delivery of Cas9 mRNA achieving homology-directed repair. I used the 113-O12B LNP delivery platform 

that was successful for systemic fLuc mRNA delivery to achieve systemic HDR. The model system I used 

was a traffic light reporter system, termed TLR2, developed by Jackson Labs, in collaboration with Dr. 

Kathy Snow at Jackson Labs. More information on the TLR2 mouse model can be found in chapter 6, 

where it is discussed in detail. In brief, the TLR2 is a reporter construct in which successful Cas9-

mediated genome editing induces the cell to express red fluorescent protein, while successful HDR 

repair induces the cell to express the Venus green fluorescent protein. 

For these experiments, the same Cas9 mRNA, ordered from TriLink Biotech, that was previously used 

was again used here. The gRNA was end-modified synthetic sgRNA purchased from Synthego, using a 

guide sequence recommended by the collaborators at Jackson Labs (sgTLR2). For a homology-directed 

repair template, I designed a 200-nt single-stranded DNA, which was purchased from IDT. This design 

was inspired by the design recommendations of the Richardson paper [67]. Cas9 mRNA, sgTLR2, and 

HDR template were formulated together into 113-O12B LNPs. The dose of mRNA, as well as the 

mRNA:gRNA ratio, were held at the same level as was previously used for Angptl3 knockdown. HDR 

template was included at a 1 : 1 weight ratio with the gRNA, and the lipid : total nucleic acid was set at 

10 : 1 weight ratio. 

As shown in figure 3.9, both red and green signal could be clearly detected in the liver of the TLR2 mice 

injected with this formulation. However, interestingly strong signal in both the red and green channels 

could also be detected in the spleen. Furthermore, strong red signal was detected in the heart, although 

the green signal in the heart appears to be autofluorescence, and not true expression of Venus. This is 

surprising, as the delivery of Cas9 mRNA and gRNA as shown above was very exclusively locate in the 

liver. We were hypothesizing that the delivery platform may be generalizable for any mRNA delivery to 

the liver. This data appears to contradict this. However, I have not yet attempted delivery of exclusively 
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Cas9 mRNA and sgTLR2 in this mouse line (without the HDR template). It is likely that by changing the 

cargo composition with the inclusion of HDR template, the properties of the nanoparticles may have 

changed. For example, the FDA-approval of MC3 was optimized for a siRNA cargo. Our delivery of mRNA 

and gRNA using 306-O12B significantly outperformed delivery with MC3; however I would not consider 

this an oversight in the hands of Alnylam in developing MC3; rather I would attribute this to a change in 

cargo. Similarly, adding a large ssDNA molecule into the nanoparticle may change the formulation 

parameters as well. This observation will warrant additional study. Regardless of the organ-specificity, 

this may be the first report of systemic Cas9 mRNA-mediated HDR. 
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3.3.4: Local in vivo delivery of Cas9 mRNA to achieve HDR repair 

 

Another mouse model which I studied is the local injection of Cas9 mRNA and sgRNA into the 

gastrocnemius muscle. This model may have relevance for the treatment of diseases such as Duchenne 

muscular dystrophy (DMD). More detail about this model system can be found in chapter 4. The 

experiments using Cas9 mRNA to treat DMD represent an overlap in subject matter between this 

Figure 3.9: Systemic Cas9 mRNA-mediated homology-directed repair, using the TLR2 mouse model. 
Keyence microscopy images from A) the liver, B) the spleen, and C) the heart of a TLR2 mouse injected 
intravenously with Cas9 mRNA, sgTLR2, as well as HDR template, using the lipid 113-O12B. Interestingly, 
this lipid was predicted to deliver mRNA exclusively to the liver. However, the strongest signal, both in 
terms of red fluorescence (general Cas9 editing) and green signal (specific homology-directed repair) was 
detected in the spleen.  
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chapter (mRNA delivery) and Chapter 4 (discussing the DMD model). As such, I will only briefly discuss 

the results here, specifically with regards to the mRNA delivery components. A more thorough 

discussion of these results, including a specific comparison of mRNA vs RNP delivery, can be found in 

chapter 4. 

First, the GAPDH was used as a model gene. A single-stranded DNA HDR template was designed to insert 

a 6-bp SapI cleavage site into the Gapdh gene at the site of Cas9 editing, using the guide RNA targeting 

GAPDH which was originally developed for the purpose of barcoding, as will be described in Chapter 5. 

This SapI site should have no functional application, however this particular sequence is not found 

natively in the gene. The HDR repair could be easily detected by PCR-amplifying the target locus, and 

digesting the product with the SapI enzyme. This strategy is used in other experiments, but here I simply 

sequenced via NGS and identified transcripts containing the inserted SapI sequence, in addition to 

identifying the frequency of indels generated. 

As shown in Fig. 3.10, local injection of Cas9 mRNA resulted in a total genome editing rate of ~8.3%, and 

a HDR rate of ~4.3%. By contrast, local Cas9 RNP delivery resulted in only a total genome editing rate of 

~2.4%, and a similar HDR rate of ~1.8%.  In other words, approximately 52% of all mRNA-generated Cas9 

edits resulted in HDR repair, while 73% of all RNP-generated Cas9-edits resulted in HDR repair This is an 

interesting result. On the one hand, this demonstrates that overall Cas9 editing is more efficient with 

mRNA compared with RNP delivery. Depending on the application, 10% NHEJ repair may be a 

therapeutically relevant level; for example in arecent study of AAV-mediated delivery of Cas9 in a dog 

model of DMD, a genomic editing rate of 9.96% resulted in restoring up to 60% of Dystrophin protein 

expression in the muscle [92]. These results may warrant further study. On the other hand, it appears as 

though our RNP delivery is more efficient in converting editing events into specifically HDR repair. In any 

application where HDR repair is desired, it is possible that the presence of NHEJ editing events that were 

not repaired via HDR may be actively detrimental, as NHEJ is a stochastic repair process that may result 
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in adverse outcomes. In that regard, despite the lower overall editing, the high rate of HDR repair 

among edits using Cas9 RNP may be beneficial. 

 

3.4: Conclusion 

 

In vivo delivery of Cas9 mRNA may be a powerful tool for effecting therapeutic genome editing. In this 

chapter, I have successfully demonstrated therapeutically relevant Cas9-medaited genome knockdown 

in the liver of mice. I have also demonstrated the potential application for in vivo mRNA delivery in other 

contexts, including systemic delivery to the lungs and local delivery to the muscle. I have also 

demonstrated successful mRNA-mediated homology directed repair in vivo, which has not yet been 

thoroughly established in the literature. 

  

Figure 3.10 Local delivery of Cas9 mRNA and RNP 
to the gastrocnemius muscle results in both NHEJ-
mediated indel generation and HDR-mediated 
genomic insertion. Local Cas9 mRNA delivery 
results in a higher rate of editing, however local 
Cas9 RNP delivery results in a higher fraction of 
editing events which are repaired via HDR. 
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Chapter 4: Cas9 RNP Delivery 
4.1. Introduction 

Compared with other modalities of Cas9 delivery, direct in vivo delivery of the protein, typically pre-

complexed with the guide RNA to form a ribonucleoprotein complex (RNP), has historically been one of 

the most challenging. This is evidenced by the paucity of reports in the literature. There have been a 

handful of reports of successful local delivery of Cas9 protein [26, 38-43]. Despite these local delivery 

reports spanning from as early as 2015[43], systemic nonviral delivery of Cas9 protein had not been 

achieved until June 2020 [43]. I myself had been working on the systemic Cas9 protein delivery since 

around 2017, and I too have been beset by many setbacks over the course of this time. 

Many of the challenges with both intracellular protein delivery generally, as well as Cas9 or other CRISPR 

protein delivery in specific, have been discussed in Chapter 1. Briefly, Cas9 is a large protein, around 160 

kDA, and notably carries a net positive charge (ref). This presents a particular challenge when 

complexing with cationic nanocarriers [26, 37]. Furthermore, the Cas9 protein is a particularly complex 

protein when it comes to function. It has been reported that the protein can exist in up to 3 distinct 

conformational states, i.e. (1) free protein, (2) protein bound to gRNA, (3) protein bound to both gRNA 

and target DNA [15]. The Cas9 protein must remain stable and free to reach any of these  

conformational states throughout the delivery process up to and including after the cytosolic release 

and nuclear transport inside the target cell. One example of this, our lab has previous experience with 

reversible modifications of proteins to alter their delivery parameters, using the enzymes RNAse A and 

Saporin as the model proteins [46]. By contrast, if a similar strategy were applied to the Cas9 protein we 

found that even if the chemical reaction were successfully reversed, in cell-free activity assays it was 

very difficult to rescue Cas9 protein function after such a chemical modification (unpublished data / not 

shown here). I believe this is relevant to the delivery challenges as well. For example, our lab had 

previously used these modifications to improve the properties of a protein that does not easily complex 
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with our cationic lipids; these results indicate that a similar strategy cannot be used here to improve 

Cas9-nanoparticle complexation. This removes certain powerful tools from our arsenal for optimizing 

delivery conditions. Regardless, I take the relative paucity of published peer-reviewed reports on 

systemic Cas9 protein delivery, despite the frequency of reports on systemic delivery of both viral and 

mRNA cas9 delivery, as evidence that this is truly a difficult challenge that has faced the entire field.  I do 

not say this to make excuses; as I will show, I have recently begun achieving real success in in vivo RNP 

delivery. 

One particular challenge I have faced with RNP delivery has been with screening. As I reported in 

Chapter 3 on mRNA delivery, we were able to screen our mRNA delivery platform first using a reporter 

such as luciferase mRNA, and lessons learned from this reporter delivery was fairly relevant to the 

ultimate functional delivery. This was particularly important. For one example, when using the Ai14 

reporter mouse, we found that delivery of Cas9 mRNA with sgLoxP was less efficient than delivery of 

sgLoxP alone to a mouse constitutively expressing Cas9 (Figure 3.3). In my experience, when I first began 

Cas9 mRNA delivery, I saw very poor success, likely due to poor delivery and editing efficiency. However, 

by going back and optimizing the delivery parameters under the “easier” fLuc mRNA paradigm, I was 

able to dramatically improve the delivery efficacy, so that when I returned to Cas9 mRNA delivery, I very 

quickly saw successful editing. However, that success I saw was due to the synergistic improvements on 

a number of parameters (dose, active lipid, excipient lipid, lipid:cargo ratio, etc, all reported on in 

Chapter 3). I would hypothesize that if I had performed these screenings directly with Cas9 mRNA 

delivery, each individual optimized parameter in isolation would have had a relatively small effect, and 

due to the lower editing efficiency of Cas9 mRNA, it would have been very difficult to experimentally 

detect these individual small effects, and it would have taken much longer to reach the formulation 

parameters that were ultimately found to be successful. Furthermore, as discussed in Chapter 3, the 

results of a fLuc mRNA delivery optimization experiment could be read out on the same day as delivery. 
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By contrast, it has been reported that the genomic editing which results from Cas9 mRNA delivery 

continues to increase over the course of 96 hours [35], and it is likely that Cas9 RNP delivery would 

result in editing on a similar time scale. Thus experiments involving in vivo delivery of Cas9 simply take a 

longer amount of time than comparable experiments using model reporter systems. It is a slower 

process to perform the optimization experiments using the true Cas9 model. 

Due to the nature of LNP-mediated protein delivery, there is no “simpler” protein cargo that could serve 

as a valid model for optimization purposes. The encapsulation and delivery properties are so intrinsically 

tied to the specific physiochemical and electrostatic properties of the cargo itself, and unlike mRNA, 

each protein is physiochemically and electrostatically unique. Thus all the screening of parameters must 

be performed directly with Cas9 protein itself. Especially in the earlier experiments, this suffered from 

the issues of low editing efficiency and slow experimental times.  As reported below, I performed in vitro 

delivery screenings, but I found that there is a significant disconnect between in vitro and in vivo LNP 

performances. Ultimately, I could not find a screening method that was more reliable than directly 

testing the delivery of the Cas9 directly in the relevant tissue type in vivo, using the relevant gRNA. Of 

course, the downside of this is that in vivo experiments are slower, more expensive, consume more 

reagents, and are more difficult to screen at high throughput compared with in vitro or other screening 

modalities. However, as discussed in Chapter 1, and will be discussed later in Chapter 5, between the 

combinatorial library of active lipidoids itself, and the variety of LNP parameters such as excipient 

identity, excipient formulation ratios, lipid : cargo ratios, and so forth, the number of potential delivery 

conditions are simply too large to reasonably screen in the low-throughput in vivo paradigm. 

In this chapter I will present my results regarding both in vitro and in vivo Cas9 protein delivery. Due to 

the challenges of successful Cas9 delivery, I spent a fair amount of time searching for a successful 

application. As a result, the results presented here form a slightly less coherent story than the previous 

chapters. 
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4.2: In Vitro RNP Delivery Experiments 

4.2.1: Differences between editing of reporter genes vs endogenous genes 

 

Early CRISPR-related work in the Xu Lab relied on a Green Fluorescent Protein-expressing HEK cell line 

(GFP-HEK) [37, 63]. An advantage of this cell line was that genome editing results could be easily and 

directly read out via flow cytometry. I delivered Cas9 protein, along with a gRNA targeting the GFP gene. 

48 hours after delivery, the cells were dissociated from the plate and passed through a BD flow 

cytometer. Upon successful editing, a population of cells with low GFP signal intensity could clearly be 

distinguished (Figure 4.1A). Using this model system, editing rate is reported as % of cells which are GFP-

, and I could achieve editing rates higher than 60-70% with the commercial lipid Lipofectamine, and 

editing rates near 50% with our lab’s combinatorial library of lipids (Figure 4.1B). However, when 

changing from this GFP model system to a functional gene, for example the model housekeeping gene 

Gapdh, the maximum in vitro editing efficiency I could achieve, as measured by NGS analysis of the 

genome itself, was around 20% using Lipofectamine, and around 10% using our lab’s lipids to deliver 

Cas9 RNP (Figure 4.1C). 
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I have not experimentally determined the cause of this difference, but I have two hypotheses. The first is 

a potential difference in the genomic accessibility of the target locus. As will be discussed in Chapter 5, I 

have found that, when delivering different gRNA to the same tissue using the same delivery parameters, 

the editing efficiency is reduced when the gRNA targets a gene that is not expressed in that cell. I 

hypothesize that this is related to the accessibility of the gene. When a gene is not in use in a particular 

cell, it may be sequestered via histones, methylation, and other similar mechanisms. This may serve to 

sterically block the Cas9 protein from reaching the gene. Similarly, although I have not experimentally 

demonstrated this, I hypothesize that a non-endogenous gene in a cell line (such as the GFP-HEK cell 

Figure 4.1: Difference in editing efficiency between endogenous and exogenous genes. A) Using the 
GFP-expressing HEK cell line, Cas9-mediated editing results in a shift in the population GFP 
expression that can be detected via flow cytometry. B) Using the GFP-HEK model system, I can 
achieve almost 60% knockdown using lipofectamine (L2K) and almost 50% knockdown using the Xu 
Lab synthetic lipid nanoparticles to deliver Cas9 RNPs. C) Editing of the Gapdh locus using Cas9 
RNPs, I can achieve a maximum of nearly 20% knockdown using lipofectamine, and less than 10% 
knockdown using the Xu Lab’s lipid nanoparticles. 
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line), the transgene may be more readily accessible to the Cas9 protein compared with endogenous 

genes. Secondly, there is a fairly well-reported phenomenon where protein-level knockdown levels are 

magnified compared with genome-level editing events [13, 92]. Notably, this difference discussed here 

is comparing the protein-level changes in the GFP-HEK cell line with genome-level Gapdh changes in the 

B16F10 cell line. This difference may contribute to the dramatic difference between editing of the 

engineered GFP gene and the endogenous Gapdh gene. 

4.2.2: Optimization of Lipid : Protein ratio and inclusion of anionic polymers 

 

As with the mRNA delivery discussed in Chapter 3, the lipid : protein ratio can have a dramatic effect on 

the delivery efficacy of the LNP. Intuitively, this is reasonable, however we must experimentally 

determine the optimal ratio for each type of cargo individually. 

I selected a new lipid from our combinatorial library,  401-VE3, an as-yet unpublished lipid developed by 

Dr. Min Qiu and containing the chemical structure of Vitamin E in the tail. I formulated Cas9 RNP with 

the gRNA targeting mouse Gapdh, as well as an HDR template designed to insert a SapI endonuclease 

cleavage site into the Gapdh locus as described in Chapter 3. The HDR template was included at a molar 

ratio of protein : HDR template of 3 : 1.  I delivered the complex to B16F10 mouse melanoma cells. All 

wells of cell culture received the same dose of protein, gRNA, and HDR template, but a different lipid : 

protein ratio ranging from 1 : 1 up to 30 : 1. After 2 days of culture, DNA was collected from the cells 

using QuickExtract, and the samples were assessed using the T7E1 assay to visualize editing efficiency, 

and confirmed via NGS sequencing. 
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Based on the T7E1 results, there was an obvious increase in editing efficiency as the amount of lipid 

increased up to 10 : 1 (Figure 4.2). At 30 : 1 ratio, the editing efficiency appeared to be reduced 

compared with 10 : 1. I attribute this to the onset of cellular toxicity due to the very high dose of lipid, 

although I did not experimentally confirm this. Interestingly, the NGS results showed the % of indels 

increasing as the amount of lipid increased, all the way up to 30:1 ratio. This appears as though it 

contradicts the T7E1 data. Furthermore, the editing rates as reported by NGS appear to be dramatically 

higher than what would be predicted based on the band intensity of the T7E1 assay. It should be noted 

that the read rates on the NGS were surprisingly low; this data was generated from an average of only 

around 400 reads per sample. I suspect that there was some failures in the PCR and purification steps 

that may have artificially enriched for edited samples. Regardless, based on the T7E1 results, 10 : 1 ratio 

was selected for future experiments with this lipid. 

Figure 4.2: In Vitro optimization of Lipid : Cas9 Protein ratio. A) T7E1 assay. The smaller bands, 
indicated by the red arrows, indicate successful T7E1-mediated cleavage of the PCR product; 
there appears to be an increase in editing efficiency as the lipid fraction increases, up until the 
30:1 ratio. At this point,  lipid toxicity resulted in cell death in the well. B) NGS sequencing of the 
genomic locus from the same cell culture confirms this trend. Editing magnitudes are higher 
than expected; this may be due to poor DNA quality. 
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It has been reported that the inclusion of excess anionic polymers may improve the ability to formulate 

Cas9 RNPs with cationic lipids [52]. The rationale for this lies in the fact that Cas9 on its own is highly 

cationic. It has been presumed that the complex between the cationic Cas9 protein and the anionic 

gRNA molecule results in an overall negative charge. However, due to the fact that the vast majority 

(~80 nt) of the gRNA molecule is involved in electrostatic binding of the gRNA to the protein itself, it is 

likely that the overall net surface charge of the complex is not simply the sum of the net charges of the 

protein and the gRNA. In the literature, it had been reported that the inclusion of anionic polymers such 

as poly (glycolic acid) or hyaluronic acid may improve the delivery efficacy of Cas9 RNP LNPs. To study 

this, I tested the delivery of Cas9 RNPs, along with the sgGapdh gRNA and the HDR template to insert 

the SapI cleavage site, while including 3 different anionic polymers into the formulation, using the same 

lipid 401VE3. Two of the anionic polymers are Heparin and Hyaluronic Acid, which had not been 

previously included in the nanoparticle formulation. Interestingly, however, one of the anionic polymers 

which had been reported in the literature is simply including an excess volume of the HDR template 

DNA, as DNA is indeed an anionic polymer.  In my typical LNP formulation, I had included the HDR 

template at a protein:HDR molar ratio of 3 : 1, which corresponds to a weight ratio of approximately 

7.75 : 1. For this experiment, in the control groups as well as the groups containing heparin or hyaluronic 

acid, this same ratio of HDR template was included; each anionic polymer was included in the 

formulation at a weight ratio of anionic polymer : Cas9 protein of 5 : 1 , as well as a lipid : protein ratio 

of 5:1. When the HDR template was used as the anionic polymer, it was also included at a weight ratio 

of 5 : 1; in other words approximately 38x more HDR template than would typically be included in my 

formulation (in total 12 µg HDR template per well as excess anionic compound, vs 0.3 µg / well in the 

control group.). As shown in Figure 4.3, inclusion of excess HDR template appeared to moderately 

improve the overall editing efficacy of the Cas9 RNP LNP. Furthermore, inclusion of the excess HDR 

template appeared to slightly improve HDR efficiency, while all other anionic compounds actually 
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reduced HDR efficiency. This may indicate that two effects are occurring in parallel. First, inclusion of 

additional anionic compound is indeed improving the encapsulation and delivery of the Cas9 protein, 

although this appears to be somewhat specific to the identity of the anionic compound. Secondly, the 

initial Protein : HDR ratio may not have been sufficient to efficiently convert Cas9-mediated DSBs into 

HDR-mediated DNA repair in all cells. 

 

4.3: In Vivo Local Delivery of Cas9 to the muscle: Applications for Duchenne Muscular Dystrophy 

4.3.1: Introduction 

Duchenne Muscular Dystrophy (DMD) is a disease resulting from a mutation in the Dystrophin gene. 

Dystrophin is a muscle protein involved in strengthening and anchoring the muscle cytoskeleton. Recent 

studies have used AAV-mediated delivery of Cas9 to treat DMD in mice and even dogs [92, 93]. Notably, 

in 2018 Lee and Murthy reported local injection of gold nanoparticles containing Cas9 protein, gRNA, 

and HDR template into the Gastrocnemius and Tibialis Anterior of DMDmdx mice, a mouse bearing a 

point mutation in the Exon 23 of the dystrophin gene [38]. This work reported using HDR to repair the 

point mutation and claimed a repair rate of 0.8%, and yet claimed significant improvement in functional 

assays of the mouse muscle strength, using a wire-hang assay. This has been one of the most significant 

published reports of in vivo Cas9 editing, and certainly of in vivo HDR, and yet the editing rates have 

Figure 4.3: Effect of anionic 
compounds on in vitro delivery of Cas9 
RNPs. A) Inclusion of excess HDR 
template resulted in a moderate 
increase in overall genome editing 
rate. B) Inclusion of excess HDR 
template resulted in an increase in 
HDR repair rate. 
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been exceedingly low. An alternative strategy has been to use exon skipping, a technique which relies on 

a particular feature of the Dystrophin gene. For Dystrophin in particular, the point mutation can result in 

complete loss of the dystrophin protein, while the skipping of the entire exon can result in a truncated 

form of the protein which, although having reduced functionality compared with the full protein, is 

nevertheless more functional than the complete loss of the protein [92]. As a result, strategies using 

both AAV-mediated and LNP-mediated Cas9 delivery have focused on using Cas9 editing to induce the 

skipping of the exon which bears the mutation, without relying on HDR to repair the point mutation. 

In light of these studies, I have sought to use local delivery of Cas9 to the gastrocnemius muscle. For 

these experiments, I have predominantly focused on Cas9 RNP (protein) delivery, although I have also 

performed some preliminary experiments using local Cas9 mRNA delivery. Over the course of these 

experiments I have relied on three mouse model systems. The first is the Gapdh model system. As 

described in previous chapters, I designed a Cas9 gRNA targeting the Gapdh gene. I selected this gene 

because it is considered a “housekeeping” gene, which should be expressed in all cell types, and 

therefore be less sensitive to any differences in editing efficiency that may arise from varied genetic 

expression, as will be discussed in Chapter 5. I designed an HDR template to insert a SapI restriction 

endonuclease cleavage site into the Gapdh gene. This is a 7-nt sequence (GCTCTTC) that can be 

recognized and specifically cleaved by the SapI restriction enzyme. Notably, this sequence cannot be 

found anywhere within the native mouse Gapdh gene. While this should allow for a simple cleavage 

assay, in which DNA from the Gapdh gene is amplified and then cleaved with the SapI enzyme as 

described in Chapter 2, this sequence can also be directly measured via NGS. This allows for detection of 

both NHEJ-mediated indel formation as well as specific HDR-mediated gene insertion, both of which 

may be used as models in an endogenous gene.   

Second, I used the Traffic Light Reporter (TLR2) model developed by Jackson Labs. This model system 

was briefly discussed in Chapter 3. Briefly, the TLR 2 construct contains a CAG promoter, followed by a 
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Venus YFP gene, in which 108 DNA bases which correspond with amino acids 116-151 in the original 

Venus gene have been replaced with a nonsense sequence. In an untreated mouse bearing the TLR2 

gene, neither the Venus nor the TagRFP gene can be expressed. Cas9-mediated NHEJ repair can result in 

a +1-nt frameshift which brings the TagRFP gene back into frame, however it does not repair the missing 

amino acids from the Venus gene. As a result, the cell should express exclusively Red Fluorescent 

Protein.  I designed an HDR template to replace the 108 nt nonsense in the Venus gene with the correct 

sequence. Successful HDR-mediated repair should restore Venus expression, resulting in the cell 

expressing green fluorescence. This model allows for quick readout of both NHEJ- and HDR-mediated 

repair as a result of Cas9 editing via either IVIS in vivo imaging, or via fluorescence microscopy, without 

requiring direct interrogation of the genome via cleavage assays or sequencing. 

Finally, I performed some experiments in the DMDmdx mouse. This mouse was discovered in the 1980s to 

have a point mutation in exon 23 which generates a premature stop codon to prevent the expression of 

Dmd [94]. For these experiments, I followed closely the techniques of Lee and Murthy [38]. As a result, I 

used both the sgRNA targeting DMD (sgMurthy), as well as the HDR template, reported in that study. 

For certain experiments using mRNA delivery, I co-delivered the Murthy sgRNA along with a gRNA 

reported originally by Nelson and Gersbach, which targets the intron just upstream of Exon 23 [66]. 

According to that report, simultaneous editing with those two gRNAs could induce skipping of Exon 23. 

Notably, my results did not rise to the level of publication. However I did set out a very promising 

groundwork, and I would recommend a future member of the Xu Lab to continue this research. 

4.3.2: Intramuscular Editing of Gapdh 

 

As was briefly discussed in Chapter 3, I used the Gapdh model system to assess the efficacy of 

intramuscular delivery of Cas9 mRNA and RNP. I delivered a single dose of 25 ug protein or 5 ug mRNA 
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to the muscle. Notably, this single dose was divided across 3 locations within the gastrocnemius. In one 

single delivery event, I prepared 1 full dose of LNP, and delivered approximately 1/3 of the volume to 

each of 3 locations across a single gastrocnemius muscle (the right leg of the mouse). For protein 

delivery, the ratio of Cas9 protein : HDR template was 3 : 1; for the mRNA delivery, the weight ratio of 

gRNA : HDR template was 1 : 1. One week after delivery of Cas9 LNPs, the mouse was sacrificed. I 

dissected the gastrocnemius muscle, and then further divided the muscle tissue into 5 sections. The DNA 

from each section was independently extracted using a Qiagen DNEasy Blood and Tissue kit, and 

independently analyzed via NGS. The purpose of dividing into 5 sections, and to delivering the single 

dose across 3 locations in the tissue, was due to the fact that I was not sure a priori to what extent the 

LNPs could diffuse across the muscle tissue upon local delivery. I was concerned about the possibility of 

either missing the editing event by selecting a tissue sample far from the injection location to analyze for 

sequencing, or to artificially reduce the observed editing rate by assaying DNA collected from both 

edited and not-edited cells as a result of distance from the injection site. 

As was shown in Figure 3.10 of Chapter 3, when considering the tissue segment with the maximum 

editing rate among segments for any given mouse, Cas9 RNP delivery resulted in ~2.45% overall editing 

rate of the Gapdh gene, and ~1.79% overall HDR rate, while Cas9 mRNA delivery resulted in ~8.32% 

overall editing rate and ~4.34% overall HDR rate. I chose this method of analysis (sequencing all tissue 

segments, and reporting on the segment with maximum editing rate for a given mouse) to control for 

any errors in the precise injection location site or tissue dissection. As this was early in my experience 

with the gastrocnemius muscle, I felt that this was the most fair way to account for such procedural 

mistakes. Interestingly, and as briefly discussed in Chapter 3, while Cas9 mRNA delivery resulted in a 

higher overall rate of indel formation, Cas9 RNP delivery resulted in a greater proportion of the indels 

generated being repaired via the HDR pathway. I hypothesize that this is related to the timing issue. In 

order for HDR-mediated repair to occur, the Cas9 protein, guide RNA, and HDR repair template must all 
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be present in the nucleus and at the specific genomic locus simultaneously. When Cas9 is delivered in 

mRNA format, the cell must first translate the mRNA into a functional protein, leading to some lag time 

in between delivery and editing. During this time, the gRNA or HDR template may have diffused away or 

begun degradation or clearance from the cell.  Notably, this proportion of indels which are repaired via 

HDR is much higher than most reported in the literature. For example, the Lee and Murthy paper 

reports that less than 50% of all editing events were repaired via HDR [38]. 

I further analyzed the distribution of the editing across the gastrocnemius muscle. A single injection of 

Cas9 in either protein or mRNA format, along with sgGapdh and HDR template at the same ratios 

described above, were delivered locally to the gastrocnemius. One week after delivery, the tissue was 

divided into 5 sections as described above, and four sections were sequenced. The fifth section was the 

furthest from the predicted editing site and thus was excluded from sequencing analysis Figure 4.4 

shows the average editing rate in each section of tissue as measured by NGS for each of RNP or mRNA 

delivery. Interestingly, while delivery of RNP LNPs resulted in a distinctly higher editing efficiency in one 

distinct section with a dramatically reduced efficiency in all other sections, mRNA delivery resulted in a 

much more broad distribution of editing efficiency among sections (Figure 4.4).Specifically, the standard 

deviation among tissue sections for RNP delivery was 68.5% of the mean editing rate among tissue 

sections (mean 1.38, SD 0.95), while the standard deviation was only 24.5% of the mean editing rate for 

mRNA delivery (mean 6.25, SD 1.53). This may indicate that the mRNA-LNPs can more easily diffuse 

through the muscle tissue than the RNP LNPs, perhaps due to the nanoparticle size or charge. However 

more study would be required to confirm this. 
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4.3.3: Intramuscular Editing of DMD 

Inspired by the results with Gapdh editing, I purchased DMDmdx mice to perform a functional editing 

experiment. In this case I prepared two experimental groups. In one group, I delivered Cas9 protein, 

along with the single sgMurthy gRNA and HDR template described in the Lee and Murthy experiment. By 

contrast, in the other group I delivered Cas9 mRNA, along with both sgMurthy and sgGersbach, as well 

as HDR template. Notably, this is the same pair of gRNAs delivered in the Nelson and Gersbach paper 

(i.e. in that report, they used one gRNA identical to that reported by Murthy, found within Exon 23, and 

a second gRNA that was located in the intron preceeding Exon 23). My justification for this strategy is 

that RNP delivery above resulted in the most efficient conversion of editing events into HDR repair, and 

so I used RNP delivery for the condition that relied on HDR repair. By contrast, the mRNA delivery 

resulted in the highest over Cas9 editing rate. Thus, I used mRNA delivery for the experimental condition 

that relies on a large-scale genomic deletion to trigger exon skipping, and does not require efficient 

HDR. 

Figure 4.4: Gapdh editing across the gastrocnemius muscle as a result of Cas9 RNP and mRNA 
delivery. A) Cartoon schematic of the gastrocnemius muscle, and the 5 tissue sections that were cut 
for sequencing purposes. B) Editing rate in each muscle section after Cas9 RNP delivery. Editing rate 
in location 2 was dramatically lower than that in location 4. C) Editing rate in each muscle section 
after Cas9 mRNA delivery. Editing rate was largely similar across sections. 
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For the mice to experience a therapeutic benefit to the Cas9-mediated genome editing, the repair must 

occur in all muscle tissues. Although I did not inject locally into each mouse in the skeleton, I did deliver 

the same LNP-Cas9 formulations to both the left and right leg gastrocnemius muscles of each mouse. 

Each mouse received 2 doses of either 50 ug Cas9 protein, or 10 ug Cas9 mRNA into each leg, divided 

into 3 injections per leg, per dose. I performed a wire hang experiment similar to the one reported by 

Lee and Murthy. Briefly, a plastic tote approx. 16 inches deep was filled with an approx. 0.5 in layer of 

soft bedding for the mouse safety. One at a time, mice were placed onto chicken wire (containing 1/4in 

square voids), and the chicken wire was inverted and rested on the top of the tote. The amount of time 

between inverting the wire and when the mouse ultimately released the wire and fell into the soft 

bedding was recorded. Briefly, mice were injected with a single dose of Cas9 on each of Days 0 and 14, 

the wire hang experiment was performed on days 14 and 21, and on Day 28 the mice were sacrificed 

and gastrocnemius muscle tissue was collected as described above for sequencing analysis. DNA was 

interrogated via NGS for sequencing at the locus of the sgMurthy. 

As shown in Figure 4.5 A and B, NGS revealed a maximum indel rate in the gastrocnemius at the locus of 

the sgMurthy of 0.85%  with LNP-RNP delivery, and only 0.32% with LNP-mRNA delivery. Notably HDR 

efficiency of RNP delivery was 0.65%, indicating again that about 76% of Cas9-mediated indels were 

repaired via the HDR pathway. Both total editing rates and HDR rates for RNP delivery were significantly 

higher than both mRNA delivery and control However, neither the overall editing rate nor the HDR rate 

exceeded that reported by Murthy. However, Murthy generated these results from two doses of 120 µg 

Cas9 protein each, while I achieved these results with 2 doses of 50 µg Cas9 protein each, using the 

same gRNA. Furthermore, the recent paper out of the Siegwart group addressed DMD via exon skipping, 

by delivery of 3 doses of Cas9 RNP at a protein dose of 50 µg per administration. This indicates that, 

although my editing rates were not impressive, they were also not that far removed from the gold 

standard in the literature, using a dramatically lowered dose. 
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It appeared as though the co-delivery of 2 gRNAs along with mRNA was not highly efficient, even at 

generating NHEJ editing events. However, it should be noted that the PCR primers used for this study 

were the primers reported by Lee and Murthy, and were designed to sequence within the Exon 23 of the 

Dmd  gene. The two gRNAs co-delivered with the mRNA were reported in the Nelson and Gersbach 

paper to result in exon skipping of the Exon 23. The PCR primers used here simply could not detect 

editing which occurred in the intron. Furthermore, if the mRNA delivery had successfully achieved a 

large-scale genomic deletion between the two gRNA targets, this genomic deletion likely would have 

also deleted the PCR primer binding site. This may result in under-reporting of the editing generated 

from the mRNA delivery. 

 

Figure 4.5: Genome editing of the Dmd gene in the DMDMdx mouse model. A) Cas9 RNP delivery 
resulted in the highest overall editing rate, although mRNA delivery also resulted in significantly 
higher editing rates than the untreated control. B) Cas9 RNP delivery generated the highest 
rate of HDR repair. Notably, approximately 75% of all RNP-mediated Cas9 editing events were 
repaired via the HDR pathway. C) The functional wire-hang assay on day 21 showed no 
significant difference in the functional muscle strength of treated mice. 



97 
 

Unfortunately, the wire hang experiment did not demonstrate a significant improvement in muscle 

function on day 21. There was no significant difference between the groups (Figure 4.5C). Furthermore, 

all mice could maintain a wire hang for a much shorter period of time than that reported in the Murthy 

paper. This may indicate a flaw in the experimental conditions. Observationally, I believe that the mice 

“learned” that the soft bedding below would break their fall, and so were not afraid of dropping off of 

the chicken wire. Perhaps this is why hanging time was so reduced. Alternatively, the Lee and Murthy 

paper delivered Cas9 RNP to the gastrocnemius, tibialis anterior, and forelimb muscles, while I only 

delivered to the gastrocnemius. As mentioned above, all muscle tissues will be adversely affected by the 

disease state, and it is possible that the mouse requires the activity of multiple muscles acting in concert 

to succeed in the wire hang task. In this case, the editing of a single muscle (the gastrocnemius) would 

simply be insufficient. 

Due to the mixed results of this experiment, I temporarily set aside the disease model, and turned 

instead to the TLR2 model. I hypothesized that performing screening and optimization in the model that 

allows for visual detection of success would be more efficient than using the therapeutic model that 

requires sequencing or time-consuming mouse behavioral or functional assays.  I intended to first 

optimize the delivery in the TLR2 model, and later return to the DMD model, however time restrictions 

have prevented me from returning to this model to date. I would suggest that another member of the 

Xu lab revisit this project in the future. 

4.3.4: Intramuscular editing of the TLR2 reporter mouse  

 

After performing the in vitro delivery optimizations described in Section 4.2.2, I returned to in vivo 

experimentation, now using the TLR2 mouse. First, I prepared 401VE3 LNPs, using a lipid : protein 

weight ratio of 10:1 as determined by my in vitro optimizations, and a protein : HDR template ratio of 1 : 
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1. In this case, the complete dose of 50 ug protein was injected into a single location within the 

gastrocnemius muscle of the TLR2 mouse. After five days, the mouse was sacrificed, tissue dissected, 

prepared via overnight incubation in 30% sucrose, followed by embedding and freezing in OCT, and 

cryosectioning. As shown in Figure 4.6, I could detect both red and green fluorescence in the 

gastrocnemius muscle, indicating both successful Cas9 delivery and HDR. This demonstrates the success 

of the model system, as well as the success of the gRNA and HDR template. 

 

Figure 4.6: TLR2 signal in the gastrocnemius muscle. After intramuscular delivery of 
Cas9 RNP, I could detect both green and red signal in the muscle fibers, indicating both 
successful Cas9-mediated NHEJ editing and Cas9-mediated homology-directed repair. 
As is expected, red signal, indicating NHEJ editing, is more frequent than green signal, 
indicating HDR. 
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Inspired by these results, I performed a screening of effect of the excipient lipid formulation on the 

delivery of Cas9 sgTLR2 and HDR repair in the gastrocnemius of TLR2 mice. Five different excipient 

formulations were examined, as shown in Table 4.1. The entire gastrocnemius was sectioned into 15 um 

sections and examined under the Keyence microscope. Images representing the strongest TLR2 signal I 

could find from each tissue sample are shown in Figure 4.7. As seen in both the low- and high-

magnification images, the strongest red fluorescence and green fluorescence signal was detected in the 

sample where Cas9 RNP was delivered locally using 401VE3 formulated at 16 : 0 : 0 : 1 with Cholesterol, 

DOPC, and DMG-PEG (in other words, the formulation only contained active lipid and PEG). The next 

strongest was the formulation 16 : 4 : 1 : 1 I repeated this experiment with a new cohort of mice, and 

achieved the same results. 

Table 4.1: Formulation composition of different LNP formulations screened for intramuscular delivery. 
Numbers shown are weight ratio fractions 
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Figure 4.7: Nanoparticle composition screening reveals effective nanparticle formulations for 
intramuscular delivery. A) low-magnification and B) high-magnification microscopy images of 15 µm 
sections of the gastrocnemius muscle from TLR2 mice after intramuscular delivery of Cas9 RNPs. 
Formulations #1 and #3 generated the most and the strongest red and green fluorescence, 
indicating both Cas9-mediated editing and HDR-mediated repair. 
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4.3.5: Discussion 

 

Presented here are very promising preliminary results regarding intramuscular delivery of Cas9 RNP. I 

have shown that, prior to formulation optimization, I can match the gold-standard editing rates 

generated from intramuscular delivery, using a lower dose of Cas9 protein. Furthermore I have 

demonstrated that I can indeed optimize the LNP formulation parameters to improve the in vivo local 

delivery to the muscle. Notably, the  fluorescent images images presented here are the result of a single 

dose of 50 ug Cas9 protein to the TLR2 mouse using the optimized formulation. By contrast, two 

recently published works by the Murthy and Siegwart groups used two doses of 120 µg Cas9 protein or 

three doses of 50 µg Cas9 protein, respectively, to address the DMD disease model. 

The data presented here demonstrates only the  first step towards this project. For example, only one 

active lipid, 401-VE3, has been screened for the intramuscular delivery. Now that this TLR2 platform has 

been validated as a screening tool, the next step is to perform a more thorough screening of the 

combinatorial lipid library to further optimize the HDR efficiency of the in vivo local delivery. Once the 

LNP platform has been fully optimized in terms of both formulation parameters and active lipidoid, the 

optimal formulation should be applied to the DMD model. I am confident that, using delivery 

parameters that have been optimized in this way, results that far surpass those reported here or in 

literature can be achieved. 

 

4.4: In Vivo Systemic Cas9 RNP Delivery 

4.4.1: Introduction 

The successful systemic delivery of Cas9 RNP has been one of the most challenging tasks I faced during 

my research. As was discussed earlier, nobody in the world had reported successful systemic Cas9 RNP 
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delivery until the Siegwart group in June 2020, and that work required an extremely high dose of 

protein, namely three doses of 250 ug Cas9 each. 

I pursued this project for more than three years, and achieved more negative results than successes. In 

this report, I will not detail every single negative result. As will be detailed below, this report will focus 

on the very recent successes I have achieved towards achieving this goal. However, it may be 

worthwhile to note that, among the likely causes for my lack of success is the dose. Prior to this Siegwart 

report, there was no literature-standard benchmark for the “correct” systemic dose of Cas9 protein. I 

had been focusing on single-dose delivery of Cas9. Through the years, I have used a variety of methods 

for nanoparticle formulation (some of which will be discussed below), and certain methods simply 

limited the maximum concentration of Cas9 protein which I could achieve. Furthermore, at high 

concentrations of Cas9-LNP, I noticed some ill effects on the mouse health. As a result, many of my early 

trials of systemic RNP delivery used a single dose of 50 – 150 µg of Cas9 protein, which in retrospect is 

less than 15% of the total dose which Siegwart found necessary to generate detectable editing levels. 

As mentioned above, for this project I passed through many iterations. During each iteration, I would 

learn some new marginal improvement. Some of this is detailed in Section 4.2.2 above, such as 

increasing the lipid : protein ratio or altering the concentration of HDR template to serve as excess 

anionic material. Some of this will be detailed below, such as modifying the method for formulating 

LNPs in order to encourage a more stable formulation. However, in vitro screening was not always 

relevant towards in vivo results, so much of the research was spent testing various delivery conditions in 

vivo. As such, most of those conditions will not be detailed here. 

4.4.2: Optimization of nanoparticle formulation protocol to achieve stable LNPs at high concentration 
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Our Institutional Animal Care and Use Committee (IACUC) guidelines regarding intravenous 

administrations provides an upper limit of volume of administrant. Thus as a result, in order to achieve 

high doses of Cas9 RNP delivery, I was required to prepare a high concentration solution of Cas9 protein 

and lipid nanoparticle.  For example, to deliver 250 µg of Cas9 protein would require a formulation 

containing 1 mg/mL Cas9 protein formulated with 10 mg/mL of active lipid, in a formulation that was 

also including excipient lipids, gRNA, and HDR template. By contrast, for most in vitro administrations, I 

would prepare Cas9 protein at a concentration of 0.024 mg/mL with the active lipid at 0.24 mg/mL. In 

other words, the in vivo formulation was more than 40-fold more concentrated than the in vitro 

formulation. As a result, the formulation would typically appear so opaque as to be milky, and often 

would precipitate rapidly. This is likely due to a combination of a large initial diameter of nanoparticle 

size, as well as aggregation over time. Intravenous injection of these nanoparticles would often result in 

an immediate and visually apparent negative reaction in the mice. For obvious ethical reasons, this 

reaction was not acceptable, and experiments could not be continued under these circumstances. 

To understand the causes of this aggregation and the potential solutions, it is important to understand 

the methods by which the Xu Lab formulates nanoparticles. Early in my tenure, I relied on a thin film 

hydration method. In this method, the lipid components would be dissolved in chloroform, and then 

mixed together in a glass vial and allowed to evaporate off, forming a thin film. This film could then be 

rehydrated in an aqueous solution, either containing the cargo or else in pure aqueous solution. When 

the amphiphilic lipids came in contact with the aqueous solution, they would self-assemble into 

nanoparticles. If the aqueous solution contained the cargo, the LNPs would self-assemble around the 

cargo and encapsulate them in that manner. Otherwise, the LNPs would self-assemble into empty 

nanoparticles, and then subsequently be mixed with the cargo (also in aqueous solution), where they 

would form a strong association based predominantly on electrostatic interactions between the LNPs 

and the cargo. While this method was very successful for our previous lab members, especially for in 
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vitro experimentation, I found that at the lipid concentrations necessary for in vivo experiments, it was 

difficult to generate the uniform thin film on the bottom of the glass vial; instead I generated clumps of 

wax. As a result, these wax clumps would not evenly rehydrate, resulting in nanoparticles that, as 

measured by Dynamic Light Scattering, were both very large and very polydisperse. Furthermore, the 

chloroform was frequently too volatile to easily handle. For example, during the simple process of 

dissolving the active lipid in chloroform, followed by dispensing of the correct volume of solution, a non-

negligible amount of chloroform would evaporate in that time, resulting in a concentration of lipid being 

dispensed that was higher than expected. Overall, I strongly opposed this nanoparticle formulation 

strategy, and encouraged the group to adjust to a different strategy. 

Our lab obtained a NanoAssemblr microfluidic mixer to assemble nanoparticles. In this device, the lipid 

components are dissolved in pure ethanol and placed into the first channel of the microfluidic device. 

The second channel of the microfluidic device contains an aqueous solution, again either with cargo or 

without. The physics of the microfluidics channel allows for the mixing of the ethanol-based and 

aqueous solutions at a very precise, controlled rate. As the lipids are brought in contact with the 

aqueous solution, again they self-assemble into nanoparticles to sequester the hydrophobic regions of 

the lipid. The specific rate at which the lipids are brought in contact with the aqueous solution can be 

precisely controlled by dialing in a specific flow rate through each channel of the microfluidic device. 

Furthermore, due to the nature of microfluidics, each individual drop of lipid solution is brought into 

contact with a pure aqueous solution (not yet contaminated by ethanol or containing any lipid). As a 

result, the NanoAssemblr results in extremely uniform, monodispersed particles, and the particle size 

can be carefully controlled by varying the flow rate. After the nanoparticles have been formed, the 

samples can be dialyzed against diH2O or PBS to remove the excess ethanol. This is the most well-

controlled process in the lab; in fact most of the large-scale mRNA experiments presented in Chapter 3 

generated nanoparticles by directly dissolving the Cas9 mRNA and gRNA into the aqueous channel of the 
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microfluidic mixer, and directly forming the nanoparticles. For these applications, the microfluidic mixer 

is very successful. 

However, unlike with mRNA, protein stability may be particularly sensitive to direct ethanol exposure. 

Due to this, I preferred not to directly include the RNP-based cargos into the aqueous channel of the 

microfluidics device. Instead, I would form the nanoparticles first, then dialyze out the ethanol, and then 

mix the nanoparticles with the cargo to allow them to self-assemble via electrostatic interactions. In 

light of this, we found that when simply assembling LNPs without cargo, a similar ethanol extraction 

approach could be performed with macro-scale mixing instead of microfluidics. With this approach, the 

aqueous solution is gently vortexed, while the lipid-ethanol solution is slowly drop-wise added into the 

rapidly mixed aqueous solution. Again, the lipids self-assemble upon contact with the aqueous solution, 

and then the excess ethanol can be dialyzed out. In our experience, at low concentrations, this 

procedure can form nanoparticles with properties very similar to those generated from the 

NanoAssemblr. 

However, I have found this strategy to become less robust at high concentrations. One feature of the 

microfluidic mixer is that each individual drop of lipid-ethanol solution is introduced to a “clean” drop of 

aqueous solution (i.e., purely aqueous solution without any solvent or lipid). By adding the ethanol 

solution drop-wise into a rapidly mixed aqueous solution in a one-pot fashion, at low concentrations this 

forms a fairly reasonable approximation of the microfluidic conditions; as each drop of ethanol is added 

it is rapidly dispersed and diluted among the aqueous solution, so the next drop of ethanol is added to a 

solution with extremely low concentration of ethanol and lipid. However, as the concentration is 

increased, this approximation becomes less accurate. By the final drop of ethanol, the solution contains 

a measurable fraction of ethanol and lipid already. In other words, the final drop of lipids experience a 

fundamentally different environment compared with the first drop. As a result, unsurprisingly, the result 
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is that nanoparticles formed at high concentration using this method are much more polydisperse 

compared with those formed at low concentration. 

By working in collaboration with Dr. Min Qiu, a postdoc in our lab, we developed a way to avoid this 

problem. By first preparing the nanoparticles at a very dilute concentration, we could achieve the ideal 

nanoparticle properties. Then, the solutions could be dialyzed, and then complexed with the cargo 

proteins, and then finally concentrated up to the appropriate concentration using a centrifugal 

concentrator unit (MilliporeSigma). I term these “Low/High Nanoparticles”. As shown in Figure 4.8, the 

Low/High Concentration Nanoparticles appear visually more transparent  than the solution formed 

directly at high concentration (termed high concentration nanoparticles), even after the Low/High 

solution has been concentrated up to a higher concentration than the initial “high-concentration” 

formulation. By DLS, the nanoparticle size between the two formulations was fairly similar, but the 

polydispersity was much higher with the high-concentration LNPs. Finally, Low/High nanoparticles 

remained stably in suspension over 24hr of storage at 4oC, and when Low/High Nanoparticles were 
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injected in vivo, the mouse health was dramatically improved, and showed no ill effects at all. This was a 

very surprising and important result to me. From this point forward, all nanoparticles were prepared 

using this Low/High procedure. 

 

4.4.3: In Vivo Systemic Cas9 RNP-mediated Homology Directed Repair 

 

Inspired by the improvements in the Low/High nanoparticle formulation technique, lipid : protein ratio, 

excipient lipid identity, inclusion of excess HDR template as an anion, and other technical 

improvements, I returned to the TLR2 mouse model to try to achieve systemic Cas9 RNP-mediated 

homology directed repair. I used the lipid 401-VE3, formulated 16 : 4 : 1 : 1 with Cholesterol, DOPC, and 

Figure 4.8:  Effect of “Low/High” nanoparticle formulation strategy on the properties of the resulting 
Cas9 formulation. Cas9 RNPs were formulated with 401-VE3 LNPs at a lipid : protein ratio of 10:1, 
using either the high concentration strategy, or a low/high concentration strategy. Nanoparticles 
formulated at a high concentration resulted in an opaque solution, as evidenced by the black line on 
the paper being obscured by the solution (red arrow). By contrast, all nanoparticles formulated at 
low concentration and then concentrated via centrifugal filter units remained quite translucent 
(green arrow), even when they were ultimately concentrated to almost double the concentration of 
the high-concentration LNPs (blue arrow). 
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DMG-PEG. LNPs were formulated with Cas9 protein at a 10:1 weight ratio, along with sgTLR2 and the 

HDR template at a molar ratio of protein : HDR template of 1:1. 

Interestingly and unfortunately, when preparing this formulation at a high dose of protein, I found that 

this led to severe toxicity and sometimes death in the mice. However, notably this toxicity was slower-

onset compared with the immediate discomfort that I previously observed with poor nanoparticle 

properties. Whereas previously the mouse discomfort was apparent within seconds of the 

administration of the LNP-RNP formulation, under these optimized formulations the mice appeared 

totally healthy within the first 1-2 hours after administration. By reducing the dose, in combination with 

the formulation optimizations described above, I found that I could reach a dose that was safe for 

delivery in the mice. 

I delivered Cas9 protein, sgTLR2, and the HDR template to the TLR2 mouse using this optimized RNP-LNP 

formulation. As I was worried about the effects of toxicity, as a control I delivered the same RNP-LNP 

formulation, only with the sgGAPDH gRNA and SapI HDR template. Mice received three doses of 60 µg 

Cas9 intravenously, spaced 4 days apart.  Unfortunately, there was significant evidence of toxicity. The 

mice lost weight over the course of the treatment. There was evidence of enlarged spleens as a result of 

the nanoparticle delivery. Finally, as shown in figure 4.9, sections of the liver indicate bright spots of 

both red and green fluorescence, almost entirely overlapping, in both the sgTLR2 and sgGAPDH-treated 

mice. Although there may be some true positive signal in the sgTLR2 mouse, there is significant 

background in the sgGAPDH liver. This is likely an indication of toxicity, as the dying cells may exhibit 

autofluorescence.  The toxicity may be due to contamination of the protein stock with endotoxin. My 

Cas9 protein stock was expressed in E. coli, and protein expressed in bacteria is known to be 

contaminated with endotoxin, which may result in the dramatic response in the mouse. This is a point 

that should be further addressed. 
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Overall, although I have not yet achieved successful systemic in vivo Cas9 protein delivery, I have taken 

significant steps towards achieving this goal. Continued studies should address the toxicity issue, as well 

as continue to optimize the lipid nanoparticle delivery system. 

 

Figure 4.9 Red and green 
fluorescence in the liver of 
TLR2 mice after delivery of 
Cas9 RNP with either 
sgGAPDH or sgTLR2.  
There is bright signal in 
both the red and green 
channels of both samples, 
indicating that the 
fluorescence may be the 
result of some toxicity. 
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Chapter 5: Multiplex Cas9 sgRNA Delivery for Rapid Screening of Lipid 
Nanoparticles 
5.1: Introduction 

A central tenet of the Xu Lab and my research is the combinatorial library of synthetic lipidoids. The 

details of the synthesis of a combinatorial library of novel delivery vehicles has been thoroughly covered 

elsewhere  and briefly summarized in Chapter 1 above. Generally speaking however, the principle of the 

combinatorial library is that, by generating a library that is sufficiently diverse in chemical properties, a 

novel lipid material can eventually be generated that will be particularly efficacious for a given 

application. Interestingly, there are two independent strategies that can be used to increase the 

chemical diversity of the library. In the first, a novel chemical property may be introduced rationally, 

with a specific hypothesis driving the inclusion of this moiety. Our lab frequently follows this approach 

(i.e. in the inclusion of a bioreducible bond in the lipid tail to promote drug release in the reductive 

intracellular environment [60], the inclusion of cholesteryl moieties in the tail to improve 

biocompatibility [61], or the inclusion of a neurotransmitter-derived head group to encourage neural 

delivery [62]). In the second strategy, chemical diversity may be introduced agnostic to or even entirely 

absent any rational understanding of the underpinning chemical mechanism. Our studies frequently 

express this strategy in terms of the amine-containing head group of the lipid; often a particular tail 

structure will be chosen, and then the remaining library of head groups simply screened to select the 

best one for the given application [64, 95]. This strategy may even be used to explore structure-function 

relations that were previously a total mystery. For example, in two studies our lab had found a 

successful lipid head group, and then simply explored a wide field of chemical variants to the successful 

structure in order to identify which structures were necessary for the success [62, 64]. Both of these 

strategies are valid and powerful, and each has its role to play in the development of novel lipid drug 

delivery carriers. 
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As I demonstrated in Chapters 3 and 4 above, it is extremely important to identify both the optimal 

active lipid for a given application, but also the optimal formulation 

5.1.1: The size of the library 

A necessary consequence of this combinatorial library approach is the development of efficient 

screening methods. At any given moment, there may be 300-400 unique lipidoids in stock in our lab, but 

the theoretical number of possible unique lipidoids is dramatically higher. At best estimate, the Xu Lab’s 

lipid library currently contains at least 28 tail group structures, and at least 70 head group structures 

(partially summarized in Table 5.1). A “simple” combinatorial library containing every combination of 

each of these head and tail structures would result in 1,890 novel lipidoid materials. However, even this 

estimate does not take into account a number of further chemical variants. 

Table 5.1: A partial summary of the combinatorial lipid library of the Xu Lab. This table summarizes 

the various lipidoid components (head groups and tail groups) which have been published by the Xu 

Lab. Please note that many of the same lipidoid components have been published in multiple 

publication (often specifically in the context of adding additional chemistries i.e. new head structures 

to old tail structures) 

Amine-containing Head Groups Aliphatic Tail Groups 

54 assorted amines Altinoglu 2015[58] 4 bioreducible tails 

4 non-bioreducible tails 

Wang 2016[60] 

2 additional amines 

(304, 306) 

Takeda 2016[96] 3 Chalcogen-containing 

tails 

Li 2018[63] 

3 additional amines 

(123, 400, 401) 

Li 2019[97] Cholesteryl- and 

Cholesteryl/bioreducible 

Li 2020[61] 
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8 additional variants on 

Amine #76 

Zhao 2020[64, 98] 3 N-linked tails Zhao 2020 [98] 

3 neurotransmitter-

derived amines 

Ma 2020[62] 2 vitamin-linked  tails Not published 

  3 EC-series Zhao 2020  [98] 

  

First, many of the amine-containing head structures may be functionalized with more than one tail 

group. A primary example of this is the head structure termed 306 (Figure 5.1). This structure contains 

two primary amines, each of which can be functionalized with 0, 1, or 2 tail groups. As a result, lipids 

constructed from the 306 head group may be synthesized with 1, 2, 3, or 4 tails. Our lab has extensive 

evidence that a lipidoid composed of the exact same head and tail group chemistries, but at a different 

level of saturation, may have dramatically different delivery properties [95]. It should be noted that fully 

saturating all available binding sites is most straightforward from a synthesis perspective, and from a 

practical perspective, for some particular structures it may be difficult or impossible to control the 

reaction sufficiently, or to purify the product sufficiently to achieve pure materials of a specific degree of 

saturation. For the example of the head structure 306 shown, it has only been practical to work with 

lipids composed of either 3 or 4 tails (i.e. either fully saturated, or N-1 saturated). Furthermore, some 

head groups naturally contain fewer or greater numbers of binding sites. Taken together, it is difficult to 

estimate the exact number of unique lipidoids which could practically be synthesized based on degree of 

saturation, but varying saturation would dramatically increase the number of lipids in the library.  

Next, most of the head groups in our lipid library contain an amine structure. These structures may be 

modified by a chemical process known as quaternization. Quaternization of an amine results in a 

positively charged ammonium ion. Our lab has demonstrated that quaternization of the amine group in 
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a synthetic lipidoid can dramatically change the properties of the subsequently-formulated nanoparticle 

[62]. For example, quaternization can help to regulate the size of the resulting nanoparticle and improve 

its stability in suspension. Quaternization also increases the positive charge on a lipid molecule, and thus 

may also alter how a nanoparticle can interact with its cargo. Our lab does not make a regular practice 

of quaternizing every lipidoid we use. However, theoretically most (if not all) of our head structures 

contain an amine group and thus could be quaternized, effectively doubling the number of lipids which 

could theoretically be synthesized. 

 

Based on these two chemical variants alone, I would estimate well over 5000 theoretical lipidoids 

currently in our library.  Furthermore, from this simple and partial analysis, it is clear how the inclusion 

of a single new chemical structure to the library would exponentially increase the number of theoretical 

lipidoids available. In addition to this is the question of formulation. The formulation of the synthetic 

lipidoids with excipient molecules has demonstrated to be a necessary step in developing delivery 

vehicles, especially for in vivo applications (which are the focus of my research). Our lab has evidence 

that altering the excipient formulation parameters may also influence the specific biodistribution of a 

given lipid [64]. We have used a variety of excipients including cholesterol, natural phospholipids such as 

DOPE, DSPE, or DSPC, and PEGylated lipids such as DSPE-PEG or DMG-PEG. Each of these components 

may be combined in a nearly infinite combination of molar ratios. Furthermore, all of these 

considerations were in the context of using a single active lipidoid molecule in the formulation. I have 

generated some very preliminary data indicating that combinations of two active lipidoids may also 

Figure 5.1. Chemical structure of the amine head group termed 
“306”. The tail groups may be added via Michael addition at 
the primary amines, allowing this head group to harbor up to 
four tail groups.  
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result in emergent delivery properties. Factors such as the carrier:cargo ratio may also influence delivery 

efficacy.  

5.1.2: Screening the Library 

With all of these factors taken together, it is fair to say that our lab has a nearly infinite set of possible 

delivery parameters which could be screened to identify the very best option for any given application. 

Obviously it is not possible to screen an infinite number of compounds in a finite amount of time. Our 

lab has developed strategies to streamline our selection of which subset of the library to screen for any 

given application. However, even with these strategies, a first step is often a very broad screening in 

vitro¸ often involving the simultaneous screening of dozens of lipids against immortalized cell lines in 96-

well plate culture experiments, each lipid in triplicate, and often analyzing efficacy and cytocompatibility 

in parallel. This method is time-consuming and resource intensive. Most concerning however, is how 

frequently this screening is simply not translatable to in vivo studies. The central tenet of our research is 

that there may exist a combination of chemical structures and parameters that are uniquely optimal for 

delivery to a particular cell type. If this premise holds true, then there is no reason to expect that the 

lipid which is optimal for an immortalized cell line would be the same as that for a normal healthy cell in 

the in vivo environment. This phenomenon has been reported in the literature [99]. While 

biocompatibility data from in vitro experiments may reflect in vivo biocompatibility, our evidence 

indicates that efficacy data often does not. This is compounded by the challenges which a nanoparticle 

faces in evading clearance en route from whatever chosen delivery route to the target cell. Screening 

lipids in vivo is still an extremely important step to developing valuable and important human 

therapeutic delivery vehicles. However, mouse studies are often more costly, more time consuming, 

more technically challenging, consume more reagents, and are more high-variance than 96-well plate 

experiments. Furthermore, there is an ethical imperative to minimize the number of animals used 

whenever possible. Thus, while the dramatic diversity of thousands of potential delivery compounds is 
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an asset when it comes to identifying new materials that may ultimately benefit human health, it is a 

serious liability when it comes to designing experiments that will identify the singular best compound 

out of the library for therapeutic use. 

To address this challenge, I have worked on a strategy for in vivo multiplex screening of LNPs for 

increased throughput. This strategy relied on the use of CRISPR-Cas9 gRNAs as barcodes. I developed 

this strategy in the context of a Cas9-expressing mouse. Briefly, a series of gRNA barcodes were 

designed, each targeting a different housekeeping gene. Each gRNA was formulated into a unique LNP. 

Immediately prior to injection, the gRNA-LNP complexes were mixed and injected together into the 

Cas9-expressing mouse in a single bolus. In principle, each unique gRNA would be exclusively delivered 

by its unique LNP. By reading out the Cas9 editing efficiency at each gRNA locus, it would be possible to 

determine the relative delivery efficacy of each LNP. 

Other groups have published similar LNP barcoding strategies [100, 101]. However, in those strategies, 

typically a separate barcode (often a short piece of nonsense DNA) would be co-formulated with the 

actual cargo of interest. After delivery, total DNA would be extracted from the target tissue, and the 

sample probed via NGS to detect the presence of this exogenous barcode. A similar strategy may be 

employed by sequencing for the presence of the gRNA itself. However, an advantage of the strategy I 

pursued is in that, if the objective is to identify a promising candidate lipid for therapeutic application, 

the readout parameter of the barcode screening is exactly the same as the ultimate therapeutic 

parameter. It is known that LNP formulations are exquisitely sensitive to the molecular-scale physical, 

chemical, and electrostatic interactions between the lipid and the cargo. By using the Cas9-mediated 

genome editing itself as the barcode readout, the LNP complex being screened is chemically identical to 

that which would be used in a therapeutic application. The readout (i.e. genome editing efficiency) is the 

same readout which would be assayed in a therapeutic application. While I was developing the strategy 
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in the context of a Cas9-expressing mouse, a similar approach could be adapted for Cas9 mRNA, Cpf1 

mRNA, or even CRISPR protein delivery. 

It should be noted that this project, while it consumed nearly 2 years of work, was ultimately never 

published. There were two primary reasons for this (which are likely inter-related). The major reason 

was that this experiment suffered from inconsistent results in vivo. While I could replicate trends, I had 

difficulty replicating exact results to a sufficient level of statistical significance. The second problem was 

that the editing efficiencies generated through this experiment were extremely low. This was due to a 

combination of two facts. First, at this point we were still using sgRNA which was synthesized in-house, 

and did not contain any of the chemical modifications which we later demonstrated (and have been 

published by others) to improve editing efficiency by a factor of 10-20x. This handicapped our results 

from the start. The second reason was that, in order to screen multiple lipids simultaneously, the dose 

of each individual gRNA was reduced in order to maintain the total, overall dose of all lipids and gRNAs 

delivered. As editing efficiency is dose-dependent, the result was a very low editing efficiency.  This 

discouraged us from publishing, both due to the unimpressive nature of the magnitude of our editing 

efficiency results, and the fact that such low-magnitude editing efficiencies resulted in low statistical 

power, and small variances resulted in the complete abolition of the intended effect. The results and 

methods are presented here, as a record of the work undertaken, and in hopes of inspiring the next 

generation of researchers to build upon my incomplete results. 

5.2: Results 

5.2.1: Nanoparticle independence upon mixing 

A crucial prerequisite to this project is an understanding of whether unique LNPs can maintain their 

independent stability upon mixing. The premise of the project is that a variety of lipids can each be 

formulated with a unique “barcode”, and all the formulations can be mixed together and co-delivered in 
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a single dose in vivo. Notably, if the barcode molecules were freely exchanged between lipid 

nanoparticles while the various formulations are mixed, the results would be invalid. Thus it is crucial to 

be certain that this exchange cannot occur. I sought to demonstrate this, in collaboration with a visiting 

scientist in our lab, Tao Yang. Briefly, LNPs were prepared using the hydrophobic fluorescent dyes DiI 

and DiO (ThermoFisher Catalog #V22889). These dyes are known as a Fluorescence Resonance Energy 

Transfer (FRET) Pair. DiO has a fluorescence absorbance peak around 484 nm and emission peak around 

501 nm, while DiI has an absorbance peak around 549 nm and emission around 565 nm. Light at a 

wavelength near 484 nm (such as a typical 488nm laser) cannot efficiently stimulate DiI. However, it can 

efficiently stimulate DiO, and the emission of DiO itself can efficiently stimulate DiI, provided the two 

molecules are sufficiently close together spatially.  Thus, if the two molecules are close together, 

stimulation with a 488 nm laser will result predominantly in emission at 565 nm, indicating that the 

energy has transferred from DiO to DiI via FRET. However, if the molecules are spread apart, stimulation 

with the same 488 nm laster will result predominantly in emission at 501 nm, indicating that the energy 

transfer was poor. 

As shown in Figure (5.2), when the two dyes were first mixed, and then encapsulated together, a strong 

FRET energy transfer was observed, as evidenced by the strong emission peak at 565 nm, and the 

relatively weaker peak at 501 nm. However, when each dye was separately encapsulated into unique 

nanoparticles, and then the two nanoparticle solutions were mixed, efficient energy transfer was not 

evident, as demonstrated by the reduced peak at 565 nm, and the large peak at 501 nm. A FRET ratio 

was defined as [Em565 / Em501 ]. Mixtures of DiO and DiI LNPs were prepared, and the absorbance ratio 

was measured over time. When the two dyes were prepared in a single LNP as a control, this FRET ratio 

remained very low (<0.5), indicating efficient FRET, and remained relatively stable over 24  hr. By 

contrast, when separate DiO and DiI LNPs were prepared and mixed in water, the FRET ratio was initially 

very high (~2.5), indicating low FRET efficiency. Over the course of 24 hours, the FRET ratio slowly 
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declined, indicating some amount of nanoparticle mixing, resulting in bringing the two dyes close 

enough together to achieve FRET. However, even after 24 hr, the FRET ratio remained significantly 

higher than the control group. Furthermore, when the two LNPs were mixed in a solution containing 

Fetal Bovine Serum, to simulate the protein-rich conditions of the blood stream, the initial FRET ratio 

matched that as water-mixed LNPs, yet remained more stably high over 24 hr, indicating that the two 

dyes can remain sufficiently separated across this time period. 

 

This result validates the principle of the barcoding approach. If the fluorescent dyes were capable of 

being exchanged or transferred between individual LNPs, we would expect that over time the FRET ratio 

would trend towards the mixed control group. However, due to the FRET ratio remaining high over 24 

Figure 5.2:  Nanoparticle independence upon mixing. 

A) When both DiO and DiI are prepared together into a single nanoparticle, and the particles are 
excited with a 488 nm laser, strong FRET is observed. This is evidenced by the relatively low emission 
at 501 nm, and the stronger emission at 565 nm 

B) When DiO and DiI are each prepared in separate nanoparticles, and the samples are mixed, FRET 
cannot occur, as evidenced by the low emission at 565 nm. 

C) The nanoparticles can maintain their independence upon storage at least up to 24 hr after mixing 
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hours, we may presume that after formulating within a LNP, each individual dye remains tightly 

associated with its own LNP. Therefore, if each barcode were prepared in its own LNP, even after the 

formulations are mixed together, each individual barcode would remain associated with its own LNP, 

and thus the delivery efficacy of that barcode would reflect exclusively the delivery properties of its own 

LNP.  

Notably, the initial FRET ratio is similar regardless of whether the LNPs are prepared in water or in a 

solution containing serum albumin. However, over the course of time, LNPs prepared in water will 

slowly exchange their cargos, while those in serum will not. We hypothesize that the extra stability in 

solution with serum albumin is due to nonspecific adsorption of the serum proteins onto the 

nanoparticle surface, a phenomenon that has been reported in the literature [102]. Due to IACUC 

regulations (and future human therapeutic considerations), it is not ideal to inject formulations in vivo 

which contain excess bovine serum proteins, and in any case we expect LNPs to become rapidly 

adsorbed by serum proteins immediately upon contact with blood in vivo. Thus, for all future 

intravenous deliveries for in vivo mixing experiments, the LNP-Barcode formulations were mixed in PBS 

immediately prior to intravenous injection, and the amount of time in between mixing and injection was 

kept to a minimum. 

 

5.2.2: Identification of barcodes, and interrogating multiple loci in vivo 

 

The selection of appropriate barcodes was essential to the success of this project. It is well-known that 

Cas9 gRNA sequences are not all created equally, and certain sequences may be particularly efficient at 

generating editing events (See Chapter 2 for a discussion of guide specificity). While predictive software 

may help assist in designing efficient gRNA sequences, often there is no substitute for actual screening in 
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the cell type of interest. Our objective was to develop a platform that can screen our combinatorial lipid 

library for delivery in any tissue type in vivo, so thus the selection of a gRNA that is efficient in all cell 

types explored is also crucial. 

We performed our screening in the Cas9-expressing mouse line, initially designed by Dr. Zhang, which 

we purchased from Jackson Labs. My initial experiments used a variety of gRNAs all targeting the liver-

expressed gene Pcsk9. However, we hypothesized that gRNA editing efficiency may be tied to the 

expression level of the target gene, due to a lack of access of the CRISPR complex to the target gene in 

non-expressing cells. To validate this, we designed gRNAs targeting two genes with relatively consistent 

levels of gene expression across multiple cell types, namely Gapdh and Rnf115.  Using the same lipid 

306-O16B-3 and the same dose of gRNA, 1 mg/kg, we delivered each of these housekeeping guides, as 

well as a guide targeting Pcsk9, to Cas9-expressing mice (Figure 5.3). Note that, at this stage, we have 

not yet established the barcoding model, and so each mouse received a single injection, containing a 

single gRNA, performed at N=1 mouse per guide.  As the data shows, intravenous delivery of sgPCSK9, 

targeting a liver-expressed gene, results in editing detected predominantly in the liver. A modest 

amount of editing could be detected in the spleen, and almost no editing was detected in the kidney or 

lung. By contrast, intravenous delivery of either housekeeping gene sgGAPDH or sgRNF115 resulted in 

high levels of editing in all organs assayed. This indicates that the measured editing efficiency is 

dependent upon the expression state of the gene in the target cell.  Therefore, for future barcoding 

Figure 5.3: Organ-specific editing of sgRNA barcodes. 

Three different sgRNA barcodes were each delivered 
intravenously to Cas9+ mice, using the same LNP at the 
same dose. The sgRNA targeting a liver-specific gene 
resulted in genome editing predominantly in the liver. By 
contrast, the sgRNA targeting housekeeping genes 
resulted in high levels of editing in all organs assayed 
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experiments, I designed gRNAs which target either known housekeeping genes, or else genes which 

show relatively high expression levels in each of five target organs (liver, lung, kidneys, spleen, heart), as 

determined by NCBI gene expression databases. I selected five genes, and designed two gRNA targets in 

each gene for an initial screening. The gRNA sequences are shown in Table 5.2 

 

These potential barcode gRNAs were screened in the Cas9-expressing mouse. Notably, in order to 

understand our ability to interrogate multiple genetic loci from the same mouse, we screened two gRNA 

sequences per mouse. As multiplex injections had not yet been validated at this point,  mice received 

two injections, spaced apart by three days. gRNAs were prepared by in vitro transcription, and injected 

intravenously into Cas9-expressing mice at a dose of 1 mg/kg using lipid 306-O16B-3 formulated at 

16:4:1:4 with Cholesterol, DOPE, and DSPE-PEG at an active lipid:gRNA weight ratio of 10:1. Seven days 

Table 5.2: Barcode gRNA sequences used 

Sequence # Guide Name Guide Sequence PAM 

1 GAPDH-1 GCCATCCACAGTCTTCTGGG TGG 

2 GAPDH-2 ATGTAGTTGAGGTCAATGAA GGG 

3 G6pdx-1 AGTGTTGAAGTGTATCTCAG AGG 

4 G6pdx-2 TGGACCCATGGGGTACTGTG GGG 

5 Ldha-1 ACAACTGTAATCTTGTTCTG GGG 

6 Ldha-2 TACGTGGCTTGGAAAATCAG TGG 

7 Eif2B5-1 TGAGAGGGTAGACCCATCGG CGG 

8 Eif2B5-2 GGAATGAGTGTAGCTCTGGG TGG 

9 Rnf115-1 GTGGCAGAAGAAACGGTGTG CGG 

10 Rnf115-2 TCGCTGTGCTATTGTCTGTC CGG 
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after the final injection, mice were sacrificed. Genome editing in the liver was used as the reference 

tissue. Each tissue sample was interrogated at the two loci of the gRNAs delivered to that mouse, using 

NGS. Several barcodes gRNA sequences were identified as either very or somewhat efficient, while 

many barcodes were determined to be inefficient (Figure 5.4). The efficient barcodes were selected for 

continued study. 

 

As I designed two different target sequences inside each gene, it is important to know whether both 

targets within the same gene may be considered independent barcodes. For example, It is possible that 

the two gRNAs may sterically interfere with each other, or that the simultaneous editing of two loci such 

a small distance apart may result in large-scale genomic excision, or that editing occurring in one locus 

causes false positive editing signal in the other locus. Any of these circumstances would be detrimental 

to using these two barcodes simultaneously. To examine this, I injected Cas9-expressing mice with either 

one, or both of the barcode gRNAs targeting the GAPDH gene. After seven days, the mice were 

sacrificed, the livers and lungs collected, and both target loci were interrogated in the liver and the lung. 

As is shown in Figure 5.5A, the editing efficiency of the GAPDH-1 locus in both the liver and lungs is not 

statistically different when GAPDH-1 gRNA is delivered either alone or in the presence of GAPDH-2. 

Similarly, when GAPDH-2 is injected, the editing efficiency of the GAPDH-1 locus is very low.  This 

Figure 5.4:  Screening of potential barcode sgRNAs. 

Each barcode was injected at a dose of 1 mg/kg 
into Ca9+ mice. DNA was extracted from the liver, 
and the loci of each gRNA was interrogated via NGS 
to determine editing efficiency. 

Four guides (GAPDH-1, GAPDH-2, LDHA-2 and 
RNF115-1) were very efficient. Two guides were 
somewhat efficient (G6pdx-2 and E1f2b5-1). The 
remaining guides were inefficient, and ruled out for 
further experiments 
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indicates that the GAPDH-1 barcode is satisfactory; there is neither an inhibitory effect in the GAPDH-1 

locus when both barcodes are delivered, nor is there any false positive signal in the GAPDH-1 locus 

when only GAPDH-2 is delivered.  

By contrast, the GAPDH-2 barcode showed less satisfactory results, as shown in Figure 5.5B. Overall, the 

editing efficiency of this barcode in the liver was dramatically lower than what had been achieved in the 

preliminary barcode screening (Figure 5.4). Editing efficiency was more satisfactory in the lung than in 

the liver, but given that the same LNP (306-O16B-3) was used, the anomalous results in the liver may call 

all of these results into question. Regardless, when exclusively GAPDH-1 was injected, there was minimal 

false-positive signal in the GAPDH-2 locus. However in the lungs, delivering both barcodes resulted in 

reduced editing at the GAPDH-2 locus when compared with the exclusive delivery of the GAPDH-2 

barcode. Interestingly, within the GAPDH gene, the GAPDH-1 locus is located further downstream of the 

GAPDH-2 locus. I may have predicted that the upstream edit may be more independent, while the 

downstream edit may suffer from consequences from the upstream edit being propagated downstream. 

Overall these results are suspect, and this experiment should be repeated to generate more robust and 

valid results to further elaborate this point. If these results are confirmed, I would recommend to 
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abstain from barcoding using two guides in the same target gene wherever possible. This is an important 

observation to be aware of when designing future barcoding experiments. 

 

 

 

 

Figure 5.5: Independence of barcodes within the same gene. A) Editing at the locus 
of the GAPDH-1 sgRNA barcode appears to be clearly independent of any delivery at 
the GAPDH-2 locus. B) By contrast, editing at the locus of the GAPDH-2 gRNA 
appears to be influenced by delivery at the GAPDH-1 locus1 
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5.2.3: Barcoding organ targeting and dose-response 

 

In order for the barcodes to quantitatively reflect the delivery efficacy of the LNPs, it is important that 

the barcodes exhibit a dose-responsive outcome measure (i.e. editing efficiency). A quantitative dose-

dependent editing efficiency will allow to quantitatively compare two “successful” LNPs, and determine 

which one is more efficient. Furthermore, the barcode screening platform would be the most powerful if 

it could be used when screening for delivery to any organ in the body. Thus, I used the sgGAPDH-1 

barcode and lipid 306-O16B-3 to establish the organ-editing ability and dose-responsiveness of the 

barcode system. 

At gRNA dosages ranging from 0.1-0.6 mg/kg body weight, I observed a dose-dependent editing 

response in the liver, lung, spleen, kidney, and heart of Cas9-expressing mice (Figure 5.6A). The 

magnitude of editing response in the liver was fairly consistent across repeated mouse cohorts (editing 

rates in other organs were not determined in other cohorts, although I’d predict similar consistency). 

Furthermore, the dose-responsive editing rate was fairly sensitive down to very low doses.  This is 

important, as a barcoding strategy that delivers a large number of LNP-barcodes simultaneously would 

likely be limited to a low dose of each individual  barcode, and so a high sensitivity would be necessary. 

Interestingly, however, in particularly the liver and kidney, editing efficiency rates appeared to saturate 

around 0.5 mg/kg dose, and higher doses above this point appeared to lose efficiency. Repeating this 

experiment up to higher doses confirmed this trend in the liver (Figure 5.6B) This was very surprising, as 

I expected to be able to deliver a much higher dose. However, this result was observed using multiple 

different cohorts of mice and stock productions of LNPs. I do not suspect it was a result of toxicity due to 



126 
 

the gRNA or lipid itself, as in the previously reported mRNA/gRNA delivery (Chapter 3), I successfully 

delivered higher doses of both lipid, gRNA, and even mRNA to mice with high levels of genome editing 

and no apparent toxicity. In Chapter 3, I reached a dose as high as 3 mg/kg of total RNA, with no adverse 

effect, and overall editing efficiency increased as dose increased. It is possible that in this experiment, at 

higher concentrations the LNP particle size changed, possibly due to nanoparticle aggregation. These 

nanoparticles were notably assembled via handmixing, which is less robust at controlling particle size 

compared with microfluidic assembly. This was discussed in Section 4.4.2 above. At larger particle sizes, 

either the toxicity profile or the biodistribution profile of the LNPs may change. I did not rigorously 

measure the LNP size of each of these formulations. Another possibility is that this particular genetic 

mouse background is more sensitive to the LNP delivery. Regardless, the barcoding strategy would 

require delivering a large number of unique LNP/barcode combinations, each at a low dose. Given the 
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very low limit of detection demonstrated here, I presumed to be able to rely on low barcode doses, and 

thus chose to proceed to barcoding. 

 

 

Figure 5.6: Editing rates in all organs is dose-responsive to 
the barcode delivery 

The barcode sgGAPDH-1 was delivered intravenously to 
Cas9+ mice using lipid 306-O16B-3 at a variety of doses. A) 
At low doses, editing rates in all organs analyzed was 
linearly responsive to the dose of barcode delivered, 
although appears to reach a maximum in the liver and 
spleen.  B) analysis of higher doses confirms that editing 
response appears to drop at higher doses of gRNA. 
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5.2.4: Barcoding Proof-Of-Concept 

I designed an experiment to demonstrate the proof-of-concept of the barcoding strategy. The principle 

is summarized in 5.7A. Briefly, if the barcode strategy were to be successful, the editing efficiency of any 

given barcode should reflect exclusively the delivery potential of the associated lipid. Therefore, if a 

highly effective lipid and a highly ineffective lipid are each prepared with the same gRNA barcode, when 

interrogating the target locus of that barcode, the editing efficiency observed should exclusively reflect 

the delivery efficiency of the lipid, and not some intrinsic efficiency of the barcode. Therefore, I 

prepared 3 barcodes and 3 lipids, and prepared every possible combination of lipid-barcode 

nanoparticles, for a total of 9 LNP-barcodes. Each LNP-barcode was prepared separately. Immediately 

prior to mouse injection, three LNP-barcodes were mixed together to form a single barcode mix. Each 

barcode mix contained 1 LNP containing each barcode, and 1 of each lipid (See figure 5.7B for 

illustration). In total, 3 unique barcode mixes were prepared. Mixes were injected intravenously to Cas9-

expressing mice.  

Ultimately, I performed this experiment a total of five times, each with slightly different experimental 

conditions (use of different barcode gRNAs, different test lipids, and dosages of each component, organs 

analyzed, etc.). The most promising of the results are shown in 5.7C, taken from one of those five 

experiments. In this experiment, two barcodes (GAPDH and RNF) demonstrated exactly the barcoding 

principle I hypothesized to occur.  Briefly, in the liver each of these barcode demonstrated the most 

efficient editing when delivered with lipid 306-O16B3, moderate editing when delivered with lipid 

400Se, and the least efficiency when delivered with lipid 80-O14B, indicating the relative delivery 

efficiency of each of these lipids to the liver. In the lung, each barcode only showed delivery efficacy 

when delivered with 306-O16B3. This indicates that the observed editing efficiency truly reflects the 

delivery properties of the associated LNP, rather than some property of the barcode. From this we can 

presume that only 306-O16B3 can efficiently deliver to the lung, while 306-O16B3 and 400Se can both 
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deliver to the liver, with 400Se being slightly less efficient. 80-O14B was inefficient for either organ. 

However, the third barcode (LDHA-2) showed poor editing regardless of lipid delivered. 
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Figure 5.7: Barcoding proof-of-concept 

A) Principle of the barcoding experimental design. Shown are 3 barcode gRNAs, each targeting a different mouse 
gene. Each barcode is formulated with a different LNP. All 3 LNPs are mixed together, and injected as a single bolus 
into the Cas9+ mouse. Seven days later, the mouse is sacrificed and DNA is collected from the various organs. Each 
genomic locus is interrogated via NGS. The editing rate at each locus is expected to reflect the delivery efficiency of 
the LNP which delivered the corresponding gRNA 

B) Experimental details of the proof-of-concept barcoding experiment. Three lipids were formulated with 3 
barcodes in each permutation of lipid-barcode, for 9 total formulations. Those 9 formulations were mixed together 
into 3 mixes, each with a unique combination of lipid-barcode permutations. 

C) Barcoding results in the liver and lung. Barcoding worked as predicted for barcodes 1 and 2. In the liver, these 
barcodes were most efficient when delivered with Lipid A, less efficient when delivered with Lipid B, and inefficient 
when delivered with Lipid C.  In the lung, barcodes were only efficient when delivered with Lipid A. This indicates 
that the observed editing efficiency reflects the delivery efficacy properties of the lipids, rather than barcode. 
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5.2.5: Problems and troubleshooting 

The data from the other four replicates of the experiment are shown in Figure 5.8. As can be seen, these 

experiments suffered tremendously from consistency / repeatability issues. Oftentimes, one or more of 

the barcodes would simply not work, regardless of delivery condition. There was inconsistency in the 

efficacy of each lipid between trials, even though the same lipids were used in each run. For example, 

80-O14B, which was completely unsuccessful in Figure 5.7, was very successful in Run #3 in Figure 5.8, 

moderately successful in Run #2, and not at all successful in Run #1. Furthermore, there was no clear 

consistency in maximum editing efficiency of any given gRNA, even using the same lipid; for example 

when using lipid 306, the RNF115-1 sgRNA could edit at 3% in Run #1, but never exceeded 1% in any 

other run. Finally, the clear barcoding pattern which was observed in Figure 5.6 was never cleanly 

replicated in Figure 5.8. This may have been a result of barcode gRNA stability---single-stranded RNA is 

notoriously easy to become degraded in the lab.  

Another issue may simply have been editing efficiency. As shown in Figure 5.8, the absolute best-case 

conditions resulted in an editing rate of only 9%, and it was very difficult to consistently replicate this. 

Most experiments resulted in editing efficiency less than 2%.  At this level of editing, it does not take a 

tremendous amount of variance to throw the results off completely.  To some extent, this low level of 

editing is inevitable. As described in the section above, I observed a maximum overall gRNA dose of 

around 0.6 mg/kg. When using 3 barcodes, it is necessary that each barcode is delivered at 1/3 of the 

maximum dose. As demonstrated in the dose-response experiment above, this necessarily reduces the 

editing rate observed.  However, this could be addressed by using a more efficient barcode gRNA. 

Notably, I hypothesize that the use of chemically-modified gRNAs would dramatically improve these 

results. As discussed elsewhere in this thesis, there were a pair of recent papers, by Yin and by Finn, 
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discussing the chemical modifications of Cas9 gRNAs, and another paper by Dong discussing the 

chemical modification of Cpf1 gRNAs [28, 34, 35]. Briefly, modification of simply the first and last 3 RNA 

bases of the Cas9 gRNA can result in at least 10-fold improvement in editing rates, as demonstrated 

both in those works and in my own experiments. Further modifications could even further improve the 

editing, however those more complex modifications are less readily available. The so-called “end-

modified gRNA” is commercially available from Synthego at relatively reasonable prices. If this 10-fold 

improvement were to bear out, the editing rates even at these low doses would be more robust, and 

thus theoretically less susceptible to variance. 

 

Figure 5.8: Failed Barcoding Experiments 

Barcode mixing experiments, similar to the one presented in Figure 3.6, were repeated 4 additional times. 
The results were beset by inconsistencies in maximum editing efficiency of each barcode gRNA, and relative 
delivery efficiency of each lipid 
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Furthermore, there may have been an issue with the mouse line itself. The mouse work for these 

experiments was split between Tufts and the Broad Institute. At the Broad, we directly used the mouse 

line developed by Dr. Zhang, and the mice were uniformly black mice. At Tufts, we ordered the mice 

from Jackson Labs. Jackson reported that the mice were homozygous for the Cas9+ insertion on a C57 

background. However, when I bred these mice at Tufts to generate enough experimental mice, some 

pups were born grey. Furthermore, I never personally genotyped these pups to confirm that the parents 

were indeed homozygous, or that the pups indeed carried the Cas9+ gene. In retrospect, the fur color 

variance may have indicated some variance in the transgene expression as well, which may have 

interfered with the results. 

Finally, another issue may have been the variance in editing efficiencies among the barcodes. In an ideal 

world, each of the barcodes, when delivered using the same LNP, should result in a similar level of 

editing efficiency. As was demonstrated in Figure 5.3, with the guides used here, this was not the case. 

When delivered under identical delivery conditions, different guides edited at different efficiencies, in 

some cases being off by a factor of 50% or more. 

I had intended to devise some strategy to “normalize” the editing efficiency of each barcode guide to 

compensate for these differences. For example, one can imagine two hypothetical guides, called Guide X 

and Guide Y. If the best possible editing for Guide X (under optimal delivery and lipid conditions) were to 

be 5%, and the best possible editing for Guide Y were to be 10% (under the same optimal conditions), 

any true lipid screening experiment must be aware of this intrinsic difference. We can imagine a 

scenario where each of those hypothetical guides were used to screen a pair of unknown lipids, and 

ultimately were to reveal both guides editing at a 5% rate. Without knowledge of the intrinsic editing 

capabilities of each guide, we might conclude that both lipids are equally efficient. However, with 

knowledge of the different intrinsic editing efficiencies, we would know that Guide Y is only being 

delivered to half of its potential, while Guide X is being delivered to its full potential. Thus, a robust 
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procedure for normalizing the experimental data by the intrinsic editing efficiencies of the guides would 

help to generate more robust data.  However, again, due to the experiment-by-experiment variance, it 

was difficult to create a consistent and fair normalization procedure. As a result, it may be difficult to 

use the guides designed here to fairly screen the combinatorial lipid library. 

5.3: Proposed Follow-up experiment 

 

This barcoding approach is incredibly promising, however it is clear that the current results are not 

sufficient. I would recommend repeating this experiment making the following changes: 

First, I would recommend addressing the issues with the mouse line. This should be done by restarting 

the Cas9+ colony at Tufts, with new parent breeders, and by confirming the genotype of the pups. 

Second, I would design a larger suite of gRNA barcodes, to make sure there are enough guides of 

relatively equal, high editing efficiency. Alongside this, all experiments would use the synthego end-

modified gRNAs. I would design 20 potential barcodes and order the smallest-scale available from 

Synthego. I would pre-screen these 20 guides in vitro cell culture using B16F10 or another mouse cell 

line. From this screening, I would select the top 3-5 best gRNAs, and use these to repeat the in vivo 

barcoding Proof-Of-Concept experiments described above. 

Finally, it would be interesting to test the barcode screening in a more functional context. The 

experiments presented here were performed before we achieved significant results with Cas9 mRNA 

delivery (see Chapter 3). Now that we know that we can achieve significant in vivo Cas9 mRNA editing, it 

would be fascinating to apply this paradigm to a true barcode screening of the lipid library.  

As mentioned above, the research group led by Dr. James Dahlman has used a similar barcoding strategy 

[100]. In their approach, Cre mRNA is co-delivered with short DNA barcodes into an Ai14 mouse (in 
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which red fluorescence can be induced via Cre recombinase). The red fluorescent cells can be isolated 

via FACS sorting, and then DNA sequencing the isolated cells to detect the barcodes. As I demonstrate in 

Chapter 3, I have now successfully used Cas9 mRNA with a gRNA targeting the LoxP sites to induce red 

fluorescence in the Ai14 mouse as well. It would be interesting to perform a similar screening 

experiment. Each LNP from the combinatorial library can be co-formulated with Cas9 mRNA, sgLoxP, 

and a barcode gRNA. All the formulations can be mixed just before co-injection intravenously. After 7 

days, the organs can be excised, and the cells sorted via FACS. DNA could be harvested exclusively from 

the cells expressing red fluorescence, and sequenced via NGS to interrogate the barcode loci. This may 

be the most powerful approach to the barcode screening. 

5.4: Conclusion 

The barcoding approach to screening the Xu Lab combinatorial lipid library is a very promising strategy. 

Due to the size of the combinatorial library, a strategy for high-throughput screening will ultimately be 

necessary to maximize the value of the library. As the procedure currently stands, it is not sufficient for 

practical application. However, with the small changes recommended here, this strategy may become a 

very valuable tool for the Xu Lab. 
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6. Conclusions, discussion, and Future Work 
 

Here, I have presented my work towards developing successful lipid nanoparticle-mediated in vivo 

CRISPR delivery strategies. I have developed a highly successful platform for delivery of Cas9 mRNA to 

the liver. I have also achieved significant progress towards the development of a lipid nanoparticle 

platform for local delivery of Cas9 mRNA and protein to muscle tissue. Furthermore, I have made 

significant progress towards achieving systemic Cas9 protein delivery, as well as developing a barcoding 

strategy for rapid screening of the combinatorial lipid library. 

The research presented here naturally leads to further areas of inquiry. One of the most promising 

directions of inquiry lies in the further development of Cas9 mRNA delivery to the lung. Cystic Fibrosis is 

a genetic disease where a CRISPR-based therapeutic strategy would be particularly beneficial. As 

demonstrated in Chapter 3, we have begun to show success at Cas9 mRNA delivery to lung tissue. 

Further nanoparticle screening, and dosage and formulation parameter optimization may quickly make 

this a reality. Beyond the simple Cas9 mRNA delivery, I have demonstrated the first systemic Cas9 

mRNA-mediated HDR, with the strongest signal detected in the spleen and the heart. It may be 

extremely powerful to find a relevant therapeutic model in these tissue types, or to further screen the 

combinatorial library to achieve more efficient HDR to other organs, such as liver or lung. 

The barcoding project is also now poised to make significant advances. If I had an opportunity, I would 

make it a strong priority to explore Cas9 mRNA barcoding using the Ai14 mouse line and end-modified 

sgRNA. As discussed briefly in Section 5.3, I believe this would be the most promising and beneficial 

application of the results I have generated here. Commercially sourced end-modified sgRNA barcodes 

will be much more reliable than the unmodified guides which I synthesized for the data presented here, 

and as discussed above, may raise the observed editing rates by 10fold or more. Furthermore, for each 

lipid present in the screening, I would formulate the lipidoid with Cas9 mRNA, sgLoxP, as well as the 
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barcode gRNA. This would give the advantage of enabling a pre-screening step. One of the most onerous 

steps of the barcoding data presented here was that the only readout was NGS sequencing. Preparation 

for sequencing, as described in Chapter 2, is an incredibly time-consuming procedure, and by necessity 

each organ needed to be processed and analyzed at each genomic locus, oftentimes only to find poor 

editing results. At minimum, if barcode screening were performed in the Ai14 mouse model, organs 

could be pre-screened on the IVIS imaging platform. Simply excluding organs that do not express 

fluorescence would save a lot of time and resources. It would be possible to perform the experiments 

exactly as above, only with pre-screening at the whole-organ level using the IVIS. However, the next step 

would be, similar to what has been reported by the Dahlman group, to FACS-sort the red fluorescent 

cells and sequence only the red cells for the barcode editing. This would also serve to increase the 

observed editing efficiency. 

With regards to Cas9 protein delivery, the intramuscular delivery is easily very close to significant 

success. With the success with intramuscular homology-directed repair in the TLR2 mouse line, the 

obvious next step is to perform a screening of the combinatorial lipidoid library in the TLR2 model, and 

then to return to the DMD disease model. With only the results of the formulation optimization 

presented here, as well as incorporation of the lipid:protein ratio optimization and the new nanoparticle 

formulation protocols, I would hypothesize that I could already achieve higher levels of DMD repair than 

I have to date. The optimal active lipidoid would only further improve the results. 

Systemic Cas9 protein delivery remains a significant challenge. Of all the results I have presented here, 

systemic Cas9 protein delivery may be the furthest from translation, but it may be the most important. I 

would lean heavily on the TLR2 model moving forward. Using the new nanoparticle formulation 

techniques, it should soon be possible to achieve success in this sphere. 
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Overall, I have demonstrated significant steps towards achieving therapeutic in vivo genome editing 

using both Cas9 and mRNA delivery. The results presented here will significantly contribute towards the 

field of therapeutic genome editing, and I hope that  these improvements will be able to improve the 

lives of patients in the near future. 

6.1 Fundamental Principles of Lipid Nanoparticle Organ Targeting: Structure-Function Relationship 

Most of the work presented here was performed agnostic to the specific roles of the unique chemical 

features of the synthetic lipid molecules used. My research had focused on the functional applications of 

the lipid nanoparticles. This leaves a sizeable gap in the knowledge regarding the specific structure-

function relationship of the synthetic lipidoids, which will warrant further study. 

Previous work from our lab has established that our synthetic lipid nanoparticles are taken up by cells 

primarily via clathrin- and dynamin-mediated endocytosis in vitro. However, this does not address the 

mechanisms for organ-specific delivery in vivo. We can be certain that the specific chemical structure of 

the lipidoid confers some amount of organ specificity. For example, in Figure 3.1, it was determined that 

the three lipids most efficient at delivery of mRNA to hepatocytes were those termed 306-O10B, 306-

O12B, and 113-O12B. Both 306-O10B and 306-O12B are composed of the same amine head group, 

termed 306. Although Lipid 113-O12B uses a different amine head group, termed 113, as shown in 

Figure 6.1 the chemical structures of 306 and 113 are remarkably similar. Furthermore, a study 

performed by my colleague Dr. Liu Yang screened our combinatorial lipid library to identify the optimal 

lipid for delivery of siRNA to the liver, and her study also found that 306- and 113-based lipidoids were 

most effective at specific delivery of siRNA to the liver.  Based on this, I would hypothesize that some 

feature of this structure truly confers the hepatocyte specificity. However, the research presented here 

makes no claims to understand why this specific structure confers hepatocyte specificity. To elucidate 

this structure-function relation, I would take two approaches, namely a chemistry-based approach and a 

biology-based approach. 
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6.1.1: Chemical basis for lipd-organ specificity 

From a chemistry perspective, I would follow the process reported by my colleague Xuewei Zhao in her 

recent manuscript [98]. Dr. Zhao identified a particular synthetic lipid from our combinatorial library 

which was particularly successful at delivery of mRNA into primary T lymphocytes. This lipid contained a 

particular amine head group, termed “93” by our lab’s nomenclature. She then developed a secondary 

combinatorial library, using a series of amine head groups that are structurally similar to the original 

amine 93. While the original combinatorial library is typically agnostic to structure, this secondary library 

was rationally designed to specifically probe particular chemical features of the 93 amine. For example, 

the original 93 amine contains an imidazole ring, with a primary amine attached at the 1’ location on the 

imidazole via a linear 3-carbon spacer chain. In this study, Dr. Zhao designed a series of derivative 

amines each designed to probe the contribution of particular chemical features of the original 93 amine. 

For example, she developed a series of analogues where the spacer between the imidazole and the 

primary amine was varied in terms of length or branching structure, and another series where the ring 

structure was a variant analogue of the canonical imidazole structure. Through this study, it was possible 

Figure 6.1: Chemical structure of amine heads #306 and #113. These two 
amines have demonstrated the best delivery efficacy to the liver. The two 
structures are chemically very similar, only varying in the length of the linker 
between the central tertiary amine, and the outlying primary amines. 
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to identify that the specific imidazole ring structure as well as the spacer length are both crucial for 

delivery of mRNA to T lymphocytes (i.e. the loss of these structures completely inhibited delivery 

efficacy), and that certain features may confer additional benefits (i.e. particular spacer branching 

patterns may improve the delivery efficacy, but their loss does not completely inhibit the delivery). From 

a chemical perspective, this study was very successful at identifying the structures necessary for delivery 

of mRNA to T lymphocytes, and may be instructive for future studies regarding T lymphocytes. 

A study like this may be very instructive for all potential delivery targets. While I have not performed as 

thorough of an analysis for liver-specific delivery, the observed similarities between amines 306 and 113 

may imply a similar structure-function relationship. A thorough study, similar to that performed by Dr. 

Zhao, would likely be necessary for each individual target in order to get the most precise and accurate 

information. However, over the course of my experiments, I have observed some trends, based both on 

my own research, as well as my collaboration with others in the lab. These trends are summarized in 

Table 6.1. It should be noted, however, that not all organs presented in this table were studied at an 

equally exhaustive level—for example, the data I generated in the liver thoroughly screened the existing 

combinatorial library, but did not generate a rationally designed secondary combinatorial library as was 

done for the spleen and T lymphocytes by Dr. Zhao. 

Table 6.1: Summary of observed organ-targeting by LNPs In the Xu Lab 

ORGAN SUCCESSFUL LIPIDS PUBLICATION/RESEARCHER 

Liver Amines 306 and 113 
(i.e. 306-O12B, 113-O16B) 

Qiu, Glass (in preparation) 
Yang 2020 [95] 

Lung Endothelial Cell Tail group N16B 
(i.e. 306-N16B) 

Qiu (in preparation) 

Spleen Amine 93, chalcogen tail  
(i.e. 93-O17S) 

Zhao [98] 

Primary T Lymphocytes Modifications of Amine 93, 
chalcogen tail 
(i.e. 9313-O17S) 

Zhao [98] 
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Neurons / trans-BBB delivery Neurotransmitter-containing 
amine (i.e. NT1-O12B) 

Ma 2020, [62] 

 

 

6.1.2: Biological basis for lipid-organ specificity 

To address this structure-function relationship from a biological perspective requires a different 

approach. As mentioned above, we have demonstrated that the nanoparticles are internalized via 

clathrin- and dynamin-mediated endocytosis, as demonstrated by the ability to inhibit nanoparticle 

uptake via disruption of these receptors. However these receptors are fairly general across multiple cell 

types, while we have clearly observed unique cell-type specificity conferred by specific synthetic 

lipidoids. We hypothesize that this specificity may be conferred via some unique receptor-mediated 

interactions as well. In fact, this has been demonstrated by our postdoc Dr. Feihe Ma, where the 

inclusion of chemical structures derived from neurotransmitters (NT-lipidoids) were able to induce the 

uptake of nanoparticles into neurons. Although this was not specifically confirmed, we presumed this 

was due to receptor-mediated interactions between the neurotransmitter structure and the cell surface 

receptors which typically bind the native neurotransmitters. To confirm this structure-function 

relationship, I would design a series of experiments in vitro, where nanoparticles are applied to the cells 

while these specific neurotransmitter receptors are blocked or inhibited. As with the treatments with 

the Dynamin blocker DynaSore, I would expect that blocking the neurotransmitter receptors would 

inhibit the neural uptake of the NT-lipidoids. 

While this approach is straightforward in the case of neurotransmitter-derived lipid, where the 

predicted cellular receptor is known a priori, this strategy becomes more complicated for other tissue 

types where the specific receptors involved may be unknown. To address this, I would recommend a 

thorough study using proteomics and transcriptomics analysis. While the practical details of such an 
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experiment are beyond my expertise, a suitable collaboration could make such a study feasible. There 

are a number of approaches which could be taken to this end. First, there has recently been an interest 

in membrane-specific proteomics. A recent review thoroughly discussed the technical considerations of 

this strategy in the specific case of the heart, but a similar approach could be applied to other organs 

[103]. The specific receptors involved in lipid-organ targeting are most likely on the cell membrane. Thus 

a comparative membrane proteomic study between different cell types (i.e. between hepatocytes, T 

lymphocytes, lung epithelial cells, lung endothelial cells, etc) may identify the specific membrane-bound 

proteins which are unique to each cell type. Any membrane-bound protein which is found across 

multiple cell types can be excluded as likely not responsible for the lipid-organ specificity, while any 

proteins which are uniquely found on a particular cell type become good candidates for being 

potentially responsible for the lipid-organ specificity, and as such would warrant further study. Such a 

study may be valuable in both the retrospective direction (i.e. identifying the receptor which is 

responsible for “306-like” amines binding to hepatocytes and “93-like” amines binding to T 

Lymphocytes), but also in the prospective direction (i.e. identifying a receptor unique to lung endothelial 

cells, in order to rationally design a synthetic lipidoid to uniquely target that receptor). 

I hypothesize that this membrane proteomics approach could be powerful on a comparative basis. By 

contrast, a transcriptomics approach may be powerful on an individual cell type basis. For example, I 

would perform a thorough transcriptomics comparison between untreated hepatocytes, and 

hepatocytes treated with blank (i.e. no cargo) 306-O12B LNPs. If certain intracellular signaling pathways 

become upregulated as a result of exposure to nanoparticles, it may be possible to trace these pathways 

back to the relevant membrane receptors, effectively identifying the receptor responsible for 

nanoparticle internalization. While this approach relies on knowing a successful LNP for a particular cell 

type a priori, it does not rely on knowing the cellular mechanisms a priori. This may be a powerful tool 

for elaborating the mechanisms of lipid-organ targeting. 
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Finally, depending on the strength of the nanoparticle-receptor interactions, it may be possible to do an 

electrophoresis-based or mass spectrometry-based analysis to identify the receptors which bind to the 

LNPs. In this approach, membrane proteins would be collected from untreated cells, or from cells 

immediately after treatment with blank LNPs. The proteins may require some form of cross-linking to 

ensure that the LNPs remain tightly bound to the appropriate receptors. Then, a comparative 

electrophoresis or mass spectrometry analysis could be able to identify the proteins whose mass has 

changed due to the binding of the LNPs. However, I am less familiar with these techniques, and there 

may be technical challenges limiting this approach. 

6.2: Clinical Perspectives, Ethics, and Future Vision 

My ultimate goal with this research was to advance the progress towards clinical translation of CRISPR-

based technologies. One traditional challenge with lipid nanoparticle-mediated drug delivery vectors is 

that, under most circumstances, the delivery vehicle must be tailored to both the cargo and the target 

cell type. One advantage of CRISPR-based therapeutics, especially when it is mRNA-mediated, is that 

chemically identical cargoes (i.e. Cas9 mRNA paired with gRNA molecules) can exert a wide variety of 

therapeutic effects. This may allow for a generalizable platform. In my view, this generalizable platform 

will ultimately become the clinical paradigm of choice in the future. 

Currently, in the context of liver-targeted delivery of siRNAs, the company Alnylam has optimized a 

single lipid formulation which they have  determined to be effective, and they are now leveraging this 

single lipid formulation for as many drug formulations as possible. Patisiran has been approved for 

treatment of ATTR amyloidosis, Inclisiran has been approved for treatment of hypercholesterolemia, 

Givosiran has been approved for treatment of Hepatic Porphyria. All of these therapeutics are siRNA 

molecules (aka chemically similar cargoes) delivered using nearly identical lipid formulations. Patisiran 

and Inclisiran use exactly identical formulations of the MC3 lipid described in Chapter 3 above. Givosiran 
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uses a lipid with a slightly different chemical structure, which was identified from the same initial study 

which identified the MC3 lipid in 2010.  

I believe this strategy will ultimately be the most effective for developing LNP-mediated CRISPR 

therapeutics as well. Ideally, the role of academic research (such as that performed in the Xu Lab) would 

be to identify a single optimal lipid formulation for the delivery of CRISPR mRNA, gRNA, and HDR 

template to a variety of organ targets (i.e. a specific formulation for each of liver hepatocytes, 

splenocytes, lung epithelial cells, lung endothelial cells, etc). Following that, the role of a biotechnology 

company will be to leverage each individual formulation for the treatment of as many different diseases 

as possible. CRISPR therapeutics, especially once Homology-Directed Repair techniques have been 

optimized, should allow for the treatment of a much wider range of disease targets than siRNA, due to 

the fact that siRNA can only knock down mRNA levels, while CRISPR therapeutics can ultimately repair 

mutations or insert novel sequences, in addition to being applicable for exactly the same knockdown 

indications that siRNA is currently being used for. Thus, there may ultimately be dozens of individual 

drugs on the market, each using the same LNP platform to deliver Cas9 mRNA to the same organ, only 

varying by the gRNA and HDR template sequences.  

Such a centralized approach may also yield benefits in terms of manufacturing. If each drug were to use 

a unique lipid formulation, it would require a newly-designed manufacturing process for each drug. 

However if a single centralized lipid formulation could be used, it may be able to be manufactured at 

scale. 

Of course, with any clinical CRISPR application, it is important to discuss the dual concerns of safety and 

ethics. With regards to safety, at the moment I believe that LNP-mediated CRISPR mRNA delivery will 

ultimately prove to be the delivery paradigm of choice. I believe that mRNA achieves the “sweet spot” of 

safety and efficiency. As was discussed in Chapter 1, there is evidence that the longer that the genome is 
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exposed to a CRISPR molecule, the more likely it is that an adverse off-target editing event will occur. 

Thus the transience of mRNA will prove to be a benefit. While Cas9 RNPs are also transient, they are 

much more difficult to deliver intracellularly. Furthermore, mRNA is typically synthesized chemically, 

while proteins are almost always produced by some type of cell (i.e. E. coli or Chinese Hamster Ovary 

(CHO) mammalian cell) in culture. Protein drugs carry an innate risk of immunogenicity, as well as the 

challenge of complete purification so that they are not recognized as being foreign entities derived from 

the cell type used to express the protein. In my research, I struggled somewhat with the issue of 

endotoxin (i.e. E. coli bacterial cell wall) contamination within my protein stocks. Similarly, LNP delivery 

vehicles allow exquisite modification and optimization, which will allow them to be perfected for 

delivery to any tissue type. Finally, LNP-mediated delivery vectors allow exquisite customization, organ 

targeting, and biocompatibility, and are fairly inexpensive to produce. In light of these factors, I believe 

that the future of therapeutic CRISPR is indeed LNP-mediated mRNA delivery. 

The issue of ethics is a much more complicated one. The ability to permanently alter a patient’s DNA 

should not be taken lightly. Personally, I feel as though a CRISPR therapeutic administered to a 

consenting adult, to treat a debilitating genetic disease that currently has no alternative treatment (for 

example, to treat Duchenne Muscular Dystrophy or Cystic Fibrosis) is perfectly ethically acceptable. 

However, beyond this simple case, one can quickly reach into ethical grey areas. The use of LNPs and 

transient delivery paradigms such as mRNA delivery abrogate some issue; as a well-designed LNP should 

minimize the risk of off-target delivery. Any off-target genomic editing is a severe risk that must be 

mitigated (and all patients must be properly informed), but particular care should be taken regarding 

off-target delivery into gametes, which may result in potentially heritable genetic alterations. A well-

designed LNP platform should minimize this risk, however, this must be extensively validated before 

CRISPR therapeutics are made a reality. For example, a nightmare scenario would be unintended off-

target editing which lead to birth defects. Human embryos have already been subjected to CRISPR 
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editing, due to the unethical and ultimately criminal research of Dr. Hu in China. Experiments in the 

manner that he performed them are certainly not acceptable. It could be argued that there is no ethical 

way to perform CRISPR gene editing on an embryo. However, this leads to challenging discussions 

surrounding adult carriers of heritable diseases that are potentially treatable via CRISPR genome editing, 

who would like to have children. Some would argue that manipulating the genome of unborn embryos, 

even to protect them against a lifetime of suffering from DMD or CF, would be a terrible step towards 

eugenics. Others may argue that it would be inhumane to subject a child to a life with such a disease 

when avoiding it is in our power, or that it is cruel to the parent to deny them the opportunity to raise a 

child. These are issues which will rapidly come to the forefront as CRISPR genome editing gets closer and 

closer to a therapeutic reality. 
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Appendix 1A: Forward Primers 

Primer 
Name 

Primer Sequence—Order these exactly from IDT to use for PCR2 amplification. 
Barcode sequence is in yellow 

i5 Handle: 
Report this to 
TUCF Genomics 
Core 

F1 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACA AGT AGA GAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC 

AAGTAGAG 
F2 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACC ATG CTT AAC ACT CTT TCC CTA CAC GAC 

GCT CTT CC 
CATGCTTA 

F3 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACG CAC ATC TAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC 

GCACATCT 
F4 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT GCT CGA CAC ACT CTT TCC CTA CAC GAC 

GCT CTT CC 
TGCTCGAC 

F5 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACA GCA ATT CAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC 

AGCAATTC 
F6 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACA GTT GCT TAC ACT CTT TCC CTA CAC GAC 

GCT CTT CC 
AGTTGCTT 

F7 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACC CAG TTA GAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC 

CCAGTTAG 
F8 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT TGA GCC TAC ACT CTT TCC CTA CAC GAC 

GCT CTT CC 
TTGAGCCT 

F9 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACA CAC GAT CAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC 

ACACGATC 
F10 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACG GTC CAG AAC ACT CTT TCC CTA CAC GAC 

GCT CTT CC 
GGTCCAGA 

F11 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACG TAT AAC AAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC 

GTATAACA 
F12 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT TCG CTG AAC ACT CTT TCC CTA CAC GAC 

GCT CTT CC 
TTCGCTGA 

F13 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACA ACT TGA CAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC AACTTGAC 

F14 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACC ACA TCC TAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC CACATCCT 

F15 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CGG AAT GAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC TCGGAATG 

F16 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACA ACG CAT TAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC AACGCATT 

F17 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACC GCG CGG TAC ACT CTT TCC CTA CAC 
GAC GCT CTT CC CGCGCGGT 

F18 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTG GCG AAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC TCTGGCGA 

F19 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACC ATA GCG AAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC CATAGCGA 

F20 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACC AGG AGC CAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC CAGGAGCC 

F21 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT GTC GGA TAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC TGTCGGAT 
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F22 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACA TTA TGT TAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC ATTATGTT 

F23 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACC CTA CCA TAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC CCTACCAT 

F24 AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT ACT TAG CAC ACT CTT TCC CTA CAC GAC 
GCT CTT CC TACTTAGC 

 

 

Appendix 1B: Reverse 

Primer 
Name 

Primer Sequence—Order these exactly from IDT to use for PCR2 amplification. 
Barcode sequence is in purple; the reverse-complement of this is the i7 
sequence to report to TUCF Genomics Core 

i7 Handle: 
Report this to 
TUCF Genomics 
Core 

R1 CAA GCA GAA GAC GGC ATA CGA GAT CAT GAT CGG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC 

CGATCATG 
R2 CAA GCA GAA GAC GGC ATA CGA GAT AGG ATC TAG TGA CTG GAG TTC AGA CGT GTG 

CTC TTC 
TAGATCCT 

R3 CAA GCA GAA GAC GGC ATA CGA GAT GAC AGT AAG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC 

TTACTGTC 
R4 CAA GCA GAA GAC GGC ATA CGA GAT CCT ATG CCG TGA CTG GAG TTC AGA CGT GTG 

CTC TTC 
GGCATAGG 

R5 CAA GCA GAA GAC GGC ATA CGA GAT TCG CCT TGG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC 

CAAGGCGA 
R6 CAA GCA GAA GAC GGC ATA CGA GAT ATA GCG TCG TGA CTG GAG TTC AGA CGT GTG 

CTC TTC 
GACGCTAT 

R7 CAA GCA GAA GAC GGC ATA CGA GAT GAA GAA GTG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC 

ACTTCTTC 
R8 CAA GCA GAA GAC GGC ATA CGA GAT ATT CTA GGG TGA CTG GAG TTC AGA CGT GTG 

CTC TTC 
CCTAGAAT 

R9 CAA GCA GAA GAC GGC ATA CGA GAT CGT TAC CAG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC 

TGGTAACG 
R10 CAA GCA GAA GAC GGC ATA CGA GAT GTC TGA TGG TGA CTG GAG TTC AGA CGT GTG 

CTC TTC 
CATCAGAC 

R11 CAA GCA GAA GAC GGC ATA CGA GAT TTA CGC ACG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC 

GTGCGTAA 
R12 CAA GCA GAA GAC GGC ATA CGA GAT TTG AAT AGG TGA CTG GAG TTC AGA CGT GTG 

CTC TTC 
CTATTCAA 

R13 CAA GCA GAA GAC GGC ATA CGA GAT TCC TTG GTG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC ACCAAGGA 

R14 CAA GCA GAA GAC GGC ATA CGA GAT ACA GGT ATG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC ATACCTGT 

R15 CAA GCA GAA GAC GGC ATA CGA GAT AGG TAA GGG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC CCTTACCT 

R16 CAA GCA GAA GAC GGC ATA CGA GAT AAC AAT GGG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC CCATTGTT 
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R17 CAA GCA GAA GAC GGC ATA CGA GAT ACT GTA TCG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC GATACAGT 

R18 CAA GCA GAA GAC GGC ATA CGA GAT AGG TCG CAG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC TGCGACCT 

R19 CAA GCA GAA GAC GGC ATA CGA GAT AGG TTA TCG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC GATAACCT 

R20 CAA GCA GAA GAC GGC ATA CGA GAT CAA CTC TCG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC GAGAGTTG 

R21 CAA GCA GAA GAC GGC ATA CGA GAT CCA ACA TTG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC AATGTTGG 

R22 CAA GCA GAA GAC GGC ATA CGA GAT CTA ACT CGG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC CGAGTTAG 

R23 CAA GCA GAA GAC GGC ATA CGA GAT ATT CCT CTG TGA CTG GAG TTC AGA CGT GTG CTC 
TTC AGAGGAAT 

R24 CAA GCA GAA GAC GGC ATA CGA GAT CTA CCA GGG TGA CTG GAG TTC AGA CGT GTG 
CTC TTC CCTGGTAG 

 

Appendix 2: Example Sample Sheet to submit to TUCF Genomics Core 
for Sequencing 

SampleName i7 i5 
ANG_5Mo_1_F13_R13 ACCAAGGA AACTTGAC 

ANG_5Mo_2_F14_R13 ACCAAGGA CACATCCT 

ANG_5Mo_3_F15_R13 ACCAAGGA TCGGAATG 

ANG_5Mo_4_F16_R13 ACCAAGGA AACGCATT 

ANG_5Mo_5_F17_R13 ACCAAGGA CGCGCGGT 

ANG_5Mo_6_F18_R13 ACCAAGGA TCTGGCGA 

ANG_5Mo_7_F19_R13 ACCAAGGA CATAGCGA 

ANG_5Mo_8_F20_R13 ACCAAGGA CAGGAGCC 

ANG_5Mo_9_F21_R13 ACCAAGGA TGTCGGAT 

ANG_5Mo_10_F22_R13 ACCAAGGA ATTATGTT 

ANG_5Mo_11_F23_R13 ACCAAGGA CCTACCAT 

ANG_Longterm_1-12_F24_R13 ACCAAGGA TACTTAGC 

ANG_Longterm_1-1_F13_R14 ATACCTGT AACTTGAC 

ANG_Longterm_1-2_F14_R14 ATACCTGT CACATCCT 

ANG_Longterm_1-3_F15_R14 ATACCTGT TCGGAATG 

ANG_Longterm_1-4_F16_R14 ATACCTGT AACGCATT 

ANG_Longterm_1-5_F17_R14 ATACCTGT CGCGCGGT 

ANG_Longterm_1-6_F18_R14 ATACCTGT TCTGGCGA 

ANG_Longterm_1-7_F19_R14 ATACCTGT CATAGCGA 

ANG_Longterm_1-8_F20_R14 ATACCTGT CAGGAGCC 

ANG_Longterm_1-9_F21_R14 ATACCTGT TGTCGGAT 

ANG_Longterm_1-10_F22_R14 ATACCTGT ATTATGTT 
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ANG_Longterm_1-11_F23_R14 ATACCTGT CCTACCAT 

ANG_5Mo_12_F24_R14 ATACCTGT TACTTAGC 

ANG_Longterm_1-13_F13_R15 CCTTACCT AACTTGAC 

ANG_Longterm_1-14_F14_R15 CCTTACCT CACATCCT 

ANG_Longterm_1-15_F15_R15 CCTTACCT TCGGAATG 

ANG_Longterm_2-1_F16_R15 CCTTACCT AACGCATT 

ANG_Longterm_2-2_F17_R15 CCTTACCT CGCGCGGT 

ANG_Longterm_2-3_F18_R15 CCTTACCT TCTGGCGA 

ANG_Longterm_2-4_F19_R15 CCTTACCT CATAGCGA 

ANG_Longterm_2-5_F20_R15 CCTTACCT CAGGAGCC 

ANG_Longterm_2-6_F21_R15 CCTTACCT TGTCGGAT 

ANG_Longterm_2-7_F22_R15 CCTTACCT ATTATGTT 

ANG_Longterm_2-8_F23_R15 CCTTACCT CCTACCAT 

ANG_Longterm_2-9_F24_R15 CCTTACCT TACTTAGC 

ANG_Longterm_2-10_F13_R16 CCATTGTT AACTTGAC 

ANG_Longterm_2-11_F14_R16 CCATTGTT CACATCCT 

ANG_Longterm_2-12_F15_R16 CCATTGTT TCGGAATG 

ANG_Longterm_2-13_F16_R16 CCATTGTT AACGCATT 

ANG_Longterm_2-14_F17_R16 CCATTGTT CGCGCGGT 

ANG_Longterm_2-15_F18_R16 CCATTGTT TCTGGCGA 

ANG_Longterm_3-1_F19_R16 CCATTGTT CATAGCGA 

ANG_Longterm_3-2_F20_R16 CCATTGTT CAGGAGCC 

ANG_Longterm_3-3_F21_R16 CCATTGTT TGTCGGAT 

ANG_Longterm_3-4_F22_R16 CCATTGTT ATTATGTT 

ANG_Longterm_3-5_F23_R16 CCATTGTT CCTACCAT 

ANG_Longterm_3-6_F24_R16 CCATTGTT TACTTAGC 

ANG_Longterm_3-7_F13_R17 GATACAGT AACTTGAC 

ANG_Longterm_3-8_F14_R17 GATACAGT CACATCCT 

ANG_Longterm_3-9_F15_R17 GATACAGT TCGGAATG 

ANG_Longterm_3-10_F16_R17 GATACAGT AACGCATT 

ANG_Longterm_3-11_F17_R17 GATACAGT CGCGCGGT 

ANG_Longterm_3-12_F18_R17 GATACAGT TCTGGCGA 

ANG_Longterm_3-13_F19_R17 GATACAGT CATAGCGA 

ANG_Longterm_3-14_F20_R17 GATACAGT CAGGAGCC 

ANG_Longterm_3-15_F21_R17 GATACAGT TGTCGGAT 

GAPDH_Exp1_401_2_F22_R17 GATACAGT ATTATGTT 

GAPDH_Exp1_401_3_F23_R17 GATACAGT CCTACCAT 

GAPDH_Exp1_401_3_F24_R17 GATACAGT TACTTAGC 

ANG_Cpf_1_F13_R18 TGCGACCT AACTTGAC 

ANG_Cpf_2_F14_R18 TGCGACCT CACATCCT 
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ANG_Cpf_3_F15_R18 TGCGACCT TCGGAATG 

ANG_Cpf_4_F16_R18 TGCGACCT AACGCATT 

ANG_Cpf_5_F17_R18 TGCGACCT CGCGCGGT 

ANG_Cpf_6_F18_R18 TGCGACCT TCTGGCGA 

ANG_Cpf_7_F19_R18 TGCGACCT CATAGCGA 

ANG_Cpf_8_F20_R18 TGCGACCT CAGGAGCC 

ANG_Cpf_9_F21_R18 TGCGACCT TGTCGGAT 

ANG_Cpf_10_F22_R18 TGCGACCT ATTATGTT 

GAPDH_Exp1_401_4_F23_R18 TGCGACCT CCTACCAT 

GAPDH_Exp1_401_4_F24_R18 TGCGACCT TACTTAGC 

GAPDH_Exp1_400_1_F13_R19 GATAACCT AACTTGAC 

GAPDH_Exp1_400_1_F14_R19 GATAACCT CACATCCT 

GAPDH_Exp1_400_2_F15_R19 GATAACCT TCGGAATG 

GAPDH_Exp1_400_2_F16_R19 GATAACCT AACGCATT 

GAPDH_Exp1_400_3_F17_R19 GATAACCT CGCGCGGT 

GAPDH_Exp1_400_3_F18_R19 GATAACCT TCTGGCGA 

GAPDH_Exp1_400_4_F19_R19 GATAACCT CATAGCGA 

GAPDH_Exp1_400_4_F20_R19 GATAACCT CAGGAGCC 

GAPDH_Exp1_400_5_F21_R19 GATAACCT TGTCGGAT 

GAPDH_Exp1_400_5_F22_R19 GATAACCT ATTATGTT 

GAPDH_Exp1_400_6_F23_R19 GATAACCT CCTACCAT 

GAPDH_Exp1_400_6_F24_R19 GATAACCT TACTTAGC 

GAPDH_Exp1_400_7_F13_R20 GAGAGTTG AACTTGAC 

GAPDH_Exp1_400_7_F14_R20 GAGAGTTG CACATCCT 

GAPDH_Exp1_400_8_F15_R20 GAGAGTTG TCGGAATG 

GAPDH_Exp1_400_8_F16_R20 GAGAGTTG AACGCATT 

GAPDH_Exp1_400_9_F17_R20 GAGAGTTG CGCGCGGT 

GAPDH_Exp1_400_9_F18_R20 GAGAGTTG TCTGGCGA 

GAPDH_Exp1_400_10_F19_R20 GAGAGTTG CATAGCGA 

GAPDH_Exp1_B_F20_R20 GAGAGTTG CAGGAGCC 

GAPDH_Exp1_B_F21_R20 GAGAGTTG TGTCGGAT 

GAPDH_Exp1_401_1_F22_R20 GAGAGTTG ATTATGTT 

GAPDH_Exp1_401_1_F23_R20 GAGAGTTG CCTACCAT 

GAPDH_Exp1_401_2_F24_R20 GAGAGTTG TACTTAGC 

GAPDH_Exp1_401_5_F1_R13 ACCAAGGA AAGTAGAG 
GAPDH_Exp1_401_5_F2_R13 ACCAAGGA CATGCTTA 
GAPDH_Exp1_401_6_F3_R13 ACCAAGGA GCACATCT 
GAPDH_Exp1_401_6_F4_R13 ACCAAGGA TGCTCGAC 
GAPDH_Exp1_401_7_F5_R13 ACCAAGGA AGCAATTC 
GAPDH_Exp1_401_7_F6_R13 ACCAAGGA AGTTGCTT 
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GAPDH_Exp1_401_8_F7_R13 ACCAAGGA CCAGTTAG 
GAPDH_Exp1_401_8_F8_R13 ACCAAGGA TTGAGCCT 
GAPDH_Exp1_401_9_F9_R13 ACCAAGGA ACACGATC 
GAPDH_Exp1_401_9_F10_R13 ACCAAGGA GGTCCAGA 
GAPDH_Exp1_401_10_F11_R13 ACCAAGGA GTATAACA 
Exp2_400Ve_F12_R13 ACCAAGGA TTCGCTGA 
Exp2_400VE_F1_R14 ATACCTGT AAGTAGAG 
Exp2_400VeHA_F2_R14 ATACCTGT CATGCTTA 
Exp2_400VEHA_F3_R14 ATACCTGT GCACATCT 
Exp2_400VEPGA_F4_R14 ATACCTGT TGCTCGAC 
Exp2_400VEPGA_F5_R14 ATACCTGT AGCAATTC 
Exp2_400Se_F6_R14 ATACCTGT AGTTGCTT 
Exp2_400Se_F7_R14 ATACCTGT CCAGTTAG 
Exp2_400SeHA_F8_R14 ATACCTGT TTGAGCCT 
Exp2_400SeHa_F9_R14 ATACCTGT ACACGATC 
Exp2_400SePGA_F10_R14 ATACCTGT GGTCCAGA 
Exp2_400SePGA_F11_R14 ATACCTGT GTATAACA 
Exp2_401VE3_F12_R14 ATACCTGT TTCGCTGA 
Exp2_401VE3_F1_R15 CCTTACCT AAGTAGAG 
Exp2_401VE3Ha_F2_R15 CCTTACCT CATGCTTA 
Exp2_401VE3Ha_F3_R15 CCTTACCT GCACATCT 
Exp2_401VE3PGA_F4_R15 CCTTACCT TGCTCGAC 
Exp2_401VE3PGA_F5_R15 CCTTACCT AGCAATTC 
Exp2_306O12B_F6_R15 CCTTACCT AGTTGCTT 
Exp2_306O12B_F7_R15 CCTTACCT CCAGTTAG 
Exp2_306O12BHa_F8_R15 CCTTACCT TTGAGCCT 
Exp2_306O12BHa_F9_R15 CCTTACCT ACACGATC 
Exp2_306O12BPGA_F10_R15 CCTTACCT GGTCCAGA 
Exp2_306O12BPGA_F11_R15 CCTTACCT GTATAACA 
Exp2_306VE3_F12_R15 CCTTACCT TTCGCTGA 
Exp2_306VE3_F1_R16 CCATTGTT AAGTAGAG 
Exp2_306VE3Ha_F2_R16 CCATTGTT CATGCTTA 
Exp2_306VE3Ha_F3_R16 CCATTGTT GCACATCT 
Exp2_306VEPGA_F4_R16 CCATTGTT TGCTCGAC 
Exp2_306VEPGA_F5_R16 CCATTGTT AGCAATTC 
Exp2_113VE_F6_R16 CCATTGTT AGTTGCTT 
Exp2_113VE_F7_R16 CCATTGTT CCAGTTAG 
Exp2_113VEHA_F8_R16 CCATTGTT TTGAGCCT 
Exp2_113VEHA_F9_R16 CCATTGTT ACACGATC 
Exp2_113VEPGA_F10_R16 CCATTGTT GGTCCAGA 
Exp2_113VEPGA_F11_R16 CCATTGTT GTATAACA 
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Exp2_123VE_F12_R16 CCATTGTT TTCGCTGA 
Exp2_123VE_F1_R17 GATACAGT AAGTAGAG 
EXP2_123VEHA_F2_R17 GATACAGT CATGCTTA 
Exp2_123VEHA_F3_R17 GATACAGT GCACATCT 
Exp2_123VEPGA_F4_R17 GATACAGT TGCTCGAC 
Exp2_123VEPGA_F5_R17 GATACAGT AGCAATTC 
Exp2_Blank_F6_R17 GATACAGT AGTTGCTT 
Exp3_1_F7_R17 GATACAGT CCAGTTAG 
Exp3_1_F8_R17 GATACAGT TTGAGCCT 
Exp3_2_F9_R17 GATACAGT ACACGATC 
Exp3_2_F10_R17 GATACAGT GGTCCAGA 
Exp3_3_F11_R17 GATACAGT GTATAACA 
Exp3_3_F12_R17 GATACAGT TTCGCTGA 
Exp3_4_F1_R18 TGCGACCT AAGTAGAG 
Exp3_4_F2_R18 TGCGACCT CATGCTTA 
Exp3_4n_F3_R18 TGCGACCT GCACATCT 
Exp3_5_F4_R18 TGCGACCT TGCTCGAC 
Exp3_5_F5_R18 TGCGACCT AGCAATTC 
Exp3_5n_F6_R18 TGCGACCT AGTTGCTT 
Exp3_6_F7_R18 TGCGACCT CCAGTTAG 
Exp3_6_F8_R18 TGCGACCT TTGAGCCT 
Exp3_7a_F9_R18 TGCGACCT ACACGATC 
Exp3_7a_F10_R18 TGCGACCT GGTCCAGA 
Exp3_7an_F11_R18 TGCGACCT GTATAACA 
Exp3_7c_F12_R18 TGCGACCT TTCGCTGA 
Exp3_7c_F1_R19 GATAACCT AAGTAGAG 
Exp3_7cn_F2_R19 GATAACCT CATGCTTA 
Exp3_7d_F3_R19 GATAACCT GCACATCT 
Exp3_7d_F4_r19 GATAACCT TGCTCGAC 
Exp3_7dn_F5_R19 GATAACCT AGCAATTC 
Exp3_Blank_f6_r19 GATAACCT AGTTGCTT 
Exp3_blank_F7_R19 GATAACCT CCAGTTAG 
Exp3_blank_F8_R19 GATAACCT TTGAGCCT 
Axl_1_F9_R19 GATAACCT ACACGATC 
Axl_2_F10_R19 GATAACCT GGTCCAGA 
Axl_3_F11_R19 GATAACCT GTATAACA 
Axl_4_F12_R19 GATAACCT TTCGCTGA 
Axl_5_F1_R20 GAGAGTTG AAGTAGAG 
Axl_6_F2_R20 GAGAGTTG CATGCTTA 
Axl_7_F3_R20 GAGAGTTG GCACATCT 
Axl_8_F4_R20 GAGAGTTG TGCTCGAC 
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Axl_9_F5_R20 GAGAGTTG AGCAATTC 
Axl_10_F6_R20 GAGAGTTG AGTTGCTT 
Axl_11_F7_R20 GAGAGTTG CCAGTTAG 
Axl_12_F8_R20 GAGAGTTG TTGAGCCT 
Axl_13_F9_R20 GAGAGTTG ACACGATC 
Axl_14_F10_R20 GAGAGTTG GGTCCAGA 
Axl_15_F11_R20 GAGAGTTG GTATAACA 
Axl_16_F12_R20 GAGAGTTG TTCGCTGA 

 

References: 
1. Miller, J.C., et al., A TALE nuclease architecture for efficient genome editing. Nat Biotechnol, 

2011. 29(2): p. 143-8. 
2. Urnov, F.D., et al., Highly efficient endogenous human gene correction using designed zinc-finger 

nucleases. Nature, 2005. 435(7042): p. 646-51. 
3. Mojica, F.J., et al., Biological significance of a family of regularly spaced repeats in the genomes 

of Archaea, Bacteria and mitochondria. Mol Microbiol, 2000. 36(1): p. 244-6. 
4. Jansen, R., et al., Identification of genes that are associated with DNA repeats in prokaryotes. 

Mol Microbiol, 2002. 43(6): p. 1565-75. 
5. Mojica, F.J., et al., Intervening sequences of regularly spaced prokaryotic repeats derive from 

foreign genetic elements. J Mol Evol, 2005. 60(2): p. 174-82. 
6. Pourcel, C., G. Salvignol, and G. Vergnaud, CRISPR elements in Yersinia pestis acquire new 

repeats by preferential uptake of bacteriophage DNA, and provide additional tools for 
evolutionary studies. Microbiology (Reading), 2005. 151(Pt 3): p. 653-663. 

7. Bolotin, A., et al., Clustered regularly interspaced short palindrome repeats (CRISPRs) have 
spacers of extrachromosomal origin. Microbiology (Reading), 2005. 151(Pt 8): p. 2551-2561. 

8. Cong, L., et al., Multiplex genome engineering using CRISPR/Cas systems. Science, 2013. 
339(6121): p. 819-23. 

9. Mali, P., et al., RNA-guided human genome engineering via Cas9. Science, 2013. 339(6121): p. 
823-6. 

10. Wang, H.X., et al., CRISPR/Cas9-Based Genome Editing for Disease Modeling and Therapy: 
Challenges and Opportunities for Nonviral Delivery. Chem Rev, 2017. 117(15): p. 9874-9906. 

11. Sternberg, S.H. and J.A. Doudna, Expanding the Biologist's Toolkit with CRISPR-Cas9. Mol Cell, 
2015. 58(4): p. 568-74. 

12. Zetsche, B., et al., Cpf1 is a single RNA-guided endonuclease of a class 2 CRISPR-Cas system. Cell, 
2015. 163(3): p. 759-71. 

13. Ran, F.A., et al., In vivo genome editing using Staphylococcus aureus Cas9. Nature, 2015. 
520(7546): p. 186-91. 

14. Komor, A.C., et al., Programmable editing of a target base in genomic DNA without double-
stranded DNA cleavage. Nature, 2016. 533(7603): p. 420-4. 

15. Jinek, M., et al., Structures of Cas9 endonucleases reveal RNA-mediated conformational 
activation. Science, 2014. 343(6176): p. 1247997. 

16. Sun, W. and Z. Gu, Tailoring non-viral delivery vehicles for transporting genome-editing tools. 
Science China Materials, 2017. 60(6): p. 511-515. 

17. Glass, Z., et al., Engineering the Delivery System for CRISPR-Based Genome Editing. Trends 
Biotechnol, 2018. 36(2): p. 173-185. 



156 
 

18. Naso, M.F., et al., Adeno-Associated Virus (AAV) as a Vector for Gene Therapy. BioDrugs, 2017. 
31(4): p. 317-334. 

19. Bastola, P., et al., Adeno-Associated Virus Mediated Gene Therapy for Corneal Diseases. 
Pharmaceutics, 2020. 12(8). 

20. Nault, J.C., et al., Recurrent AAV2-related insertional mutagenesis in human hepatocellular 
carcinomas. Nat Genet, 2015. 47(10): p. 1187-93. 

21. Kuranda, K., et al., Exposure to wild-type AAV drives distinct capsid immunity profiles in humans. 
J Clin Invest, 2018. 128(12): p. 5267-5279. 

22. Liang, X., et al., Rapid and highly efficient mammalian cell engineering via Cas9 protein 
transfection. J Biotechnol, 2015. 208: p. 44-53. 

23. Tabebordbar, M., et al., In vivo gene editing in dystrophic mouse muscle and muscle stem cells. 
Science, 2016. 351(6271): p. 407-411. 

24. Hobernik, D. and M. Bros, DNA Vaccines-How Far From Clinical Use? Int J Mol Sci, 2018. 19(11). 
25. Hughes, T.S., et al., Immunogenicity of intrathecal plasmid gene delivery: cytokine release and 

effects on transgene expression. J Gene Med, 2009. 11(9): p. 782-90. 
26. Zuris, J.A., et al., Cationic lipid-mediated delivery of proteins enables efficient protein-based 

genome editing in vitro and in vivo. Nat Biotechnol, 2015. 33(1): p. 73-80. 
27. Mata López, S., et al., Challenges associated with homologous directed repair using CRISPR-Cas9 

and TALEN to edit the DMD genetic mutation in canine Duchenne muscular dystrophy. PLoS One, 
2020. 15(1): p. e0228072. 

28. Li, B., et al., Engineering CRISPR-Cpf1 crRNAs and mRNAs to maximize genome editing efficiency. 
Nat Biomed Eng, 2017. 1(5). 

29. Pardi, N., et al., Expression kinetics of nucleoside-modified mRNA delivered in lipid nanoparticles 
to mice by various routes. J Control Release, 2015. 217: p. 345-51. 

30. Wang, Y., et al., Systemic delivery of modified mRNA encoding herpes simplex virus 1 thymidine 
kinase for targeted cancer gene therapy. Mol Ther, 2013. 21(2): p. 358-67. 

31. Williams, D.J., H.L. Puhl, and S.R. Ikeda, A Simple, Highly Efficient Method for Heterologous 
Expression in Mammalian Primary Neurons Using Cationic Lipid-mediated mRNA Transfection. 
Front Neurosci, 2010. 4: p. 181. 

32. Zohra, F.T., et al., Effective delivery with enhanced translational activity synergistically 
accelerates mRNA-based transfection. Biochem Biophys Res Commun, 2007. 358(1): p. 373-8. 

33. Jiang, C., et al., A non-viral CRISPR/Cas9 delivery system for therapeutically targeting HBV DNA 
and pcsk9 in vivo. Cell Res, 2017. 27(3): p. 440-443. 

34. Yin, H., et al., Structure-guided chemical modification of guide RNA enables potent non-viral in 
vivo genome editing. Nat Biotechnol, 2017. 35(12): p. 1179-1187. 

35. Finn, J.D., et al., A Single Administration of CRISPR/Cas9 Lipid Nanoparticles Achieves Robust and 
Persistent In Vivo Genome Editing. Cell Rep, 2018. 22(9): p. 2227-2235. 

36. Yin, H., et al., Therapeutic genome editing by combined viral and non-viral delivery of CRISPR 
system components in vivo. Nat Biotechnol, 2016. 34(3): p. 328-33. 

37. Wang, M., et al., Efficient delivery of genome-editing proteins using bioreducible lipid 
nanoparticles. Proc Natl Acad Sci U S A, 2016. 113(11): p. 2868-73. 

38. Lee, K., et al., Nanoparticle delivery of Cas9 ribonucleoprotein and donor DNA in vivo induces 
homology-directed DNA repair. Nat Biomed Eng, 2017. 1: p. 889-901. 

39. Gao, X., et al., Treatment of autosomal dominant hearing loss by in vivo delivery of genome 
editing agents. Nature, 2018. 553(7687): p. 217-221. 

40. Lee, B., et al., Nanoparticle delivery of CRISPR into the brain rescues a mouse model of fragile X 
syndrome from exaggerated repetitive behaviours. Nat Biomed Eng, 2018. 2(7): p. 497-507. 



157 
 

41. Staahl, B.T., et al., Efficient genome editing in the mouse brain by local delivery of engineered 
Cas9 ribonucleoprotein complexes. Nat Biotechnol, 2017. 35(5): p. 431-434. 

42. Wang, P., et al., Genome Editing for Cancer Therapy: Delivery of Cas9 Protein/sgRNA Plasmid via 
a Gold Nanocluster/Lipid Core-Shell Nanocarrier. Adv Sci (Weinh), 2017. 4(11): p. 1700175. 

43. Wei, T., et al., Systemic nanoparticle delivery of CRISPR-Cas9 ribonucleoproteins for effective 
tissue specific genome editing. Nat Commun, 2020. 11(1): p. 3232. 

44. Usmani, S.S., et al., THPdb: Database of FDA-approved peptide and protein therapeutics. PLoS 
One, 2017. 12(7): p. e0181748. 

45. Kim, Y.K., RNA Therapy: Current Status and Future Potential. Chonnam Med J, 2020. 56(2): p. 87-
93. 

46. Wang, M., et al., Reactive oxygen species-responsive protein modification and its intracellular 
delivery for targeted cancer therapy. Angew Chem Int Ed Engl, 2014. 53(49): p. 13444-8. 

47. Wang, M., et al., Combinatorially designed lipid-like nanoparticles for intracellular delivery of 
cytotoxic protein for cancer therapy. Angew Chem Int Ed Engl, 2014. 53(11): p. 2893-8. 

48. Guo, Z., et al., Cell-penetrating peptides: Possible transduction mechanisms and therapeutic 
applications. Biomed Rep, 2016. 4(5): p. 528-534. 

49. Lee, K., et al., Synthetically modified guide RNA and donor DNA are a versatile platform for 
CRISPR-Cas9 engineering. Elife, 2017. 6. 

50. Anselmo, A.C. and S. Mitragotri, Nanoparticles in the clinic. Bioeng Transl Med, 2016. 1(1): p. 10-
29. 

51. Tong, R., et al., Nanopolymeric therapeutics. Mrs Bulletin, 2009. 34(6): p. 422-431. 
52. Nguyen, D.N., et al., Polymer-stabilized Cas9 nanoparticles and modified repair templates 

increase genome editing efficiency. Nat Biotechnol, 2020. 38(1): p. 44-49. 
53. Sun, W., et al., Self-assembled DNA nanoclews for the efficient delivery of CRISPR-Cas9 for 

genome editing. Angew Chem Int Ed Engl, 2015. 54(41): p. 12029-33. 
54. Mout, R., et al., Direct Cytosolic Delivery of CRISPR/Cas9-Ribonucleoprotein for Efficient Gene 

Editing. ACS Nano, 2017. 11(3): p. 2452-2458. 
55. Allen, T.M. and P.R. Cullis, Liposomal drug delivery systems: from concept to clinical applications. 

Adv Drug Deliv Rev, 2013. 65(1): p. 36-48. 
56. Anselmo, A.C. and S. Mitragotri, Nanoparticles in the clinic: An update. Bioeng Transl Med, 2019. 

4(3): p. e10143. 
57. Jayaraman, M., et al., Maximizing the Potency of siRNA Lipid Nanoparticles for Hepatic Gene 

Silencing In Vivo. Angewandte Chemie International Edition, 2012. 51(34): p. 8529-8533. 
58. Altınoglu, S., M. Wang, and Q. Xu, Combinatorial library strategies for synthesis of cationic lipid-

like nanoparticles and their potential medical applications. Nanomedicine (Lond), 2015. 10(4): p. 
643-57. 

59. Altınoğlu, S.A., et al., Intracellular delivery of the PTEN protein using cationic lipidoids for cancer 
therapy. Biomater Sci, 2016. 4(12): p. 1773-1780. 

60. Wang, M., et al., Enhanced intracellular siRNA delivery using bioreducible lipid-like nanoparticles. 
Adv Healthc Mater, 2014. 3(9): p. 1398-403. 

61. Li, Y., et al., Protein and mRNA Delivery Enabled by Cholesteryl-Based Biodegradable Lipidoid 
Nanoparticles. Angew Chem Int Ed Engl, 2020. 

62. Ma, F., et al., Neurotransmitter-derived lipidoids (NT-lipidoids) for enhanced brain delivery 
through intravenous injection. Sci Adv, 2020. 6(30): p. eabb4429. 

63. Li, Y., et al., Combinatorial library of chalcogen-containing lipidoids for intracellular delivery of 
genome-editing proteins. Biomaterials, 2018. 178: p. 652-662. 

64. Zhao, X., et al., mRNA Delivery Using Bioreducible Lipidoid Nanoparticles Facilitates Neural 
Differentiation of Human Mesenchymal Stem Cells. Adv Healthc Mater, 2020: p. e2000938. 



158 
 

65. Abati, E., et al., Silence superoxide dismutase 1 (SOD1): a promising therapeutic target for 
amyotrophic lateral sclerosis (ALS). Expert Opin Ther Targets, 2020. 24(4): p. 295-310. 

66. Nelson, C.E., et al., In vivo genome editing improves muscle function in a mouse model of 
Duchenne muscular dystrophy. Science, 2016. 351(6271): p. 403-7. 

67. Richardson, C.D., et al., Enhancing homology-directed genome editing by catalytically active and 
inactive CRISPR-Cas9 using asymmetric donor DNA. Nat Biotechnol, 2016. 34(3): p. 339-44. 

68. Doench, J.G., et al., Optimized sgRNA design to maximize activity and minimize off-target effects 
of CRISPR-Cas9. Nat Biotechnol, 2016. 34(2): p. 184-191. 

69. Hsu, P.D., et al., DNA targeting specificity of RNA-guided Cas9 nucleases. Nature Biotechnology, 
2013. 31(9): p. 827-832. 

70. Brinkman, E.K., et al., Easy quantitative assessment of genome editing by sequence trace 
decomposition. Nucleic Acids Research, 2014. 42(22): p. e168-e168. 

71. Liu, J., et al., Fast and Efficient CRISPR/Cas9 Genome Editing In Vivo Enabled by Bioreducible Lipid 
and Messenger RNA Nanoparticles. Adv Mater, 2019. 31(33): p. e1902575. 

72. Adams, D., et al., Patisiran, an RNAi Therapeutic, for Hereditary Transthyretin Amyloidosis. N 
Engl J Med, 2018. 379(1): p. 11-21. 

73. Raal, F.J., et al., Inclisiran for the Treatment of Heterozygous Familial Hypercholesterolemia. N 
Engl J Med, 2020. 382(16): p. 1520-1530. 

74. Ray, K.K., et al., Two Phase 3 Trials of Inclisiran in Patients with Elevated LDL Cholesterol. N Engl J 
Med, 2020. 382(16): p. 1507-1519. 

75. Koishi, R., et al., Angptl3 regulates lipid metabolism in mice. Nat Genet, 2002. 30(2): p. 151-7. 
76. Romeo, S., et al., Rare loss-of-function mutations in ANGPTL family members contribute to 

plasma triglyceride levels in humans. J Clin Invest, 2009. 119(1): p. 70-9. 
77. Tarugi, P., S. Bertolini, and S. Calandra, Angiopoietin-like protein 3 (ANGPTL3) deficiency and 

familial combined hypolipidemia. J Biomed Res, 2019. 33(2): p. 73-81. 
78. Stitziel, N.O., et al., ANGPTL3 Deficiency and Protection Against Coronary Artery Disease. J Am 

Coll Cardiol, 2017. 69(16): p. 2054-2063. 
79. Musunuru, K. and S. Kathiresan, Cardiovascular endocrinology: Is ANGPTL3 the next PCSK9? Nat 

Rev Endocrinol, 2017. 13(9): p. 503-504. 
80. Dewey, F.E., et al., Genetic and Pharmacologic Inactivation of ANGPTL3 and Cardiovascular 

Disease. N Engl J Med, 2017. 377(3): p. 211-221. 
81. Ahmad, Z., et al., Inhibition of Angiopoietin-Like Protein 3 With a Monoclonal Antibody Reduces 

Triglycerides in Hypertriglyceridemia. Circulation, 2019. 140(6): p. 470-486. 
82. Graham, M.J., et al., Cardiovascular and Metabolic Effects of ANGPTL3 Antisense 

Oligonucleotides. N Engl J Med, 2017. 377(3): p. 222-232. 
83. Chadwick, A.C., et al., Reduced Blood Lipid Levels With In Vivo CRISPR-Cas9 Base Editing of 

ANGPTL3. Circulation, 2018. 137(9): p. 975-977. 
84. Madisen, L., et al., A robust and high-throughput Cre reporting and characterization system for 

the whole mouse brain. Nat Neurosci, 2010. 13(1): p. 133-40. 
85. Kauffman, K.J., et al., Optimization of Lipid Nanoparticle Formulations for mRNA Delivery in Vivo 

with Fractional Factorial and Definitive Screening Designs. Nano Lett, 2015. 15(11): p. 7300-6. 
86. Zhi, D., et al., Transfection efficiency of cationic lipids with different hydrophobic domains in gene 

delivery. Bioconjug Chem, 2010. 21(4): p. 563-77. 
87. Wang, M., et al., A combinatorial library of unsaturated lipidoids for efficient intracellular gene 

delivery. ACS Synth Biol, 2012. 1(9): p. 403-7. 
88. Sedic, M., et al., Safety Evaluation of Lipid Nanoparticle-Formulated Modified mRNA in the 

Sprague-Dawley Rat and Cynomolgus Monkey. Vet Pathol, 2018. 55(2): p. 341-354. 



159 
 

89. Makinde, T.O. and D.K. Agrawal, Increased expression of angiopoietins and Tie2 in the lungs of 
chronic asthmatic mice. Am J Respir Cell Mol Biol, 2011. 44(3): p. 384-93. 

90. Khan, O.F., et al., Endothelial siRNA delivery in nonhuman primates using ionizable low-
molecular weight polymeric nanoparticles. Sci Adv, 2018. 4(6): p. eaar8409. 

91. Lotsberg, M.L., et al., AXL Targeting Abrogates Autophagic Flux and Induces Immunogenic Cell 
Death in Drug-Resistant Cancer Cells. Journal of thoracic oncology : official publication of the 
International Association for the Study of Lung Cancer, 2020. 15(6): p. 973-999. 

92. Amoasii, L., et al., Gene editing restores dystrophin expression in a canine model of Duchenne 
muscular dystrophy. Science, 2018. 362(6410): p. 86-91. 

93. Long, C., et al., Postnatal genome editing partially restores dystrophin expression in a mouse 
model of muscular dystrophy. Science, 2016. 351(6271): p. 400-3. 

94. Bulfield, G., et al., X chromosome-linked muscular dystrophy (mdx) in the mouse. Proc Natl Acad 
Sci U S A, 1984. 81(4): p. 1189-92. 

95. Yang, L., et al., Efficient Delivery of Antisense Oligonucleotides Using Bioreducible Lipid 
Nanoparticles In Vitro and In Vivo. Mol Ther Nucleic Acids, 2020. 19: p. 1357-1367. 

96. Takeda, Y.S., et al., Synthetic bioreducible lipid-based nanoparticles for miRNA delivery to 
mesenchymal stem cells to induce neuronal differentiation. Bioeng Transl Med, 2016. 1(2): p. 
160-167. 

97. Li, Y., et al., Intracellular delivery and biodistribution study of CRISPR/Cas9 ribonucleoprotein 
loaded bioreducible lipidoid nanoparticles. Biomaterials Science, 2019. 7(2): p. 596-606. 

98. Zhao, X., et al., Imidazole-Based Synthetic Lipidoids for In Vivo mRNA Delivery into Primary T 
Lymphocytes. Angew Chem Int Ed Engl, 2020. 

99. Paunovska, K., et al., A Direct Comparison of in Vitro and in Vivo Nucleic Acid Delivery Mediated 
by Hundreds of Nanoparticles Reveals a Weak Correlation. Nano Lett, 2018. 18(3): p. 2148-2157. 

100. Dahlman, J.E., et al., Barcoded nanoparticles for high throughput in vivo discovery of targeted 
therapeutics. Proc Natl Acad Sci U S A, 2017. 114(8): p. 2060-2065. 

101. Sago, C.D., et al., High-throughput in vivo screen of functional mRNA delivery identifies 
nanoparticles for endothelial cell gene editing. Proc Natl Acad Sci U S A, 2018. 115(42): p. E9944-
e9952. 

102. Yang, K., et al., Tuning liposome composition to modulate corona formation in human serum and 
cellular uptake. Acta Biomater, 2020. 106: p. 314-327. 

103. Lee, S.H., et al., Membrane proteomic profiling of the heart: Past, present and future. Am J 
Physiol Heart Circ Physiol, 2020. 

 


	List of tables
	List of Figures
	Chapter 1: Introduction
	1.1: The CRISPR genome editing platform
	1.2: Intracellular delivery of CRISPR in vitro and in vivo
	1.3: Limitations of viral delivery of CRISPR machinery
	1.4: Formats for nonviral CRISPR Delivery
	1.4.1: DNA Plasmid Delivery
	1.4.2: mRNA Delivery
	1.4.3: RNP Delivery

	1.5: Delivery vehicles
	1.5.1: Chemical modification of the cargo
	1.5.2: Polymeric delivery vehicles
	1.5.3: Inorganic delivery vehicles
	1.5.4: Lipid Nanoparticles

	1.6: Scope
	1.7: Objectives and Aims

	Chapter 2: Methods
	2.1: Introduction
	2.2: Process overview
	2.3: A Note on Benchling

	2.3: CRISPR Pre-Experiment Preparation
	2.3.1: Selection of the genomic target and editing effect for CRISPR genome editing
	2.3.2: Design of sgRNA sequence for Cas9 genome editing—genomic knockdown applications
	2.3.3: Design of sgRNA sequence for Cpf1 genome editing—specifically genomic knockdown
	2.3.4: Design of sgRNA sequence and repair template for Homology-Directed Repair (HDR) genome editing
	2.3.5: Methods for generating gRNA molecules
	2.3.6: Design of PCR Primers for CRISPR Editing Analysis

	2.4: Nanoparticle Formulation
	2.5: Genomic analysis of CRISPR Experimental Results
	2.5.1: DNA extraction and PCR
	2.5.2: Electrophoresis-based analysis of results
	2.5.2.1: Cell-free in vitro Cas9 Cleavage Assay
	2.5.2.2: T7E1 cleavage assay
	SapI Cleavage assay

	2.5.3: Sequencing-based analysis of results
	2.5.3.1: Sanger Sequencing and TIDE
	2.5.3.2: Next-Generation Sequencing (NGS)



	Chapter 3: Therapeutic In Vivo Cas9-mRNA mediated genome editing
	3.1: Introduction
	3.2: Lipid nanoparticle-mediated delivery of Cas9 mRNA achieves organ-specific in vivo genome editing of Angptl3
	3.2.1: Background
	3.2.2: In Vivo Screening and optimization of LNPs for mRNA delivery
	3.2.3: In Vivo tdTomato induction via Cas9 mRNA delivery
	3.2.4: In Vivo genome editing of Angptl3

	3.3: Other CRISPR mRNA delivery paradigms: Cpf1 mRNA, lung delivery, and Homology-Directed Repair
	3.3.1: In Vivo Cpf1 mRNA delivery
	3.3.2: In Vivo lung delivery of Cas9 mRNA
	3.3.3: In Vivo Homology-Directed Repair using Cas9 mRNA
	3.3.4: Local in vivo delivery of Cas9 mRNA to achieve HDR repair

	3.4: Conclusion

	Chapter 4: Cas9 RNP Delivery
	4.1. Introduction
	4.2: In Vitro RNP Delivery Experiments
	4.2.1: Differences between editing of reporter genes vs endogenous genes
	4.2.2: Optimization of Lipid : Protein ratio and inclusion of anionic polymers

	4.3: In Vivo Local Delivery of Cas9 to the muscle: Applications for Duchenne Muscular Dystrophy
	4.3.1: Introduction
	4.3.2: Intramuscular Editing of Gapdh
	4.3.3: Intramuscular Editing of DMD
	4.3.4: Intramuscular editing of the TLR2 reporter mouse
	4.3.5: Discussion

	4.4: In Vivo Systemic Cas9 RNP Delivery
	4.4.1: Introduction
	4.4.2: Optimization of nanoparticle formulation protocol to achieve stable LNPs at high concentration
	4.4.3: In Vivo Systemic Cas9 RNP-mediated Homology Directed Repair


	Chapter 5: Multiplex Cas9 sgRNA Delivery for Rapid Screening of Lipid Nanoparticles
	5.1: Introduction
	5.1.1: The size of the library
	5.1.2: Screening the Library

	5.2: Results
	5.2.1: Nanoparticle independence upon mixing
	5.2.2: Identification of barcodes, and interrogating multiple loci in vivo
	5.2.3: Barcoding organ targeting and dose-response
	5.2.4: Barcoding Proof-Of-Concept

	5.3: Proposed Follow-up experiment
	5.4: Conclusion

	6. Conclusions, discussion, and Future Work
	6.1 Fundamental Principles of Lipid Nanoparticle Organ Targeting: Structure-Function Relationship
	6.1.1: Chemical basis for lipd-organ specificity
	6.1.2: Biological basis for lipid-organ specificity

	6.2: Clinical Perspectives, Ethics, and Future Vision

	Acknowledgements
	Appendix 1: PCR 2 Primers used for NGS sequencing
	Appendix 2: Example Sample Sheet to submit to TUCF Genomics Core for Sequencing
	References:

