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ABSTRACT 

Development and Characterization of                                   

Viral-Based Gene Editing In Vivo 

 by 

Ang Li 

Adeno-Associated Viral (AAV) vectors packaging the CRISPR/Cas9 system (AAV-

CRISPR) can efficiently modify disease-relevant genes in somatic tissues with high 

efficiency. AAV vectors are a preferred delivery vehicle for tissue-directed gene therapy 

because of their ability to achieve sustained expression from largely non-integrating 

episomal genomes. However, for genome editing applications, permanent expression of 

non-human proteins such as the bacterially-derived Cas9 nuclease is undesirable. Recent 

studies indicate a high prevalence of neutralizing antibodies and T-cells specific to the 

commonly used Cas9 orthologs from Streptococcus pyogenes (SpCas9) and 

Staphylococcus aureus (SaCas9) in humans. Additionally, persistent expression of 

CRISPR/Cas9 has the potential to increase the chances of off-target cutting. There is a 

need for efficient genome editing in vivo, with controlled transient expression of 

CRISPR/Cas9. The topic of my thesis covers the development of a self-deleting AAV-

CRISPR system that introduces insertion and deletion mutations into AAV episomes, 

understanding the effects AAV-CRISPR editing in vivo in a Cas9 immunized mouse 

model, and the characterization of AAV integrations into the genome in the context of 

CRISPR-based gene editing. 
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Chapter 1 

Background and Introduction 

1.1. Gene Therapy 

The field of gene therapy has enabled the treatment of debilitating genetic 

diseases. The fundamental goal of gene therapy involves providing a functional DNA 

sequence to correct a cell phenotype 1. Canonically, there are two distinct methods 

of gene therapy; ex vivo or in vivo 2.  Ex vivo based therapies involve the use of either 

off the shelf or autologous patient cells that are then treated with the therapeutic 

genetic sequence, and implanted back into the patient. Ex vivo gene therapy is 

currently being investigated to treat diseases such as sickle cell disease and beta-

thalassemia 1,2. Other examples of ex vivo based gene therapies is the use of viral 

vectors for the generation of chimeric antigen receptor T-cells (CAR T-cells) for 

cancer immunotherapy treatment and the generation of restored immune cell 

development for patients with SCID-X1 deficiency 3–5. 



 16 
 

16 
 

There are several advantages of using ex vivo based approaches to gene 

therapy 6. Compared to in vivo approaches, the way by which the therapeutic genetic 

sequence is introduced to the cell ex vivo is more varied and efficient 7. These 

methods include, but are not limited to non-viral cationic polymers, electroporation, 

and viral vectors 8.  However, ex vivo gene therapies are limited to cells and tissues 

that can be manipulated in isolation. Many of the genetic diseases are found in 

tissues that do not possess progenitor-like cells and are not amenable to 

engraftment of the therapeutically corrected cell 7. As such, ex vivo based methods 

for gene therapy are unable to treat the vast majority of human genetic diseases. 

Unlike ex vivo based approaches to gene therapy, in vivo based gene therapies 

involve the use of vectors that can deliver the therapeutic genetic material either 

through systemic injections or direct injection to the target tissue. 
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Ex vivo delivery of genetic materials for reprogramming cells is much easier, but the target 

cells must be capable of surviving outside of the body and be able to re-engraft to the target 

tissue after transplantation.  In vivo gene editing requires a method of either targeted or 

systemic delivery that can achieve high efficiency and tissue specificity.  In the case of 

targeted delivery, the area of effect may not be uniform 6. Adapted from Figure 3 in Cox D et 

al  Therapeutic genome editing: prospects and challenges Nat. Publ. Gr. 21, 121–131 (2015). 

1.1.1. History of Viral Gene Therapy and Use of Retroviruses 

A major barrier to the field of in vivo gene therapy is delivery efficiency. 

Current delivery vectors can be broadly classified into two established categories; 

viral and non-viral. While non-viral vectors promise high target specificity and 

relatively low immune responses from the host, a major caveat is the generally low 

delivery efficiency 9. Non-viral vectors are continuing to show promise, with 

numerous groups working to engineer and optimize vectors for in vivo based gene 

delivery. However, viral based gene therapy methods have been met greater 

Figure 1.1.1 Ex vivo versus in vivo gene therapy. 
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success, and currently, all United States FDA and European Union approved gene 

therapies utilize viral vectors 10. 

Some of the earliest reports of gene transfer were reported in 1971 by 

Munyon et al, wherein they observed a phenotypic transfer of thymidine kinase 

activity into thymidine kinaseless cells using ultraviolet-light irradiated herpes 

simplex virus 11. One of the earliest indicators that viruses could be utilized for the 

transfer of  DNA into mammalian cells occurred in 1984 by Cepko et al 12. Their 

study was the first to prove that a retrovirus based vector could integrate foreign 

DNA into mammalian cells. Only six years later, the first clinical trials were 

undergone for treating patients with adenosine deaminase deficiency combined 

with severe combined immunodeficiency (ADA- SCID) 13,14. Utilizing a retrovirus to 

deliver and integrate the defective gene ex vivo into patients showed restoration of 

T-cell levels 13.  

Retrovirus based gene therapy clinical trials continued on until the early 

2000’s, when they were halted after reports of patients experiencing symptoms 

closely resembling leukemia in cells that were treated for ADA-SCID 15,16. In 2003, it 

was discovered that the retroviral sequence was inserted the LIM domain only 2 

(LMO2) site, which was previously described as an exclusive site for T-cell 

malignancies that are triggered by translocations within the genome 17,18. These 

adverse effects were not only seen in ADA-SCID, but also in treatment of Wiskott-

Aldrich syndrome (WAS) using retroviral vectors 19.  
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New classes of retroviral vectors have continuously been improved upon, 

and the use of lentiviral vectors continues to show promise in clinical trials. Unlike 

γ-retroviruses that can only infect cells actively undergoing mitosis, lentiviral 

vectors are capable of efficient gene transfer in non-dividing cells, and has 

preferential sites that can largely be predicted 3,20. The use of lentiviral vectors has 

been used for the treatment of numerous genetic diseases, such as β-thalassemia 21, 

X-linked adrenoleukodystrophy 22, metachromatic leukodystrophy 23, and WAS 23. 

More recently in 2019, bluebird bio’s drug Zynteglo, which utilizes autologous 

patient CD34+ cells encoding a functional globin gene delivered using lentiviral 

vectors was approved by the European Medicines Agency, and is expected to be filed 

in the United States in 2020. Although historically the lentiviral vector class of gene 

therapies has been met with success in the clinic, it has thus far been limited to ex 

vivo based cell therapies 3.  There has been some success in vivo using lentiviral 

vectors for the treatment of macular degeneration 24.  Systemic delivery of lentiviral 

vectors has been met with strong immune responses, and in a study with liver gene 

transfer, resulted in clearance of the transgene 25. Although efforts have been made 

in limiting the immune responses towards lentivirus 26, in vivo based gene therapy 

using this class of vectors is still relatively inefficient. Additionally, production of 

lentiviral vectors is considerably more difficult, with lower titers and differential 

infectivity compared to other viral vectors that will be discussed 27. These inherent 

limitations may limit the use of lentiviral vectors in the forseeable future to ex vivo 

based gene therapy strategies. 
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Adapted from Table 1 in Lee C et al Adenovirus-mediated gene delivery: Potential 

applications for gene and cell-based therapies in the new era of personalized medicine 

Genes Dis. 4, 43–63 (2017) 28 

1.1.2. Adenovirus-based Gene Therapy 

Adenoviruses were first isolated and characterized in 1953, wherein Rowe et 

al. discovered a pathogen in the adenoid tissue of patients 29. As retroviral gene 

Table 1.1.1 Characteristics, advantages, and disadvantages of the most commonly 

used  viral vectors for gene therapy 
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therapies were being explored in clinical trials, many groups were exploring the use 

of adenoviruses for gene therapy. These viruses are able to transduce both dividing 

and non-dividing cells, and encode transgenes up to 36 kb, which is considerably 

larger than retroviruses (7-11 kb) and lentiviruses (8 kb) 28. Although sources vary, 

adenoviruses are considered largely to be a non-integrating virus 28,30. Other 

advantages to adenoviruses include the relative ease of production, capable of 

generating high titers 31. However, the major drawback of using adenoviruses is 

they are strongly immunogenic, and ongoing clinical trials require careful patient 

screening and selection 32. Adenoviral immunogencitiy was the primary reason for 

the death of Jesse Gelsinger in 1999 33. Four days after injection with the adenoviral 

vector containing the correct gene sequence treating ornithine transcarbamylase 

deficiency, the patient suffered from a chain reaction of jaundice, kidney failure, 

lung failure, and brain death 34. After the adverse events of this gene therapy trial 

were published, the use of adenoviral vectors, and the field of gene therapy as a 

whole rapidly declined. However, in recent years there have been numerous efforts 

to generate adenoviral vectors that are less immunogenic 28, and there are still many 

ongoing clinical trials using adenoviral vectors 28,32.  

1.1.3. Adeno-Associated Virus Gene Therapy 

When scrutinizing a sample of rhesus-monkey-kidney-cells that were 

infected with a simian adenovirus type 15, Atchison et al and Hoggan et al 

discovered small virus-like particles 35,36. The viral particle was described to be a 

contaminant of adenovirus preparations, and was dubbed a “defective virus” and 
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categorized into the new dependoparvovirus family of viruses. Their discovery of 

AAV would pave the way for one of the most widely used and the only clinically 

approved in vivo gene therapy in the United States as of 2020 37. Unlike both 

retroviruses and adenoviruses that were previously described, AAV was found to be 

incapable of replicating on its own. Instead, it requires a helper virus such as 

adenovirus or herpesvirus for production 38,39.  Although AAVs have infected 

numerous individuals, there are no known pathologies that are directly associated 

with AAV 40.  

 

Work done by Atchison et al in 1966 identified and measured AAV particles in cell culture 
41. AAV particles indicated by arrows were measured to be between 120 and 190 Å in 
diameter. Adapted from Figure 1 in Atchison R et al Electron microscopy of adenovirus-
associated virus (AAV) in cell cultures. Virology 29, 353–357 (1966). 

 

 One of the primary reasons AAV vectors have gained popularity in the field of 

gene therapy is that unlike other viral vectors, it is a non-pathogenic virus and the 

Figure 1.1.2 Electron Microscopy of AAV 
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immune responses are much milder compared to adenoviral vectors. AAV is a 

relatively small virus, and as such the genome is only 4.7 kb 42. There are only two 

genes that are within the AAV genome, Rep and Cap that are flanked by two inverted 

terminal repeats (ITRs). The Rep gene is responsible for genome replication and 

packaging, while the Cap gene encodes the sequence for the protein capsid. 

However, unlike other viruses, the entirety of the AAV genome can be replaced by a 

transgene of interest. The Rep and Cap genes may be provided in trans along with an 

adenoviral helper plasmid to generate functional AAV that contains the transgene of 

interest 43.  
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In the classic triple transfection method for producing recombinant AAV, the following 
plasmids are used: 1) the transgene of interest flanked by inverted terminal repeats 2) An 
AAV helper plasmid containing the Rep and Cap genes and 3) a plasmid containing the 
adenoviral helper genes 44. Adapted from Figure 3 in Ayuso E et al Production, Purification 
and Characterization of Adeno-Associated Vectors.  Curr. Gene Ther. (2010). 
doi:10.2174/156652310793797685 

 Numerous ongoing clinical trials are utilizing AAV as the vector of choice for 

delivery of transgenes in vivo. These include the treatment of hemophilia B 45–48, 

lebers congenital amaurosis (LCA) 37,49,50, spinal muscular atrophy (SMA) 51, 

lipoprotein lipase deficiency 52, and more. The first of these drugs, Glybera for the 

treatment of lipoprotein lipase deficiency was approved by the EMA in 2012 52, and 

the first AAV gene therapy approved by the FDA was Luxturna in 2017 by the 

Children’s Hospital of Pennsylvania/Spark Therapeutics 37. This was followed by the 

approval of Zolgensma developed by AveXis/Novartis in 2019 53  for the treatment 

of SMA.   

Figure 1.1.3 Methods for producing AAV for gene therapy 



 25 
 

25 
 

 Although the use of AAV for additive gene therapy has shown much promise, 

it is not without its limitations. The relatively small packaging capacity of AAV is 

only capable of providing functional transgenes for a small percentage of known 

debilitating genetic diseases. A prime example of this would be the treatment of 

hemophilia A, which is far more prevalent than hemophilia B, consisting of 85% of 

all known cases 54. The fully functional gene consists of 2332 amino acids, which far 

exceeds the packaging capacity of AAV 55. Another disease, Duchenne muscular 

dystrophy, is caused X-linked genetic disorder caused by disruption of the reading 

frame of the dystrophin gene. The fully functional gene sequence also far exceeds 

the packaging capacity of AAV at 2100 kb 56.  

 Another limiting factor for additive gene therapy using AAV is that the 

transgene exists as stable episomes within the nucleus of the cell and do not 

integrate into the chromosome 57. While this may allow for successfully expression 

of the functional transgenes in post-mitotic cells such neurons in the case of SMA, 

successful gene therapy in dividing cells such as the liver will result in dilution of the 

functional episomal DNA over time, resulting in a diminished efficacy of the therapy. 

Therefore, although successful gene transfer into somatic cells has been 

demonstrated in multiple organs for the treatment of many diseases, numerous 

other genetic disorders are unable to be treated using additive gene therapy. 
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1.2. Gene Editing – Repair Mechanisms 

While still under the umbrella category of gene therapy, therapeutic gene 

editing is considered to be a distinct method for the treatment of genetic diseases. At 

its core, gene editing involves the formation of a double stranded DNA break 

through the use of naturally occurring or engineered nucleases 58. The various 

repair mechanisms of these broken DNA fragments results in distinct methods of 

DNA modification, leading to an altered genomic sequence. This can result in gene 

disruption, gene repair, or even gene knock-ins. Though technologies vary, all gene 

editing methods utilize the following distinct DNA modification pathways, and it is 

important to first understand the desired outcomes. 

1.2.1. Homologous Recombination (HR) 

Gene modification was first described in the mid 1980’s, wherein flanking 

DNA sequences that were homologous to the human chromosomal β-globin 

sequence were flanked by an altered DNA sequence 59. Dubbed homologous 

recombination (HR), it enabled the generation of novel cell and animal models for 

the study of numerous biological fields. However, the use of homologous DNA 

sequences for genetic modification is extremely inefficient and highly labor 

intensive. Although inefficient, homologous recombination is arguably the safest and 

most direct method for the introduction of modified DNA sequences, and has in 

recent years been used in vivo for targeted gene knock-ins 60–62.   
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1.2.2. Non-Homologous End Joining (NHEJ) 

Cells are constantly exposed to potential agents that result in DNA damage, such as 

ionizing radiation and chemicals 63. In the case of a DNA double-strand break, the 

mechanism relies upon the Ku70-Ku80 complex which binds to the free ends of the 

DNA double-strand break. This results in the Ku complex, which subsequently 

recruits downstream proteins in the DNA-dependent protein kinase catalytic 

subunit (DNA-PKcs), DNA ligase IV (LIG4), and others 64,65 (Figure 1.2.1). The fast 

recruitment of the Ku complex formation inhibits the generation of other DNA 

repair pathways 66. The process of re-ligation of DNA double-strand breaks through 

the NHEJ pathway is generally highly efficient and results in accurate repair of 

damaged DNA. However, under the direction of a targeted nuclease, continuous 

cutting and end-joining through NHEJ will result in the formation of insertions or 

deletions also known as indels 67. Although it has largely been accepted that 

nucleases typically generate small indels, recent advances in the field have shown 

that particular gene editing technologies are capable of deletions that are several 

kilobases in length 68.  
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When a DNA double-strand break occurs, the default pathway of repair involves the 
formation of the Ku complex to either end of the free DNA strands, followed by the 
recruitment of other downstream proteins that enables LIG4 to successfully repair the free 
ends. Under homology directed repair, both 5’ DNA ends are resected, and RPA proteins 
bind to the free ends. Rad51 then displaces RPA, and the formation of a D-loop with a sister 
chromatid or donor template, generating in gene knock-in or replacement 65,69. Adapted 
from Figure 1 in Non-homologous DNA end joining and alternative pathways to double ‑ 
strand break repair. Chang H et al Nat. Publ. Gr. 18, 495–506 (2017) 

Figure 1.2.1 Mechanisms of DNA repair through NHEJ and HDR. 
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1.2.3. Homology Directed Repair (HDR) 

As previously mentioned, the use of HR for gene editing was stifled by the 

poor efficiency in generating the desired product. However, it was discovered that 

once an endonuclease was added along with the HR template, the rates of gene 

correction or insertion were improved by over 1000 fold 70. Although generally less 

efficient than NHEJ, HDR allows for the precise insertion or modification of a genetic 

sequence through the introduction of a DNA “donor” template similar to that used in 

HR mediated modifications 71. To summarize the mechanism of action, free DNA 

ends are resected, and the single-strand ends are bound by replication protein A 

(RPA). RPA is subsequently displaced by recombination mediators that allow for 

protein mediators such as RAD51 and BRCA2 to mediate the formation of a D-loop 

with the donor template, resulting in a gene knock-in or replacement (Figure 1.2.1) 

72,73.  

Although HDR is a highly desirable approach for gene correction and gene 

modification, it has several limitations. HDR is typically much less efficient than 

NHEJ, and can only occur in dividing cells 72. The donor template, whether it is a 

single-stranded donor oligonucleotide (ssODN), plasmid, or single-stranded AAV 

has an impact on efficiency and the precision of gene knock-in 74,75. For example, the 

use of ssODNs as a template for HDR has been shown to rely on the Fanconi Anemia 

pathway, which is not expressed in all tissue types 76. Although commonly thought 

to be a highly accurate method for gene modification, HDR has been shown to 

produce gene knock-in patterns that are quite variable 74,77,78.   
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1.2.4. Homology Independent Targeted Integration (HITI) 

Although HDR has been used for precise gene modification at the gene of 

interest, there are instances for the donor template to integrate into the genome 

through other means. One of these is through homology independent targeted 

integration, or HITI 79. Instead of following the HR pathway, the ends of a DNA donor 

sequence are inserted into the double-strand break site independent of homologous 

DNA sequences. The underlying mechanisms of HITI rely upon the use of the NHEJ 

pathway 80. Although the donor template can in theory be inserted into either the 

forward or reverse orientation, there are currently numerous ongoing efforts to 

improve the specificity at which accurate HITI knock-in may occur 81. 

1.2.5. Single-Strand Annealing (SSA) 

Like NHEJ and HDR, single-strand annealing (SSA) is first initiated through a 

DNA double-strand break. However, SSA relies upon direct repeat sequences that 

flank the site of the double-strand break, leading to recision of the 5’ end. The repeat 

regions are then annealed and ligated together, resulting in the deletion of 

sequences between the repeats 82. However, the use of SSA for therapeutic gene 

editing is limited to the low frequencies of direct repetitive sequences. Until 

recently, SSA was used utilized for its efficiency in detective bona fide gene editing 

events through plasmid reporters 83.  
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1.3. Gene Editing – Targeted Nucleases 

The gene editing outcomes that were discussed in the previous section, 

except for HR, relies upon the use of a targeted endonuclease. Although the field of 

gene editing has recently attracted much attention, gene editing technologies have 

been studied and improved upon for the last 30 years 84. Modular endonucleases 

that were directed through DNA-binding proteins such as zinc finger (ZF) motifs and 

transcription-activated like effectors (TALEs) greatly increased the potential to 

target almost any gene of interest 85,86. However, the use of DNA-binding protein 

motifs proved to be quite challenging, and there remain issues such as complex 

assembly, sequence target specificity, and activity 87–89. In 2012, a landmark paper 

published by Jinek et al described the use of a simple RNA-guided endonuclease was 

capable of editing genes in vitro 90. Known as the clustered regularly interspace 

short palindromic system, or CRISPR, the ease of generating the targeting domain 

through short RNA sequences compared to DNA-binding proteins coupled with a 

modular Cas9 endonuclease enabled unprecedented advancements in the field of 

gene editing, and has greatly accelerated the development of novel strategies for the 

treatment of genetic diseases. Here, we will discuss the evolution of gene editing 

technologies and their potential for use in the clinic.  
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Adapted from Figure 1 in Kim J et al Genome editing comes of age. Nat. Protoc. 11, 1573–
1578 (2016). 

1.3.1. Meganucleases 

As previously mentioned, the generation of targeted gene modifications 

through the use of HR proved to be highly inefficient and extremely labor intensive. 

However, Colleaux et al discovered an endonuclease that was capable of recognizing 

specific DNA sequences 91. The discovery of this I-SceI meganuclease was the first 

instance of a DNA endonuclease that was capable of targeting specific sites within 

the genome. Although highly specific, the recognition sequence and activity of 

meganucleases closely associated, and modifications to the protein sequence for 

targeting other genes has proven to be challenging  85. Efforts to engineer 

meganucleases through methods such as computational design and directed 

evolution has had some success, but has been much more difficult than engineering 

modular endonucleases 92–94. Nonetheless, recent efforts have demonstrated in vivo 

genome editing through the use of engineered meganucleases via AAV achieving 

high on-target specificity and activity 95.  

Figure 1.3.1 Timeline and Important Milestones in Gene Editing 84 
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Originally discovered in yeast, meganucleases have evolved in nature to have extremely 
high specificity in recognizing genomic sequences ranging from 14-40 bp 85 Adapted from 
Figure 1 in Nelson C et al A new approach to gene therapy for neuromuscular disorders. 
Nat. Rev. Neurol. 13, 647–661 (2017). 

 

1.3.2. Zinc Finger Nucleases (ZFNs) 

The difficulties and highly specialized techniques for engineering 

meganucleases for gene editing drove the discovery of more modular tools. The first 

class of modular endonucleases was described in 1997, wherein pairs of tandem 

zinc finger protein motifs that naturally bind to 3 bp sequences linked to a FokI 

nuclease were shown to generate double-strand breaks (Figure 1.3.3) 96. These zinc 

finger nucleases, or ZFNs greatly expanded the number of targetable genomic 

sequences. Generating ZFNs for inducing site-specific double-strand breaks was 

much easier than designing novel meganucleases. However, they were not without 

their limitations. Although several pre-selected zinc finger proteins could be 

utilized, they required a pre-determined 3 nt array 97,98. These challenges were 

initially addressed by designing ZFs that could bind all permutations of 3 base 

nucleotide sequences 99. Typically, ZF’s were limited to 3 tandem sequences, 

Figure 1.3.2 Meganucleases. 
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resulting in 18 nt sequence recognition. There is also significant cross-talk between 

certain combinations of ZF’s, further increasing difficulties in design 85. As of 2020, 

there are 22 registered clinical trials using ZFNs.   

Zinc-finger nucleases comprise of a pair of tandem-linked zinc-finger proteins attached to a 
FokI nuclease. Upon binding to the sequence of interest, FokI dimerizes and generates a 
staggered double-strand break. Typically, ZFNs comprise of three ZF domains. However, 
additional ZFs have been shown to have some increased efficacy 85,100 Adapted from Figure 
1 in Nelson C et al A new approach to gene therapy for neuromuscular disorders. Nat. Rev. 
Neurol. 13, 647–661 (2017). 

1.3.3. Transcription Activator-Like Effector Nucleases (TALENs) 

Transcription activator-like effectors, or TAL effectors are a class of DNA 

binding proteins that were first discovered in the plant genus Xanthamonas 101,102. 

The essential binding motif of TAL effectors is the repeat variable diresidues, or 

RVDs which are capable of binding to any single nucleotide sequence 103,104. In a 

similar manner to ZFNs, these TAL effectors were linked in tandem with a FokI 

nuclease and functioned as pairs to generate a novel class of targeted 

endonucleases, known as TAL effector nucleases, or TALENs (Figure 1.3.4) 105. 

Figure 1.3.3 Zinc-Finger Nucleases. 
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Because of the individual nucleotide-binding RVDs, TALENs were much easier to 

design and develop. However, this turned out to be a double edged sword, as it 

required cloning individual RVD subunits in specific sequences to generate the 

TALEN of interest 89. Other compromises, such as designing for either higher 

specificity or activity for the guanine nucleotide were also critical considerations 

88,106,107. With regard to in vivo gene editing, the high amount of repetitive sequences 

involved in generating TALENs of sufficient specificity makes them prone to 

recombination when packaging into viral vectors, rendering many particles useless 

for gene editing 108. Nonetheless, there are 6 clinical trials using TALENs as of 2020. 

Transcription-activator like effectors engineered in tandem to a FokI nuclease function in 
pairs to generate a double-strand break. Individual repeat variable diresidues (RVDs) bind 
to single nucleotide positions, making them highly customizable 85. Adapted from Figure 1 
in Nelson C et al A new approach to gene therapy for neuromuscular disorders. Nat. Rev. 
Neurol. 13, 647–661 (2017). 

 

Figure 1.3.4 TALENS. 
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1.3.4. Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR)/Cas9 System 

In 1987, sequencing of the iap gene discovered an unusual structure at the 3’ 

end 109. Ishino et al discovered that there were sequences of high homology 29 bp in 

length, followed by a 32 bp spacer sequence. These repetitive sequences were 

identified in numerous microbes, and the system was dubbed Clustered Regularly 

Interspaced Short Palindromic Repeats, or CRISPR 110. It was later discovered that 

challenging bacteria with viral sequences resulted in short sections of viral DNA 

being integrated into the bacterial genome 111,112. The insertion of the foreign 

sequence into the bacterial genome demonstrated a form of prokaryotic acquired 

immunity against pathogens. This worked by having the foreign DNA sequences 

inserted into the CRISPR gene loci working with various CRISPR associated proteins 

(Cas) to fight repeat infections 113. A key finding was discovered in 2011, where it 

was shown that mature CRISPR RNAs (crRNAs) required a small trans-encoded 

RNA, later known as a tracrRNA to function with certain Cas proteins 114. The true 

nexus of the revolution in gene editing was when Jinek et al. proved that gene 

editing could be performed using the type II CRISPR system and Cas9 90. They 

demonstrated that the crRNA spacer sequence coupled with the tracrRNA could 

direct the Cas9 endonuclease to perform genome editing at a site of interest. Unlike 

previous engineered nucleases that required extensive protein engineering or 

cumbersome cloning strategies, gene targeting using the CRISPR/Cas9 system could 

be performed using simple Watson-Crick base pair rules. It was also shown in this 



 37 
 

37 
 

landmark paper that the three component system could be further simplified by 

adding a linker sequence between the crRNA and tracrRNA sequence, forming a 

single guide RNA, also known as a sgRNA or gRNA (Figure 1.3.5) 90. Although 

initially thought to produce staggered cuts like those used in ZFNs and TALENs, it 

was demonstrated later on that the Cas9 nuclease produces blunt ends 115. Another 

component that is critical for CRISPR/Cas mediated gene editing is the presence of a 

protospacer adjacent motif, or PAM at the 3’ end of the crRNA. Although sequences 

and lengths vary between organisms and different Cas enzymes, it is required for 

the binding of the Cas9 endonuclease. Typically, Cas9 enzymes produce cuts 3 bp 

upstream of the PAM. The ease at which CRISPR-based gene editing can be designed 

and optimized was unprecedented, and is currently the most popular tool for 

generating site specific endonuclease-induced double strand breaks for gene editing 

116. Only one year later, it was shown by three papers that CRISPR-based gene 

editing could be achieved in mammalian cells with high efficiency 117–119, and in 

2014, several papers reported efficient gene editing of the brain and liver using viral 

particles encoding CRISPR gene editing machinery 120,121.  
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CRISPR-based gene editing occurs through three key components: the crRNA, tracrRNA, and 
Cas9 nuclease. The crRNA may be selected for targeting a particular gene of interest, while 
the tracrRNA component acts as a bridge for binding to the Cas9 nuclease. It was also 
demonstrated that a single hybrid crRNA-tracrRNA could be formed. Binding near the 
protospacer adjacent motif produces a double strand break typically 3 bp upstream of the 3’ 
end of the crRNA sequence 90.  Adapted from Figure 5 in Jinek M et al A Programmable Dual-
RNA–Guided DNA Endonuclease in Adaptive Bacterial Immunity. 337, 816–822 (2012). 

 

As of 2020, there are currently 30 ongoing clinical trials using CRISPR 

systems for therapeutic gene editing. In terms of in vivo gene editing, a partnership 

Figure 1.3.5 CRISPR/Cas9 Gene Editing 
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between Editas Medicine and Allergen is currently in Phase 1/2 clinical trial for 

treating LCA10 122.  

1.4. Off-target Gene Editing 

Although engineered nucleases are designed to cut only their intended target, 

there is still the possibility of potential off-target cutting. These effects have been 

reported and well documented with ZFNs, TALENs, as well as the CRISPR/Cas9 

system 87,88,123,124. In some instances, off-target rates could be comparable to that of 

the on-target site 125,126. Significant off-target cutting has been shown to induce large 

chromosomal rearrangements 68,127–131 and has the potential to activate oncogenes 

or inactivate tumor suppressor genes.  

CRISPR-based gene editing off-target events have been the most widely 

characterized. Single-base pair mismatches have been shown to induce off-target 

cutting 132, as well as so-called DNA “bulges” in the gRNA or target DNA sequence 

124,133. For these reasons, it is important to carefully design gRNAs with high 

specificity and to screen them using in silico prediction 133–135, in vitro or in vivo 

analysis 77,128,129,136–138 or even whole genome sequencing 139,140.  
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1.5. Viral Based CRISPR Gene Editing In Vivo 

Viral vectors remain the most efficient methods of delivery for gene editing 

machinery in pre-clinical in vivo models. Although efforts to develop non-viral based 

methods for gene editing have advanced significantly in recent years showing high 

editing efficiency in vivo 141,142, production and scalability for use in the clinic remain 

challenges within the field. Viral-based methods for delivering gene editing 

machinery was demonstrated using ZFNs 143–145 and TALENs 146. However, it was 

shown that two vectors containing left and right targets are needed for generating 

high indel rates 143, and in general are still lower than similar vectors using CRISPR. 

Although viral vectors such as adenovirus 147–149 have been used for CRISPR-based 

in vivo gene editing , AAV has by far been the most widely adopted approach due to 

the advantages listed in Chapter 1.1.3. 

1.5.1. AAV-CRISPR Gene Editing 

AAV-CRISPR gene editing was first reported using dual AAV’s encoding the 

most commonly used ortholog from Streptococcus pyogenes or SpCas9 for gene 

knockout in the brain of mice 121. However, due to the large size of the SpCas9 

enzyme (4.2 kb) and the small packaging capacity of AAV, a truncated promoter was 

needed for efficient vector production. A separate AAV vector was also required to 

be co-injected into the brain containing the gRNA targeting the gene of interest. This 

prompted the search for alternative methods of achieving in vivo gene editing using 

AAV vectors. A landmark paper published in 2015 described Cas9 derived from 
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Staphylococcus aureus or SaCas9 150. The SaCas9 system solved the fundamental 

problems of AAV-SpCas9 gene editing by utilizing a smaller nuclease (3.2 kb). This 

enabled full size promoters to drive expression of the nuclease as well as having the 

gRNA be transcribed on the same vector, eliminating the need for dual AAV vectors. 

Additionally, as of 2020, there has been no bona fide off-target cutting with careful 

gRNA design in vivo using SaCas9. Several other Cas9 orthologs have been 

characterized and demonstrated for in vivo gene editing, such as those derived from 

Campylobacter jejuni (2.9 kb) 151 and Neisseria meningitides (3.1 – 3.2 kb) 152,153 

(Table 1.5.1). Additionally, enzymes from other Cas families such as Cas12a, 

formerly known as Cpf1 have been used for in vivo gene editing 154. Numerous other 

Cas9 orthologs have been reported, but have not yet been reported to edit somatic 

cells in vivo 155–158.  

 

 

Table 1.5.1 Key characteristics of Cas9 orthologs and use in vivo 
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As of 2020, in vivo AAV-CRISPR gene editing has been shown to permanently 

modify disease-relevant genes in the liver 150,159–162, eye 122,163–165, brain 121,166, heart 

167–169, and skeletal muscle 170–176. 

1.5.2. Challenges of in vivo AAV-CRISPR Gene Editing 

Although AAV-CRISPR based gene editing has been demonstrated in multiple 

somatic tissues in vivo, there are still several challenges with controlling the 

outcomes. These can be broken down into spatial, locus, or temporal control. Spatial 

control refers to targeting specific tissues, locus control refers to gene editing 

specificity, and temporal for controlling the activity of gene editing. 

 

 

 

 

 

 

 

Controlling in vivo gene editing can be broadly broken down into spatial control, or tissue 
directed targeting, locus or genome editing specificity, and temporal control or activity of 
gene editing within the cell. The current approaches are listed below, and the subsequent 
risks that are largely unaddressed. 

 

Figure 1.5.1 Outline of in vivo gene editing controls. 
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1.5.2.1. Spatial Control 

In terms of spatial control of gene editing using AAV-CRISPR, there are 

several items within the toolbox that can be used. The most common design criteria 

are AAV serotypes and promoters. Selecting the appropriate AAV serotype for tissue 

directed gene editing is important, as some serotypes have a higher affinity towards 

certain tissues, such as AAV8 transducing the liver or AAV9 which when injected 

systemically, can transduce numerous tissues 40. There have also been efforts to 

increase the tissue specificity of AAVs by capsid engineering and directed evolution. 

For example, attaching matrix-metalloprotease (MMP) “locks” to the surface of 

AAV’s has been shown to direct transduction towards tissues that have higher 

extracellular matrix remodeling 177–179 or the attachment of targeting ligands, such 

as nanobodies to the capsid surface 180. Directed evolution has also generated novel 

tissue specific AAV serotypes that can achieve gene transfer in some of the most 

difficult tissues, such as AAV PHP.B that can cross the blood-brain barrier 181 or 

NP40 and NP59 that are specific to human hepatocytes 182. Tissue-specific 

promoters can be used as well for spatial control, such as human alpha 1 antitrypsin 

(hAAT) 183 or the hybrid liver-specific promoter (HLP) 184 for liver gene transfer or 

the synapsin promoter 185 for neurons.  
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Natural AAV serotypes possess different tissue tropisms in mouse models versus large 
animal models. The primary and secondary receptors of these AAVs are also variable, 
lending to the disparity between animal models 186.  Adapted from Figure 3, 4, and 5 in   
Vance M et al AAV Biology, Infectivity and Therapeutic Use from Bench to Clinic. in Gene 
Therapy - Principles and Challenges (2015). doi:10.5772/61988 

1.5.2.2. Locus Control 

Although promiscuous gene editing has previously been observed using the 

CRISPR/Cas9 system, there have been many efforts to increase the locus gene 

editing specificity. In addition to careful gRNA design and screening for off-target 

cutting through in silico and in vitro methods, rational engineering of the gRNA has 

also been explored. Modifications to the gRNA, such as truncating the sequence to 

Figure 1.5.2 Properties of naturally occurring AAV serotypes. 
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lower off-target effects 187, chemically modifying the backbone 142,188,189, substituting 

the RNA bases with DNA 190, or optimizing the RNA secondary structure 191 have 

been shown to decrease potential CRISPR off-target cutting. However, the latter 

three strategies are not amenable to viral-based transcription of gRNAs.  

As a complement to engineering the gRNA, there have been many efforts to 

generate novel Cas9 variants originating from S. pyogenes to decrease off-target 

editing. Such examples are eSpCas9 192, SpCas9-HF1 193, HypaCas9 194, and HiFi Cas9 

195. However, as of the writing of my dissertation, there have been no reports of 

using any Cas9 variants with improved specificity in vivo. These Cas9’s with 

improved targeting specificity may be a useful tool in AAV-CRISPR gene editing, as 

the current standard using SaCas9 is only capable of targeting 1 in every 32 bp of 

random DNA versus SpCas9 targeting 1 in every 8 bp 196.  

1.5.2.3. Temporal Control 

Although strategies for controlling spatial and locus control of AAV-CRISPR 

gene editing has had considerable success, relatively few strategies have been 

reported for temporal control. With regards to additive gene therapy, continuous 

expression of a therapeutic gene is desired. However, in the case of gene editing, the 

machinery is not directly a therapeutic protein and instead, the edited gene 

sequence produces the desired effect. Even with the gene of interest edited, 

episomal AAV-CRISPR DNA will continue to produce the gene editing machinery 

which has no further use. In fact, this continuous expression may lead to a higher 
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propensity to generate off target cutting, which was demonstrated by Zietche et al in 

2015 197. Another important consideration is that although in certain cases, additive 

gene therapy may produce a transgene that results in an adaptive immune response 

towards a foreign protein 198, the introduction of a bacterially derived protein from 

known pathogens may have an increased response in vivo. Continuous expression of 

Cas9 in these cells may in the end nullify any therapeutic effect due to the adaptive 

immune system. Therefore, along with spatial and locus control, temporal control of 

AAV-CRISPR gene editing requires novel approaches to achieve a targeted, accurate, 

and sustained effect.   
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Chapter 2 

A Self-Deleting AAV-CRISPR System 

for In Vivo Genome Editing 

2.1. Background and Introduction 

Early studies characterizing Cas9 showed that unintended off-target sites 

bearing similar sequence homology to the target site may also be cut 126,199 . This 

persistent expression may call to question whether or not the kinetics would 

generate higher rates of off-target cutting. Additionally, humans have been shown to 

exhibit immunity to S. pyogenes and Staphylococcus aureus S. aureus Cas9 200–202. 

Although sources vary, it has been shown that up to 95% of humans have pre-

existing antibodies targeting cells stimulated with S. pyogenes Cas9 200. Wagner et al 

has shown cells stimulated with Cas9 and co-cultured with primary patient 

peripheral blood monocytes generate a strong cytotoxic effect 200. Efforts to 

engineer mutant versions of the most widely utilized and well characterized Cas9 
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variant from S. pyogenes (SpCas9) have shown to evade cytotoxic CD8+ T cells 202. 

However, contradictory studies have shown that the adaptive immune system 

systematically generates antibodies to nearly every domain of SpCas9, with no 

discernable pattern 203. These studies raise the concern that prolonged Cas9 

expression could provoke elimination of edited cells and severe tissue damage. 

Several systems that control Cas9 activity have been reported, including 

split-intein Cas9 204,205, inducible promoters 206, chemical control of protein stability 

207–209, and anti-CRISPR molecules 210,211. While these methods can provide a certain 

amount of control for Cas9 activity, many of these systems have only been shown to 

work in vitro and have many major barriers to in vivo translation. Some of the major 

limitations of these approaches include tissue specific targeting and in the case of 

anti-CRISPR/Cas9 proteins, the introduction of a non-human bacterially-derived 

protein. This chapter of my dissertation is to develop a system that allows for the 

modular Cas9 endonuclease to simultaneously edit endogenous therapeutic target 

genes while using a self-deleting gRNA for temporal control of Cas9 in vivo. The 

removal of a co-expressed transgene with CRISPR-Cas9 was first reported by Moore 

et al. in 2015, where the S. pyogenes Cas9 was used to remove fluorescent reporters 

in cells 212. More recently, two systems, “KamiCas9” and “Lenti-SLiCES” used 

lentiviral vectors with a self-deleting guide RNA (gRNA) to eliminate Cas9 

expression in vivo 213,214. However, the use of lentiviral vectors is not ideal for many 

gene therapy applications, due to the risks associated with random integration into 

the host genome 215. An AAV plasmid with Cas9 flanked by two gRNA target sites has 
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been shown to mediate its own excision in HEK293FT cells; however, in vivo testing 

of this system as an AAV vector has not been reported 163. Here, we have developed 

a self-deleting AAV-CRISPR system using a CRISPR gRNA that cuts the Cas9 coding 

sequence in vivo. This approach has the potential to circumvent problems 

associated with permanent Cas9 expression, enabling safe and efficient somatic 

genome editing in humans. 

2.2. Design of a self-deleting Cas9 system 

Our initial design involved the use of a S. aureus Cas9 (SaCas9) and dual-

gRNA all-in-one system. We chose to use SaCas9 due to the high indel formation 

shown in vivo and smaller size compared to SpCas9 (1058 vs 1366 amino acids) 

allowing for efficient packaging into AAV 150. gRNAs were driven by a single Pol III 

U6 promoter while being linked using tRNA promoters. Previous studies have 

shown efficient tandem gRNA transcription using this method 216. This system is 

also highly tunable, as the activity of the tRNA amino acid sequences are diverse. A 

highly active glycine tRNA promoter would drive the endogenous target gRNA while 

a less active asparagine promoter would drive the self-deleting gRNA (Figure 2.2.1) 

217. We hypothesized this design would function as a delay switch, allowing for on-

target endogenous indel generation and subsequent AAV self-deletion. To eliminate 

the risk of potential Cas9 self-cleavage during packaging of AAV, we used a synthetic 

hybrid liver promoter (HLP) that has shown to have no activity in HEK293T cells. 
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Simultaneously, we worked to develop a vector that uses a U6 promoter driving the 

endogenous target site and a less active H1 promoter driving the self-deleting gRNA. 

 

 

Both gRNA in Position A and Position B would be transcribed using a single U6 promoter. 
gRNA’s would be cloned using Golden Gate Assembly. Once transcribed, tRNAses cleave the 
tRNA sites, forming full length gRNAs 

  Our initial results showed that the use of differentially active tRNA promoters could 

allow for controlled indel formations (Figure 2.2.2). However, upon packaging of an all-in-

one vector system into AAV, the virus proved to be non-functional. Closer analysis of the 

AAV genomes showed large nucleotide insertions and deletions. Therefore, although highly 

tissue specific, HLP exhibits enough expression of active SaCas9 in HEK293T cells. We 

therefore decided to pursue a dual-vector system that would allow for efficient AAV 

Figure 2.2.1 Multiplex gRNA expression using tRNA promoters. 
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packaging of the endogenous gRNA and SaCas9 while a separate vector containing the self-

deleting gRNA was co-administered                       

 

 

Differential activity of tRNA promoters generates indels at varying rates. In general, gRNAs 
at Position A disrupted the target gene at a higher rate than at Position B. 

2.3. Testing the Editing of AAV Episomal DNA In Vivo 

The liver is one of the principal sites where AAV-based gene therapy is being 

applied successfully in humans. We tested whether AAV-CRISPR could disrupt a co-

expressed AAV-GFP transgene in mouse liver. Fifteen possible GFP-targeting gRNAs 

were first screened in 293-GFP cells, and the most efficient one (Sa_G-13) was 

selected for in vivo studies (Figure 2.3.1). An AAV8 vector encoding Staphylococcus 

aureus Cas9 (SaCas9) and the GFP-targeting gRNA was co-delivered with an AAV 

expressing emerald GFP (EmGFP) in an equimolar ratio, and mouse livers were 

harvested 3, 7, 14, 21, and 28 days after delivery (Figure 2.3.2 A). Cas9 cutting of 

Figure 2.2.2 Multiplex gRNA activity using tRNA promoters. 
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the GFP transgene did not significantly reduce the genome copy number of AAV-GFP 

or AAV-SaCas9 episomes (Figure 2.3.2 B,C). AAV-GFP editing rates increased in a 

linear fashion over time, reaching an average of 90% insertion or deletion (indel) 

rate after 4 weeks (Figure 2.3.2 D). The GFP protein level was significantly reduced 

after 2 weeks and was virtually undetectable by 3 weeks, establishing the proof of 

concept that CRISPR-Cas9 can eliminate AAV-expressed transgenes in vivo (Figure 

2.3.2 E). 

 

 

 

 

 

 

 

 

 

 

 

Table 2.3.1 Candidate SaCas9 gRNA sequences for targeting GFP 
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Fifteen potential gRNAs targeting GFP were investigated. Percentage of 293-GFP knockouts 
were observed via flow cytometry. An mCherry gRNA served as a negative control for this 
study. 

 

 

 

 

 

 

Figure 2.3.1 S. aureus Cas9 GFP gRNA screen. 
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A) AAV8 vectors encoding emerald GFP (EmGFP) under the control of a small liver specific 
promoter- HLP (top), and SaCas9 driven by a synthetic liver-specific HLP promoter with 
either a control gRNA or a GFP-targeted gRNA (bottom).  Experimental timeline with 
treatment groups is shown at right. B) AAV-GFP genome copy numbers. C) AAV-SaCas9 
genome copy numbers. D) GFP indel rates calculated via NGS. E) Western blots for GFP and 
Beta-tubulin in mouse livers treated with a control gRNA or GFP-gRNA vector. # Indicates a 
failed AAV injection based on the absence of detectable vector genomes by Q-PCR. Data are 
shown as mean +/- standard deviation, with significance assigned as p < 0.05 denoted by an 
asterisk (*). 

Figure 2.3.2 AAV-CRISPR removal of an episomal AAV transgene. 
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2.4. Screening for the most effective self-deleting gRNAs 

In order to develop a self-deleting AAV-CRISPR platform, we first designed 

gRNAs targeting different functional domains of the SaCas9 coding sequence. We 

then tested the activity of 19 potential self-deleting SaCas9 gRNAs in vitro using a 

Firefly Luciferase based single-strand annealing assay 218. Briefly, short oligos 

containing the gRNA target sites and corresponding protospacer adjacent motif 

(PAM) were cloned between two direct repeats of a truncated Firefly Luciferase 

gene containing two intervening stop codons after the first repeat (Figure 2.4.2 A). 

Upon cutting by Cas9, the open fragments undergo recision and the direct repeats 

anneal, forming a full-length functional Firefly Luciferase in a subset of DNA repair 

events. Firefly Luciferase expression is proportional to cutting efficiency by 

CRISPR/Cas9, and the relative efficiencies of different gRNA can be quantitatively 

measured. The Firefly Luciferase reporter plasmids were co-transfected into 

HEK293FT cells along with a Renilla Luciferase control, SaCas9, and each candidate 

gRNA. The ratio of firefly:renilla luciferase activity of each self-deleting gRNA was 

normalized to that of the most efficient GFP-targeting gRNA. Seventeen of the 

nineteen gRNA had detectable activity against SaCas9 target sites. The “Self-5” gRNA 

had the highest activity, and was selected for further testing in vivo along with “Self-

1,” which disrupts the enzymatic RuvC-I nuclease domain closest to the start codon 

(Figure 2.4.2 B). 
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19 candidate gRNAs were selected to target the SaCas9 gene. Lowercase “g” at the beginning 
of a gRNA sequence indicates an additional base that is non-complementary to the target 
sequence and is used for increased transcription. 

 

 

 
 
 

Figure 2.4.1 Potential self-deleting SaCas9 gRNAs and their corresponding 

targeting domains. 
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A) Potential SaCas9 targets with corresponding PAMs were cloned into a Firefly luciferase 
plasmid flanked with direct repeats. Upon nuclease induced double-strand break 
generation, the flanked direct repeats undergo recombination and form a functional firefly 
luciferase gene. B) Activity of self-inactivating gRNAs normalized to GFP gRNA positive 
control (Renilla luciferase used as transfection control) 

Figure 2.4.2 Single-strand annealing assay reveals activity of self-inactivating 

SaCas9 gRNAs. 
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2.5. Testing self-deleting SaCas9 guide RNAs in vivo 

 We next sought to determine if our self-deleting CRISPR system could 

reduce SaCas9 protein in vivo. To do this, we compared the Self-1 and Self-5 gRNAs 

for their ability to eliminate AAV-expressed SaCas9 protein in the liver. Male 

C57BL/6J mice were injected with an AAV-SaCas9 vector with a gRNA targeting an 

endogenous gene, either alone or in combination with a second AAV vector 

expressing either Self-1 or Self-5 (Figure 2.5.1 A). SaCas9 protein was readily 

detectable by western blotting in livers at one month after injection. Interestingly, 

the protein levels of SaCas9 were similarly decreased by Self-1 and Self-5 relative to 

the mice receiving the SaCas9 vector alone (Figure 2.5.1 B). Based on this, we 

selected Self-1 for further development as indels near the N-terminus would reduce 

the likelihood of creating immunogenic SaCas9 peptides. Additionally, Self-1 is 

located at the nuclease RuvC-like portion of SaCas9, which is potentially more 

critical to the activity of the nuclease than the REC domain where Self-5 targets. 
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A) AAV8 vectors encoding a gRNA targeting Olfr207 and SaCas9 were co-injected with a 
separate cassette expressing either Self-1 or Self-5. Mice were followed for 28 days and 
livers were analyzed for relative protein expression. B) SaCas9 protein at 28 days revealed 
no distinguishable differences between mice receiving Self-1 or Self-5 

 

 

 

 

Figure 2.5.1 Comparing efficiency of self-deleting gRNAs in vivo 
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2.6. Determining the dose response of self-editing in vivo 

We next tested whether increasing the molar ratio of Self-1 to SaCas9 vector 

would more efficiently remove SaCas9 protein. Male C57BL/6J mice were injected 

with an AAV vector encoding SaCas9 and a gRNA targeting the endogenous Mttp 

gene, a potential gene candidate to treat high cholesterol (Figure 2.6.1 A). A second 

AAV vector expressing the self-deleting gRNA (Self-1) was co-delivered at a 1:1, 1:2, 

or 1:3 molar ratio. To ensure editing could reach its maximal value, these animals 

were followed for six weeks prior to liver harvest. Self-deletion of SaCas9 did not 

significantly reduce AAV genome copy number, as seen previously with AAV-GFP 

(Figure 2.6.1 B,C). Without the self-deleting gRNA, indels at the endogenous target 

site (Mttp) were present at a frequency of 28% via next-generation sequencing 

(NGS) (Figure 2.6.1 D). With the self-deleting gRNA co-delivered, the indel rates at 

the endogenous Mttp target site were significantly lower, at 15, 9, and 7% 

respectively with increasing Self-1 doses. The 1:3 ratio of Cas9:Self-1 resulted in 

slightly lower endogenous editing efficiency as compared to a 1:1 ratio (7% vs. 15%, 

p<0.05). Disruption of the SaCas9 transgene ranged from 18-23% via TIDE with 

minimal variation between the self-deleting groups (Figure 2.7.1 E). SaCas9 protein 

level in liver tissue was significantly reduced in all three groups receiving the self-

deleting gRNA vector (down 70%, 84%, and 84%) (Figure 2.7.1 F,G). but with no 

significant differences among the three ratios tested.  
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A) An AAV8 vector expressing a gRNA targeting mouse Mttp and SaCas9 was co-injected 
with separate AAV8 vector expressing a self-deleting gRNA and GFP. Experimental design 
and timeline is on the right. B), C) EmGFP and SaCas9 genome copies were analyzed via 
qPCR between treatment groups. D) Mttp editing rates by NGS E) SaCas9 editing rates by 
TIDE. F) Western blots for SaCas9 (against HA tag) and GFP between in all treatment 
groups. G) Densitometry of SaCas9 relative to β-Tubulin. # Indicates a failed AAV injection 
based on the absence of detectable vector genomes by Q-PCR. This data point was removed 
from all panels for clarity, with the exception of the western blot. Data are shown as mean 
+/- standard deviation, with significance assigned as p < 0.05 denoted by an asterisk (*). 

 

Figure 2.6.1 AAV-CRISPR mediated removal of SaCas9 in vivo. 
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2.7. Off-target effects of gRNAs used 

A critical concern regarding current CRISPR/Cas9 based gene editing 

strategies is the cutting activity at potential off-target sites. These off-target events 

may cause unwanted tumorigenic mutations or large chromosomal rearrangements. 

Potential off-target sites were first identified in silico using the bioinformatics tool 

COSMID 133, and subsequently examined using targeted deep sequencing by 

synthesis. Of the 8 potential off-target sites associated with the Mttp targeting gRNA, 

only off-target site 3 (OT3) showed indel formation above background levels at a 

low rate of 0.13-0.22% (Figure 2.7.1 B). However, upon closer inspection of the 

reads, this site occupies an area of five direct G’s and most likely represents PCR and 

sequencing error due to the chemistry of the Illumina platform. The self-deleting 

gRNA at the highest dose did not display any detectable off-target cutting activity at 

the 22 COSMID predicted off-target sites (Figure 2.7.1 B). NGS revealed 38% indel 

rates at the SaCas9 locus at the highest self-deleting gRNA dose, indicating a robust 

on-target cutting activity. 
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A) Next-generation sequencing revealed no detectable off-target activity at 8 potential sites 
of the Mttp gRNA.a indicating significance against saline injected group, and b indicating 
significance against Self/Cas9 1:1 via one-way ANOVA and Tukey’s post-hoc multi-
comparisons test B) Self-deleting gRNA revealed no detectable off-target activity in vivo at 
the highest dose of gRNA (1:3). OT1’s higher indel rate is due to direct “G” repeats in the 
sequence. Data are shown as mean +/- standard deviation, with significance assigned as p < 
0.05 denoted by an asterisk (*). 

 

Figure 2.7.1 Endogenous Mttp and SaCas9 gRNAs exhibit no detectable off-target 

activity. 
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2.8. Timecourse and Delayed Injection of AAV 

We next examined the time course of SaCas9 self-deletion in relation to an 

endogenous target. Mice were injected with an AAV-SaCas9 vector targeting Mttp 

alone, or in combination with a 1:1 molar ratio of Self-1. Livers were harvested at 1, 

2 and 4 weeks from the mice receiving Self-1, and compared to animals with SaCas9 

alone at 4 weeks (Figure 2.8.1 A). Mttp and SaCas9 self-editing rates increased in a 

linear fashion between 1 and 4 weeks (Figures 2.8.1 B,C). At the protein level, 

SaCas9 was lower at all time points with the self-deleting gRNA (Figure 2.8.1 D). 

The lower level of SaCas9 protein at 1 and 2 weeks is likely a result of the normal 

gradual increase in AAV expression in this tissue (which typically requires 10-14 

days to reach its peak), rather than self-deletion. Since self-deletion occurs 

simultaneously with on-target cutting, we reasoned that higher rates of on-target 

editing might be achieved by slightly delaying the delivery of Self-1. To test this, we 

compared mice injected with SaCas9 targeting Mttp alone, those with co-injection of 

Self-1, or a third group which received the injection of Self-1 five days later (Figure 

2.8.2 A). Robust editing of the endogenous target was observed with 24% for AAV-

SaCas9 alone. In this experiment, on-target editing decreased dramatically with co-

injection of Self-1. Interestingly, endogenous editing was preserved in the group 

receiving Self-1 after the five-day delay (26%) (Figure 2.8.2 B). However, this 

group had no detectable self-deletion and a complete absence of GFP protein, 

indicating that Self-1 did not transduce the liver in these mice (Figure 2.8.2 C,D). 

Thus, it appears that even as early as five days after AAV8 administration, additional 
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AAV8 vectors are blocked from entering the murine liver by the host immune 

system.  

 

 

 

 

 

 

 

 

 

A) An AAV8 vector expressing a gRNA targeting mouse Mttp and SaCas9 was co-injected 
with separate AAV8 vector expressing a self-deleting gRNA and GFP. Mice were taken down 
at times indicated. B) Mttp indels over time with and without Self-1 measured via TIDE C) 
SaCas9 indels over time measured via TIDE. D) Western blot for SaCas9 in control and mice 
that received Self-1 over time. 

Figure 2.8.1 Timecourse of self-editing In Vivo. 
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A) A cohort of mice were co-injected with AAV8 encoding a gRNA targeting Mttp and SaCas9 
and the self-deleting gRNA in a separate cassette, while the other group received only the 
former vector. A select group of mice that received only the Mttp gRNA cassette were then 
injected with the self-deleting gRNA vector after five days. B) Mttp indels measured by TIDE 
C) SaCas9 indels measured by TIDE. D) Western blots of SaCas9 and GFP of mice in each 
condition. 

 

Figure 2.8.2 Delayed injection of AAV8 encoding Self-1   
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2.9. Broad applicability to multiple endogenous genomic sites 

We next sought to determine whether our self-deleting gRNA system could 

achieve comparable editing efficiency at other endogenous targets. To test this, we 

selected the low-density lipoprotein receptor (Ldlr) and the apolipoprotein E (Apoe) 

genes. LDLR and Apo E are primarily liver-expressed proteins involved in clearance 

of ApoB-containing lipoprotein particles, and are both potential targets for 

therapeutic genome editing. Mice were injected with SaCas9 vectors with gRNAs 

targeting either Ldlr or Apoe, with or without co-injection of Self-1 at a 1:1 ratio, and 

followed for 28 days (Figure 2.9.1 A). High levels of on-target editing were 

observed for both Ldlr and Apoe, and this was not significantly reduced with co-

injection of Self-1 (Ldlr: 41.9% vs. 37.5%, Apoe: 33.8% vs. 30.4%) (Figure 2.9.1 

B,C). Co-injection of Self-1 introduced indels in the AAV-SaCas9 vector targeting Ldlr 

(25.9%) as well as Apoe (50.1%) at high frequency (Figure 2.9.1 D). In the liver, 

LDLR protein was decreased by 80% with AAV-SaCas9 alone, and a similar 79% 

reduction was achieved with the addition of Self-1 (Figure 2.9.1 E,F). Although 

SaCas9 protein was not completely eliminated by Self-1, it was decreased by 73% 

relative to AAV-SaCas9 alone (Figure 2.9.1 G). Likewise, ApoE protein was reduced 

in plasma from mice treated with or without Self-1 (70% vs. 62%), indicating highly 

efficient disruption of this primarily liver-expressed secreted protein (Figure 2.9.1 

H,I). SaCas9 protein levels dropped by 79% with Self-1 co-injection, showing a 

second example with efficient on-target editing despite SaCas9 self-deletion (Figure 

2.9.1 J). 
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A) An AAV8 vector expressing a gRNA targeting either mouse Ldlr or Apoe  was co-injected 
with a separate AAV8 vector expressing a self-deleting gRNA and GFP. Experimental design 
and timeline is shown on the right. B) Ldlr editing rates by NGS. C) ApoE editing rates by 
NGS. D) SaCas9 editing rates by NGS. E) Western blots for Ldlr, SaCas9 (against HA tag) and 
GFP between treatment groups. F) Densitometry of Ldlr to β-Tubulin showing loss against 
saline treated group. G) Densitometry of SaCas9 relative to β-Tubulin. E) Western blots for 
Apoe, SaCas9 (against HA tag) and GFP between treatment groups. F) Densitometry of Apoe 
showing loss relative to saline treated group. G) Densitometry of SaCas9 relative to β-
Tubulin. Data are shown as mean +/- standard deviation, with significance assigned as p < 
0.05 denoted by an asterisk (*). 

Figure 2.9.1 Robust simultaneous editing of two endogenous targets with self-

inactivating AAV-CRISPR. 
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2.10. Reduction of Off-Target Cutting in vivo 

Although we achieved robust knockdown of SaCas9 in vivo while still 

maintaining a reasonable on-target editing, the endogenous gRNAs that were used 

showed little to no off-target editing in vivo based on targeted deep sequencing. In 

order to show effective reduction in off-target editing, we would therefore need to 

screen for gRNAs that would ideally have a high amount of off-target cutting. As no 

previous SaCas9 gRNAs had been shown to have any detectable amounts of off-

target cutting, we decided to screen potential candidates using in silico methods. 

Although numerous families related to lipid diseases were investigated, none 

showed the amount of off-target mismatches that were desired to have predicted 

detectable levels of off-target activity. We therefore chose to design gRNAs around 

the olfactory receptor family of genes. One gRNA targeting the Olfr207 gene was 

predicted to have numerous 1 and 2 mismatch sites (Figure 2.10.1 A). To pre-

screen the gRNA activity and potential off-target activity, we again utilized the 

single-strand annealing assay (SSA) to test for potential off-target cutting. Eighteen 

potential 1 mismatch and 2 mismatch off-target sites along with the predicted on-

target site were cloned into the firefly luciferase vector and subsequently 

transfected with the Olfr207 gRNA (Figure 2.10.1 B). Our initial results showed 

robust on-target editing. However, the first predicted off-target site showed twice 

the amount of activity as the on-target did (Figure 2.10.1 C). Numerous other 1 

mismatch and 2 mismatch gRNA sites also showed detectable levels of editing. In 

following the experiment wherein we screened for the activity of Self-1 versus Self-
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5, we performed targeted deep sequencing at all potential 1 mismatch and 2 

mismatch off-target sites. On-target indels at the Olfr207 site showed robust editing 

at 53.13%, while mice that were injected with the Self-1 and Self-5 had reduced 

levels of on-target indel formation (Figure 2.10.2 A). Off-target activity was 

detected in 9 of the predicted 35 off-target sites, while those that received either 

Self-1 or Self-5 had off-target activity heavily reduced, with many below the limit of 

detection (Figure 2.10.2 B). Self-5 was systematically more active than Self-1 at 

reducing off-target cutting across all active sites.  
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A) The Olfactory receptor family of genes was selected for the high sequence homology and 
number of potential off-target sites. S. aureus gRNAs were designed to target the Olfr207 
gene. gRNA 1 was selected based on the number of 1 and 2 mismatch off-target sites 
predicted in silico using COSMID. B) Sample set of potential off-target sites. Mismatches 
highlighted in red. C) gRNA activity at the on-target and potential off-target sites. Activity 
was normalized to a GFP gRNA that has demonstrated high cutting activity in vivo.  

 

 

Figure 2.10.1 Screening for promiscuous SaCas9 gRNAs in Mus Musculus 
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A) Targeted deep sequencing of 35 potential off-target sites were screened for indel 
formation. Nine sites were confirmed to have off-target activity. Mice that were injected 
with self-deleting gRNAs had significantly reduced off-target cutting, with four sites below 
the limit of detection. B) On to Off-target indel ratio at confirmed off-target sites. Mice that 
received self-deleting gRNAs show increased on-target specificity at all sites. Overall, Self-5 
proved to have a higher efficiency at lowering off-target cutting. However, the on-target 
cutting rate was also significantly reduced (52.34, 22.44, 12.2% Olfr207 only, Olfr207 + Self-
1, and Olfr207 + Self-5 respectively.)  

 

Figure 2.10.2 Self-deleting AAV-CRISPR systems reduce off-target cutting in vivo 
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2.11. Future Directions – Complete removal of Cas9, using 

synthetic gRNAs in vivo for temporal control 

Although we have demonstrated evidence of a self-deleting AAV-CRISPR 

system to temporally control expression of bacterially derived Cas9 proteins, there 

still remains residual amounts of Cas9 even 4-6 weeks after AAV administration. 

One possible explanation is that there is imperfect overlap in the hepatocytes 

transduced with AAV-SaCas9 and Self-1. In our experience, the doses we used will 

deliver to 98%–99% of hepatocytes, and very efficient removal of LDLR and ApoE 

protein were achieved. Therefore, this likely does not solely account for the residual 

SaCas9 protein. A second possibility is that there may be a negative-feedback loop 

present. Since the enzymatic activity of SaCas9 is critical for its own disruption, the 

system could reach a steady state corresponding to a theoretical minimum, below 

which the remaining SaCas9 protein cannot effectively edit the AAV episomes 

encoding it. 

We are currently analyzing the relative indel formation of SaCas9 using Self-1 

and Self-5. Although Self-5 showed no differences in protein levels than Self-1, the 

overall rate of off-target generation was lower than that of Self-1. This could 

potentially be due to the dynamics of cutting, as at day 28 the vast majority of indel 

events have already occurred. We will also analyze the off-target cutting activity of 

Self-5, which has a predicted 7 off-target sites. 
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A potential future iteration of this system would be to administer the self-

deleting gRNA in the form of a chemically modified synthetic gRNA. N-

acetylgalactosamine (GalNAc) has been utilized in direct delivery of siRNAs in vivo 

with high efficiency and targeting specificity to liver 219. Additionally, Yin H et al 

systematically determined an optimal landscape for modification of the gRNA ribose 

backbone as well as phosphate bonds 142. They determined a mixture of 2’ OMe, 2’ F, 

and PS bonds substantially increased the activity of gRNAs targeting Pcsk9 in vivo. 

Coupled with a GalNAc moiety, this could potentially allow for a non-enveloped 

gRNA delivery system that would allow for repeat dosing and achieve high self-

deletion efficiencies. We are currently designing chemically modified gRNAs for 

repeat dosing of self-deleting gRNAs in vivo. Although these gRNA sequences have 

been previously reported for SpCas9, there have been no reports of using chemically 

modified SaCas9 gRNAs in any application. Based upon the interacting domains of 

the SpCas9 gRNA and the specific base modifications that occur in the Cas9 

interacting domains (Figure 2.11.1, 2.11.2) 220,221, we have derived several 

candidate modifications for potential modified gRNAs to be used in vivo for 

removing SaCas9 expressing from AAV episomal DNA (Figure 2.11.3).  
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Adapted from Figure 3 in Yin H et al Structure-guided chemical modification of guide RNA 
enables potent non-viral in vivo genome editing. Nat. Biotechnol. 35, 1179–1187 (2017). 

 

 

 

 

 

 

 
Adapted from Figure 4 in Nishimasu H et al Crystal structure of Cas9 in complex with guide 
RNA and target DNA. Cell (2014). doi:10.1016/j.cell.2014.02.001 and from Figure 2 in 
Nishimasu et al Crystal Structure of Staphylococcus aureus Cas9. Cell (2015). 
doi:10.1016/j.cell.2015.08.007 220,221. 

 
 
 
 

Figure 2.11.1 Highly optimized modifications of SpCas9 gRNAs from Yin H et al 142 
demonstrated substantial increases in gene editing 

Figure 2.11.2 SpCas9 and SaCas9 gRNA sequences with corresponding base-pair interactions  
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Modifications include 2’-OMe, 2’ F, and PS throughout the gRNA sequence. Typical end 
modifications have been shown to already substantially increase the activity of gRNA’s, 
Desired modifications are derived from the e-sgRNA that was previously described and the 
sequence and Cas9 interacting domains of SpCas9 and the reported crystal structures 

 

Figure 2.11.3 Proposed gRNA modification schemes for a self-deleting SaCas9 gRNA. 
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Once the optimal chemically modified Sa-gRNA is confirmed through in vitro 

gene editing strategies, we propose to replace the self-deleting gRNA AAV that is co-

injected with a delayed administration of the synthetic self-deleting gRNA (Figure 

2.11.4). Typically, we have observed maximal endogenous gene editing peak in the 

liver at 10-14 days post injection in adult C57BL6 mice. 14 days post-adminstration 

of an AAV encoding a gRNA targeting the Ldlr gene and SaCas9, we will inject a lipid 

nanoparticle containing the Self-1 gRNA. After another 14 days, we will harvest the 

livers and quantify AAV genmoes, indels, and SaCas9 protein. Doses will need to be 

optimized, but with regard to previously reported studies using chemically modified 

gRNAs for in vivo gene editing of the liver, we will start with 0.5 mg/kg. Additionally, 

we will be able to further modify the experiment by administering repeat doses of 

the lipid nanoparticle containing Self-1 gRNAs.  

 

 

 

 

 
 

AAV8 containing a gRNA targeting the Ldlr gene and SaCas9 will be injected 
intraperitoneally into C57BL/6 mice. After two weeks, a lipid nanoparticle containing 
chemically modified synthetic gRNAs will be injected at a dose of 0.5 mg/kg. After an 
additional two weeks, we will harvest livers for quantifying AAV genomes, Ldlr and SaCas9 
indels, and SaCas9 protein. 

Figure 2.11.4 Experimental approach for testing synthetic gRNAs for 

deleting AAV-SaCas9 in vivo 
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2.12. Materials and Methods  

Guide RNA design. Guide RNAs were designed targeting S. aureus Cas9, green 

fluorescent protein (GFP), Mttp (exon 2) and Apoe (exon 2) by manual inspection 

based on the presence of a canonical NNGRRT PAM at the target site. Potential off-

target sites were identified using a web-based bioinformatics program CRISPR Off-

target Sites with Mismatches, Insertions and/or Deletions (COSMID) . Search criteria 

for off-target sites included an NNGRR PAM (instead of NNGRRT), and a maximum 

of 3 mismatches and 2 base insertions or deletions relative to the target in the M. 

musculus (Mm10 build) genome. Guide RNA with closely matching off-target sites 

were excluded and redesigned. Guide RNA sequences are shown in Supplementary 

Table S2.14.1. 

Plasmid Construction. Luciferase SaCas9 targets were cloned into the pLV45.1-

SSA-Luciferase backbone. Adeno-Associated Viral (AAV) plasmids containing the 

ITRs from AAV2 were used to construct CRISPR plasmids using gene synthesis and 

standard molecular biology approaches. Plasmid 1162_pAAV-HLP-EmGFP-spA 

encodes Emerald Green Fluorescent Protein driven by a small synthetic liver-

specific promoter, HLP. Plasmid 1313_pAAV-U6-BbsI-MluI-gRNA-SA-HLP-SACas9-

HA-OLLAS-spA encodes the SaCas9 transgene derived from px602 (Addgene 

plasmid #61593, a gift from Feng Zhang) for liver-specific expression, with an 

upstream gRNA cloning cassette. Guide RNAs targeting GFP or Mttp were 

constructed using the plasmid 1313 backbone, yielding 1518_pAAV-U6-SA-eGFP-

gRNA-HLP-SACas9-HA-OLLAS-spA and 1476_ pAAV-U6-Mttp-gRNA-SA-HLP-SACas9 
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respectively. A self-deleting gRNA targeting the RuvC domain of the S. aureus Cas9 

gene was separately cloned into a similar backbone upstream of EmGFP 

(1530_pAAV-U6-BbsI-gRNA-SA-HLP-EmGFP) generating 1531_pAAV-U6-Self1-

gRNA-SA-HLP-EmGFP. Targeting of Ldlr was accomplished using the previously 

described 1375_pAAV8-U6-SA-WTmLdlrEx14-gRNA2-N22-CB-SACas9-HA-OLLAS-

spA vector. A gRNA targeting Apoe was cloned into 1255_pAAV-U6-SA-BbsI-MluI-

gRNA-CB-SACas9-HA-OLLAS-sPa generating 1377_pAAV8-U6-SA-mApoE-Exon2-

gRNA2-N22-CBSACas9-HA-OLLAS-spA. All clones were verified by sequencing, as 

well as individual digestion with XmaI, SnaBI, and PvuII to confirm intact ITRs. 

Complete sequences are listed in Appendix A. 

Single-Strand Annealing Assay for gRNA Screening – 24 hours prior to 

transfection, 10,000 HEK 293FT cells were seeded into 96 well plates. Transfections 

were performed in triplicate, with each mix containing 100 ng of DNA measured by 

Qubit and 0.4 µl of Lipofectamine 2000. A typical reaction contained 20 ng of Firefly 

target, 40 ng of px601 (Addgene plasmid #61591, a gift from Feng Zhang), 24 ng of 

Self-editing plasmid, 4 ng of Renilla, and 11 ng of pUC19 plasmid. Luciferase 

expression was measured 48 hours post-transfection using the Dual-Glo luciferase 

assay kit (Promega, E2920).  

AAV Production. AAV were generated as previously described with several 

modifications. The Adenoviral helper plasmid pAdDeltaF6 (PL-F-PVADF6) and AAV 

packaging plasmid pAAV2/8 (PL-T-PV0007) were obtained from the University of 

Pennsylvania Vector Core. These plasmids were co-transfected with the AAV 
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transgene construct into 293T cells using polyethylenimine (PEI). Cell pellets were 

harvested and purified using a single CsCl density gradient centrifugation. Fractions 

containing AAV vector genomes were pooled and then dialyzed in 100,000 MWCO 

cassettes against three washes of PBS at 4°C overnight to remove CsCl. Purified AAV 

were then concentrated using an Amicon 100 kDa MWCO centrifugal filtration 

device (UFC510024) before storage at -80°C until use. AAV titers were calculated 

after DNase digestion using Q-PCR against a standard curve and primers specific to 

S. aureus Cas9 and GFP (Supplementary Table 2.14.2). 

Animals. Male C57BL/6J mice, 6-8 weeks of age, were obtained from Jackson 

Laboratories and kept with a light cycle from 7 am to 9 pm. Animals were allowed 

free access to food and water and maintained on a standard chow diet. Individual 

AAV vectors were injected at a dose of 5 X 1011 genome copies (GC) per animal with 

exception of the self-deleting vector which ranged from 5 X 1011 – 1.5 X 1012 

GC/mouse. AAV were diluted in 300 µl of sterile PBS and delivered via 

intraperitoneal injection. All treatment conditions were randomly allocated within 

each cage of mice at the time of injection. Mice were fasted 5 hours prior to injection 

and all subsequent blood collection. Blood was collected via retro-orbital bleeding 

using heparinized Natelson collection tubes, and plasma was isolated by 

centrifugation at 10,000 g for 20 minutes at 4°C. All experiments were approved by 

the Baylor College of Medicine Institutional Animal Care and Use Committee 

(IACUC) and performed in accordance with institutional guidelines under protocol 

numbers AN-6243 and AN-7243.  
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TIDE Analysis. Primers amplifying the target regions were designed flanking 

the cut site, approximately 350 base pairs away on each side (Supplementary Table 

2). The gene of interest was then amplified via PCR and the products were separated 

with electrophoresis on agarose gels, and extracted using the QIAGEN gel 

purification kit (28704). Primers designed for PCR amplification were then used for 

Sanger sequencing of the targeted regions. Indel percentages were calculated via 

Tracking of Indels by Decomposition (TIDE) using a control chromatogram for 

comparison 222. Decomposition windows, left boundaries, and indel ranges were 

optimized to have the highest alignment possible. The significance cut-off was 

maintained at p < 0.001 for all analyses. Primers are provided in Supplementary 

Table S2.14.2 

Western Blotting. Liver lysates were prepared by homogenizing liver pieces in 

ten volumes of RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl ,1 mM EDTA, 1.0% 

Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate) supplemented with Complete 

Protease Inhibitor cocktail (Roche, reference #11836153001) at a frequency of 2.5 

hz, four times, in a benchtop bead mill homogenizer. Samples were cleared by 

centrifugation at 15,000g and the supernatant was collected. Protein concentrations 

were determined using the bicinchoninic acid (BCA) protein assay (Pierce, catalog 

no. 23225) according to the manufacturer’s instructions. Liver lysates (80 ug 

protein) were diluted in 4x LDS buffer (Life Technologies, Ref. NP0007) 

supplemented with 5% Beta-mercaptoethanol to a twenty microliter final volume. 

Samples were denatured by heating to 95°C for 5 minutes and cooled on ice until 
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gels were loaded. Proteins were resolved by SDS-PAGE on 4-12% gradient gels 

(Invitrogen, Ref. NP0322BOX, WGF1402BX10) using MOPS running buffer (Life 

Technologies, Ref. NP0002), and transferred to polyvinylidene fluoride (PVDF) 

membranes. Blocking was carried out for one hour rocking at 50 RPM on shaking 

platform with a 2:1 ratio of Odyssey Blocking Solution (Li-Cor, P/N 927-40000) to 

PBS with 0.05% Tween-20 (PBS-T). Primary antibodies were diluted in a solution of 

PBS-T supplemented with 0.1% Bovine Serum Albumin (BSA). Primary antibodies 

were then detected using goat anti-rabbit 680 nm (Rockland Immunochemical, 

RL6111440020.5) and goat anti-mouse 800 nm secondary antibodies (Rockland 

Immunochemical, RL6111450020.5) diluted in PBS-T + 0.1% BSA for two hours. 

Fluorescent imaging was performed on an Odyssey Classic Imager (Li-Cor). All 

Western blots were performed in a similar manner, and antibody catalog numbers 

and dilutions are provided in Supplementary Table S2.14.3.  

Deep Sequencing. Genomic DNA extracted from mouse livers was amplified 

using locus specific primers containing common adaptor sequences and a second 

round of PCR amplification was used to add sample indexes as previously described. 

Amplicons for all target regions were purified using magnetic beads, pooled in 

equimolar amounts and sequenced using the Illumina MiSeq platform. Alignment of 

sequence reads to reference sequences and indel quantification was carried out as 

previously described.  

Statistics. All data are shown as the mean +/- standard deviation. Comparisons 

involving two groups were evaluated by a two-tailed student’s t-test. For 
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comparisons involving three or more groups, a one way ANOVA was applied, with 

Tukey’s post-test used to test for significant differences among groups. In all cases, 

significance was assigned at p<0.05. 

2.13. Supplementary Information 

 

 

Supplementary Table S2.14.1. gRNA sequences used in this study 

 

 

 

Supplementary Table S2.14.2 Primers used in this study 

 

 

 

 

Suppelementary Table S2.14.3. Antibodies used in this study 
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Suppelementary Table S2.14.4. On-target and off-target positions, features, 
and primer sequences used for deep sequencing 
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Suppelementary Table S2.14.5. GFP On-Target Deep Sequencing 
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Chapter 3 

AAV-CRISPR gene editing is negated 

by pre-existing immunity to Cas9 

3.1. Background and Introduction 

Adeno-Associated Viral Vectors (AAV) are a leading candidate for the 

delivery of CRISPR/Cas9 for therapeutic genome editing in humans. These vectors 

have a strong track record of safety in clinical trials, and an ability to transduce 

multiple tissues with high efficiency. AAV based delivery of CRISPR/Cas9 (AAV-

CRISPR) has been used to correct disease-relevant genes in preclinical models of 

human diseases, including Duchenne Muscular Dystrophy, hypercholesterolemia, 

and urea cycle disorders 150,153,161,171,174,175. The gene-editing based approaches are 

generally well tolerated in mice, producing long-term correction of pathology 

without obvious adverse effects from sustained Cas9 expression 176. Nonetheless, 

there are indications that AAV-CRISPR genome editing may not be completely 

https://www.sciencedirect.com/science/article/pii/S1525001620301982
https://www.sciencedirect.com/science/article/pii/S1525001620301982
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benign to the host. For example, it has been reported that delivery of AAV-CRISPR to 

mouse skeletal muscle leads to infiltration by both CD4+ helper and CD8+ cytotoxic T 

cells, and the production of circulating immunoglobulins 223. Further, a recent paper 

by Moreno et al. indicates that immunological memory to AAV as well as Cas9 is a 

major barrier to repeated dosing, which can in some cases be overcome by using 

divergent AAV serotypes or Cas9 orthologs 224. 

Pre-existing exposure to Cas9, a bacterial protein, could be a serious obstacle 

to therapeutic gene editing in humans. Recently, two groups reported a remarkably 

high prevalence of pre-existing immunity towards Streptococcus pyogenes (Sp) and 

Staphylococcus aureus (Sa) Cas9, the two most commonly used Cas9 orthologs 200,201. 

These studies reported that 78% of humans exhibit an immune response towards 

SaCas9201 and 58-97% towards SpCas9 200,201. In addition to neutralizing antibodies, 

many individuals also have T-cell memory against Cas9. Pre-existing immunity to 

Cas9 could have multiple adverse effects in CRISPR/Cas9 based therapeutic genome 

editing, including blocking delivery, triggering acute inflammation, or initiating 

destruction of the edited cells by the immune system. Thus, pre-existing immunity 

to Cas9 could be a major safety concern, depending on the severity of the response, 

which could vary widely among individuals. Despite the progress in somatic genome 

editing, major questions remain concerning its feasibility and safety in solid organs, 

such as the liver. In this work, we show that pre-existing immunity to Cas9 poses a 

significant barrier to liver-directed genome editing with AAV-CRISPR. Our results 

indicate that mice can mount a strong memory T-cell response to small amounts of 
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SaCas9 protein delivered, and pre-immunization against SaCas9 did not directly 

block AAV-CRISPR transduction or genome editing in the liver. However, AAV 

expression of SaCas9 elicited a robust CD8+ T-cell response, resulting in elimination 

of gene-edited hepatocytes, followed by compensatory liver regeneration over a 

period of just twelve weeks. These results raise important efficacy and safety 

concerns for therapeutic liver directed genome editing, particularly in the setting of 

pre-existing immunity to Cas9. 

3.2. Establishing immune memory in mice against SaCas9 

protein 

Unlike humans, mice raised in specific pathogen-free facilities do not have 

pre-existing immunity to SaCas9. To establish immune memory against SaCas9 

protein, a classical delayed type hypersensitivity (DTH) assay was performed 225. 

We immunized C57BL/6 mice against either 25 μg SaCas9 or 100 μg ovalbumin (as 

control) and challenged them a week later in the pinna of one ear with 16 μg of 

either ovalbumin or SaCas9 and in the pinna of the other ear with saline (Figure 

3.2.1 A). Ear thickness was recorded 24 hours later, and swelling was used as a 

measure of memory T lymphocyte-mediated inflammation. As expected 226, 

immunization and subsequent challenge with ovalbumin led to a positive DTH 

reaction, whereas ovalbumin-immunized mice challenged with SaCas9 displayed no 

such reaction (Figure 3.2.1 B,C). Mice immunized and challenged with SaCas9 

developed a substantial DTH reaction, resulting in a doubling of the challenged ear 
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thickness relative to that of mice immunized and challenged with ovalbumin. 

Histology of the ears of these animals revealed edema and immune infiltrates, 

providing clear evidence of immune memory to the antigen (Figure 3.2.1 C). These 

data show that C57BL/6 mice can rapidly mount a strong memory T lymphocyte 

response to small amounts of SaCas9.  

 

 

A) Mice were initially immunized with either purified ovalbumin (Ova) or SaCas9 protein. 
One week after immunization, mice were challenged with either ovalbumin or SaCas9 and 
ear thickness was measured after two weeks. B) Histological analysis of the left ear of mice 
in A stained with hematoxylin and eosin. *p<0.05, **p<0.01, ns; not significant Bar, 50 μm. 
C) Representative H&E staining of mouse ears. 

 

 

Figure 3.2.1 Induction of immune memory against SaCas9 in C57BL/6 mice. 
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3.3. Induction of a cytotoxic CD8+ T-cell response to SaCas9-

expressing hepatocytes. 

We next tested whether pre-existing immunity to SaCas9 would provoke a 

cytotoxic T-cell response against hepatocytes transduced with AAV8 vectors 

expressing a SaCas9 transgene. Two groups of mice were immunized against 100 µg 

ovalbumin and 25 µg SaCas9 protein respectively. One week later, all the animals 

received both an AAV-CRISPR targeting the low-density lipoprotein receptor (Ldlr) 

gene 160, and a second AAV vector expressing GFP to track the transduced 

hepatocytes. Ldlr was targeted because it is a non-essential gene in the liver, and we 

previously reported a highly efficient gRNA 159, allowing us to track the fate of the 

gene-edited hepatocytes by deep sequencing. Cohorts of randomly selected mice 

from each group were then euthanized for liver analysis at 1, 2, 4, 6, and 12 weeks 

after AAV administration (Figure 3.3.1 A). Livers were digested and subjected to 

flow cytometry to identify T cells. We found that the proportion of CD4+ helper T 

cells relative to the total T cells steadily decreased over time, with no significant 

difference between the two groups (Figure 3.3.2 A,B).  However, there was a 

significant increase in the proportion of CD8+ cytotoxic T cells in the liver of mice 

immunized against SaCas9 beginning at one-week post AAV injection, which 

persisted for 4 weeks (Figure 3.3.1 B). An increased abundance of CD8+ T cells in 

the liver was also confirmed by qPCR analysis (Figure 3.3.1 C). The percentage of T 

cells and the amount of CD8+ and CD4+ T cells relative to the total amount of T cells 

in the spleen remained unchanged throughout the 12-week period between groups 
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(Figure 3.3.3 A-C). To determine the functional consequences of a higher 

proportion of CD8+ T cells in the liver, TUNEL staining was performed to identify 

apoptotic cells. We observed a marked increase in TUNEL positive cells in livers of 

mice that were pre-immunized against SaCas9 relative to the ovalbumin controls, 

which coincided with the increased ratio of CD8+ T-cells (Figure 3.3.1 D, Figure 

3.3.3 A). Alanine transaminase activity (ALT), a general marker of liver damage, 

showed similar kinetics with a peak at 2 weeks post AAV delivery which returned to 

normal levels by 12 weeks (Figure 3.3.1 E). Liver sections were also stained for Ki-

67, an established marker of cell proliferation. As expected, many infiltrating 

lymphocytes stained positive for Ki-67, and the amount of Ki-67-positive cells was 

markedly increased in the group of animals pre-immunized against SaCas9 

compared with the control group (Figure 3.3.1 F, Figure 3.3.4). In addition, 

hepatocytes throughout the liver were also positive for Ki-67, indicating extensive 

regeneration in response to injury. Transcript levels of Ki-67 showed a biphasic 

response, possibly reflecting an initial wave of CD8+ T cell expansion followed by 

hepatocyte proliferation (Figure 3.3.1 G).   
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A) Mice were immunized with either ovalbumin or SaCas9 protein one week prior to co-
delivery of AAV vectors encoding a gRNA targeting Ldlr with SaCas9 and GFP. Tissues were 
harvested at 1, 2, 4, 6, and 12 weeks post-injection. B) CD8+ T-cells as a percentage of total 
lymphocytes in the liver measured by flow cytometry. C) CD8 mRNA expression between 
mice immunized against ovalbumin and SaCas9 measured by qPCR. D) Representative 
TUNEL staining in mouse liver sections. E) Serum Alanine Transaminase Activity (ALT) 
levels indicating liver damage. F) Representative Ki-67 staining of mouse liver sections. G) 
Ki-67 mRNA expression in mouse liver. Group sizes in C,E,G are n=7 for except Ovalbumin 6 
weeks (n= 6) and SaCas9 1 week (n= 6). 

 

Figure 3.3.1 AAV-CRISPR gene editing of mice immunized against SaCas9 elicits a robust 

CD8+ T-cell response. 
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A) T-cells in the liver as a percentage of total lymphocytes measured by flow cytometry. B) 
CD4+ T-cells as a percentage of total lymphocytes in the liver measured via flow cytometry. 

Figure 3.3.2 T-cell populations in the liver. 
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A) T-cells as a percentage of total lymphocytes in the spleen measured by flow cytometry. 
B) CD4+ T-cells as a percentage of total lymphocytes in the spleen measured by flow 
cytometry. C) CD8+ T-cells as a percentage of total lymphocytes in the spleen measured by 
flow cytometry. 

Figure 3.3.3 T-cell populations in the spleen. 
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A) Total cells positive for TUNEL staining per square millimeter of tissue area. B) Total 
positive cells for Ki-67 staining per square millimeter of tissue area. 

 

Figure 3.3.4 Apoptosis and proliferation analysis of the liver via immunohistochemistry. 
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3.4. Pre-existing immunity to SaCas9 eliminates AAV-CRISPR 

transduced hepatocytes in vivo. 

To better understand the impact of a shift towards a more CD8+ T-cell rich 

environment on liver genome editing, we first measured the copy number of the 

episomal AAV transgenes delivered. Both GFP and SaCas9 transgenes persisted in 

the livers of both pre-immunized and control mice groups through 6 weeks, 

indicating efficient co-transduction with both AAV-CRISPR and AAV-GFP vectors 

regardless of pre-immunization. Interestingly, the mice that were pre-immunized 

against SaCas9 showed a significant decrease in the copy number of both AAV 

transgenes between 6 and 12 weeks post-delivery. AAV-GFP was reduced by 37-fold 

(Figure 3.4.1 A, B) and AAV-CRISPR genomes were reduced by 36-fold (Figure 

3.4.1 C, D) relative to the ovalbumin controls at 12 weeks. The loss of episomal AAV 

genomes suggests replacement of gene-edited hepatocytes through liver 

regeneration, most likely from neighboring hepatocytes that escaped AAV-CRISPR 

transduction. To test this, we examined the endogenous target of our AAV-CRISPR 

vector (Ldlr), which should have been knocked out through Cas9-induced 

inactivating indel mutations in the coding sequence. Western blot analysis showed 

higher LDLR protein levels at the end of the 12-week experiment in the mice that 

were pre-immunized against SaCas9, indicating the expansion of hepatocytes that 

escaped genome editing (Figure 3.4.1 E). Likewise, SaCas9 protein was 

undetectable at 12 weeks by western blot, and the protein levels of the co-delivered 

GFP transgene were dramatically reduced (Figure 3.4.1 E). Immunohistochemistry 
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analysis corroborated the loss of GFP protein at 12 weeks (Figure 3.4.2). Next 

generation sequencing of the Ldlr gene showed a higher rate of indel formation over 

6 weeks in mice pre-immunized with ovalbumin versus SaCas9 (Figure 3.4.1 F). By 

week-12, robust editing was still observed in mice immunized against ovalbumin 

(20.5%), while those immunized against SaCas9 had only 3.4% detectable indels. 

These data demonstrate the loss of genome-edited hepatocytes by CD8+ T-cells 

following transduction with AAV-CRISPR in animals with pre-existing immunity to 

SaCas9. 
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A) AAV genome copies of GFP transgene measured via qPCR. B) Fold change of GFP genome 
copies relative to Ovalbumin treated mice. C) AAV genome copies of SaCas9 transgene 
measured via qPCR. D) Fold change of SaCas9 genome copies relative to Ovalbumin treated 
mice. E) Representative western blots of LDLR, SaCas9 (HA-Tag), and GFP in mouse liver. * 
indicates non-specific band by the HA-Tag antibody. F) Ldlr indels in mouse liver samples 
measured via deep sequencing.  

 

Figure 3.4.1 Pre-existing immunity to SaCas9 results in elimination of gene-edited 

hepatocytes following AAV transduction. 
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Representative immunohistochemistry staining for GFP in mouse liver sections at 1, 2, and 
12 weeks in mice pre-immunized with ovalbumin or SaCas9 

 

3.5. Administration of AAV-CRISPR to SaCas9 immunized mice 

stimulates a memory T-Cell response.  

Although our studies demonstrated a shift towards a higher proportion of 

CD8+ T-cells per total lymphocytes in the liver, the phenotype of these T-cells is 

unclear. To better understand the specificity of the immune response, we pre-

immunized mice with 25 µg of SaCas9 and injected them one week later with either 

saline, AAV-GFP, or AAV-CRISPR. Livers and spleens were then harvested 2 weeks 

later, when the greatest proportion of CD8+ T-cells were previously observed 

(Figure 3.5.1 A). Although the percentage of total T-cells did not increase per total 

Figure 3.4.2 Immunohistochemistry of GFP in mouse liver. 
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lymphocyte count in the liver (Figure 3.5.1 B), the proportion of CD8+ T-cells was 

significantly increased only in those mice treated with AAV-CRISPR (Figure 3.5.1 

C). Of these CD8+ T-cells, 85% demonstrate a memory phenotype compared to GFP 

(42%) and saline (63%) (Figure 3.5.1 D). The percentage of activated CD8+ T-cells 

was also significantly higher in the AAV-CRISPR group versus AAV-GFP and saline 

treated mice (Figure 3.5.1 E). Upon closer inspection of the memory CD8+ T-cell 

population, we observed a significant increase in the AAV-CRISPR treated group, 

with 94% of memory CD8+ T-cells being activated compared to the AAV-GFP (85%) 

and saline (84%) groups (Figure 3.5.1 F). An increase in regulatory T-cells (Treg) 

in the liver was seen only in the group injected with AAV-CRISPR (Figure 3.5.1 G). 

The percentage of CD4+ T-cells decreased in mice injected with AAV-CRISPR and 

increased in the mice injected with AAV-GFP compared to saline (Figure 3.5.2 A). 

Like the memory CD8+ T-cell response, a similar trend was observed in the memory 

CD4+ T-cells (Figure 3.5.2 B). The percentage of activated CD4+ T-cells was lower in 

the AAV-CRISPR mice compared to the AAV-GFP group, though the percentage of 

activated memory CD4+ T-cells was significantly increased in the AAV-CRISPR 

treated mice compared to AAV-GFP and saline (Figure 3.5.2 C,D). The CD8+ and 

CD4+ T-cell populations within the spleen showed no significant differences between 

treatment conditions (Figure 3.5.3 A-F, Figure 3.5.4 A-D). 
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A) Mice were immunized with SaCas9 protein one week prior to delivery of an AAV vector 
encoding a gRNA targeting Ldlr with SaCas9 or GFP. Tissues were harvested at 2 weeks 
post-injection. B) T-cells as a percentage of total lymphocytes in the liver measured via flow 
cytometry. C) CD8+ T-cells as a percentage of T-cells D) Percentage of memory CD8+ to total 
CD8+ T-cells. E) Percentage of activated CD8+ T-cells to total CD8+ T-cell population. F) 
Percentage of activated memory CD8+ T-cells to total CD8+ T-cell population. G) Tregs as a 
percentage of total lymphocytes in the liver measured via flow cytometry. N=6 per 
condition. 

 

Figure 3.5.1 CD8+ T-cell and Treg responses in Sacas9 immunized mice after treatment 

with either AAV-GFP or AAV-CRISPR. 
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Figure 3.5.2 CD4+ T-cell responses in the liver. 

 

 

 

 

 

 

 

 

A) CD4+ T-cells as a percentage of total lymphocytes in the liver measured via flow 
cytometry. B) Memory CD4+ T-cells as a percentage of total CD4+ T-cells. C) Activated CD4+ 
T-cells as a percentage of total CD4+ T-cells. D) Activated memory CD4+ T-cells as a 
percentage of memory CD4+ T-cells. 



 103 
 

103 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) T-cells as a percentage of total lymphocytes in the spleen measured via flow cytometry. 
B) CD8+ T-cells as a percentage of T-cells C) Percentage of memory CD8+ to total CD8+ T-
cells. D) Percentage of activated CD8+ T-cells to total CD8+ T-cell population. E) Percentage 
of activated memory CD8+ T-cells to total CD8+ T-cell population. F) Tregs as a percentage of 
total lymphocytes in the spleen measured via flow cytometry. N=6 per condition. 

 

Figure 3.5.3 CD8+ T-cell and Treg responses in the spleen. 
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A) CD4+ T-cells as a percentage of total lymphocytes in the spleen measured via flow 
cytometry. B) Memory CD4+ T-cells as a percentage of total CD4+ T-cells. C) Activated CD4+ 
T-cells as a percentage of total CD4+ T-cells. D) Activated memory CD4+ T-cells as a 
percentage of memory CD4+ T-cells. 

 

3.6. Discussion 

Reports of pre-existing immunity towards the most common Cas9 variants 

has raised concern about CRISPR/Cas9 based therapeutic genome editing; however 

the consequences of such pre-existing immunity remain unknown. Here we show 

Figure 3.5.4 CD4+ T-cell responses in the spleen. 
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that in vivo transduction with AAV-CRISPR is accompanied by a strong CD8+ T-cell 

response in the liver in the setting of pre-existing immunity. Our findings 

demonstrate that SaCas9 is an immunogenic protein that can trigger a robust 

memory T-cell response in mice. Although AAV transduction, SaCas9 expression, 

and gene editing were not initially impeded by pre-immunization, CD8+ T-cell 

activation in the liver resulted in a gradual but near complete elimination of gene-

edited hepatocytes. Livers were able to regenerate through proliferation of unedited 

hepatocytes over time, but the effects of genome editing largely disappeared.  

Recent studies by Charlesworth et al. and Wagner et al. have reported a high 

prevalence of pre-existing immunity to Cas9 in humans, ranging from 78% for 

SaCas9 201 and 58-97% for SpCas9 200,201. There is some debate about the frequency 

of anti-Cas9 immunity, with other groups finding values of 2.5-10% 202,227. These 

differences may be related to the sensitivity of the assays, as well as the 

characteristics of the populations studied. It is also possible that some fraction of 

anti-Cas9 signal could arise from cross-reactivity to other epitopes. Ferdosi et al. 

identified two HLA-A*02:01 epitopes specific to SpCas9: SpCas9_240-248 and 

SpCas9_615-623 202. Interestingly, neither peptide resembled known epitopes in the 

Immune Epitope Database and Analysis Program (IEDB) database but have 

similarity to other Cas9 orthologs (33/38 hits) and other bacterial proteins (5/38 

hits). This suggests that there is not complete immune orthogonality between 

different species of Cas9. It also indicates that exposure to other bacterial proteins 

with related sequences to Cas9 may also confer anti-Cas9 immunity. Although our 
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study focused on SaCas9 which is easily deliverable with AAV, it is likely that AAV 

expression of SpCas9 would have similar effects. Regardless of the source of anti-

Cas9 reactivity and its ultimate frequency in the population, it is critical that we 

understand its implications in the setting of genome editing. 

The severity of the immune response to SaCas9 was particularly noteworthy 

in these experiments. For example, the DTH challenge experiment used ovalbumin 

as a positive control. Ovalbumin is a smaller protein than SaCas9 (43 vs. 130 kDa), 

so on a molar basis there was approximately a 12-fold excess of Ovalbumin (100 µg) 

used for immunization relative to SaCas9 (25 µg). The strong response suggests that 

SaCas9 is at least as immunogenic as ovalbumin (Figure 1B). It should be noted that 

ovalbumin, although one of the most common antigens use for inducing memory T-

cell responses in DTH, is considered mildly immunogenic. Other antigens, such as 

keyhole limpet hemocyanin, are used to elicit much stronger immune responses. It 

is possible that there is some evolutionary pressure in mammals to more readily 

detect Cas9 and other bacterial proteins, which might be mediated by HLA diversity. 

It will be interesting to determine if different HLA haplotypes exhibit a greater 

frequency of pre-existing immunity to Cas9 in humans, as well as the consequences 

of these antigen recognition preferences for genome editing therapies. This is an 

important topic that merits further exploration. 

Immune responses to AAV capsids are an important factor influencing the 

effectiveness of AAV gene therapy in humans. Neutralizing antibodies to AAV can 

prevent the initial transduction event, and immunosuppression can be used to 
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mitigate subsequent anti-capsid T-cell responses should they occur 228. While we 

recognize that anti-AAV immunity remains an important area of research, the goal 

of this study is to interrogate potential immune response to Cas9 when expressed as 

an AAV transgene, specifically in the setting of pre-existing Cas9 immunity. Thakore 

et al. previously reported evidence of CD8+ T-cell infiltration the liver and ALT 

elevations with AAV-CRISPR. Interestingly, this response did not prevent long-term 

transcriptional repression by dCas9KRAB 229. A key difference is that the previous 

study used mice housed under specific pathogen-free conditions and therefore 

unlikely to have ever been in contact with S. aureus or SaCas9. In contrast, our study 

involved AAV overexpression of Cas9 following exposure to the antigen. The 

elimination of gene-edited hepatocytes we observed was most likely due to CD8+ T-

cells in the livers of these animals. Although we did find an increase in activated 

CD8+ T-cells in the livers of mice injected with AAV-GFP compared to saline, similar 

to what was reported by Thakore et al., the mice injected with AAV-CRISPR had 

significantly higher amounts of activated CD8+ T-cells compared to AAV-GFP (Figure 

4). The memory CD8+ T-cells were also significantly lower in the AAV-GFP group, 

indicating that the increase in activated T-cells in the AAV-GFP group is a non-

specific response to AAV. The increase in activated memory CD8+ T-cells and 

regulatory T-cells in the AAV-CRISPR treated group further indicates that the 

immune memory responses we observe are specific to SaCas9. 

In terms of kinetics, it is interesting that the peak of CD8+ T-cells in the liver 

occurs at 2 weeks, yet the loss of gene-edited hepatocytes is not complete until the 
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12 week timepoint. There are several factors that might explain these discordant 

data. The first is that there is still a significant increase in CD8+ T-cells at 4 weeks, 

and the loss of indels begins to achieve statistical significance at 6 weeks. As such, 

inflammation, liver injury, and hepatocyte proliferation are linked but dynamic 

processes which happen over a period of time for different cells.  Based on our 

experimental timepoints, we cannot pinpoint the exact window between 6 and 12 

weeks when the hepatocytes are fully replaced by new cells. It is expected that T-cell 

killing should precede the drop in indels, with some delay required for clearance of 

apoptotic hepatocytes, which might still be detected by deep sequencing. Aside from 

this, it also is possible that there could be a brief period of suppression by Tregs 

and/or that time may be needed for the CD8 T-cells to become functionally 

competent 230. This is an intriguing possibility given other recent data, and the 

known lag in CD8+ T-cell response to AAV capsid in humans receiving liver-directed 

gene therapies 231.  

Wagner et al. reported a high prevalence of Cas9-reactive Tregs 200, which 

could potentially dampen the immune response and spare Cas9-expressing cells in 

the context of pre-existing immunity in humans. However, although these Tregs 

reduced proliferation and thus effector cytokine release, they did not prevent killing 

of Cas9-expressing target cells, showing only a modest effect compared to 

polyclonal nTregs. Interestingly, we also observed a significant increase in Tregs in 

the mice expressing SaCas9, but this response did not prevent the elimination of 

gene-edited hepatocytes. Therefore, it seems unlikely that the normal activation of 
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Cas9-specific Tregs would provide a buffer to protect Cas9-expressing cells- at least 

in the context of the liver. However, this is an important area of research and 

targeted strategies to promote immune tolerance through Tregs may still be 

beneficial. Of particular note, the liver has been suspected of providing some level of 

immune tolerance in terms of additive gene therapy due to high levels of Tregs 232. 

However upregulation of Tregs towards bacterially-derived proteins has not yet 

been reported to promote tolerance in the liver.  

Our studies used AAV8, a serotype with a high tropism for the liver in mice. 

Expression of SaCas9 was further restricted to this tissue with a liver-specific 

promoter 184. While the overall health of the mice was not adversely affected by 

removal of gene-edited hepatocytes, the effects of pre-existing immunity on other 

organs that are non-regenerative, such as heart, skeletal muscle, or the central 

nervous system would require further study. This is especially true in the context of 

other AAV serotypes or more ubiquitously expressed promoters. Another concern 

with pre-existing immunity against Cas9 is the risk of subsequent autoimmunity. An 

immune reaction to a foreign antigen, such as a pathogen, can lead to tissue damage 

and the exposure of previously hidden autoantigens. In a susceptible genetic 

background, this can lead to epitope spreading and the development of a destructive 

autoimmune response 233,234. It is important to note that our studies involved 

deliberate immunization of the animals to SaCas9 protein a week before AAV 

injection. This experimental design allowed us to interrogate the consequences of a 

memory T-cell response in controlled setting. However, actual immune responses in 
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humans will certainly be more variable considering the timing, localization, and 

nature of previous Cas9 exposure, as well as genetic and environmental variation 

between individuals. Therefore, our findings do not definitively preclude Cas9 

editing in humans with pre-existing immunity, but certainly raise points of caution 

to consider. 

Potential solutions for evading the immune response towards CRISPR/Cas9 

are being explored. One option is to use more exotic bacterial CRISPR/Cas systems, 

such as those found in hot springs 156, to which humans would have no previous 

environmental exposure. Other approaches have focused on engineering Cas9 

variants to evade epitopes recognized by the immune system 202. However, studies 

have shown that antibody responses towards these epitopes are highly variable, 

making it difficult to engineer a broadly applicable Cas9 that still retains activity 223. 

Complementary to the investigation of novel Cas proteins, new delivery vectors are 

also being explored. Self-deleting AAV-CRISPR systems are a promising avenue that 

would capitalize on the high efficiency of AAV delivery 235–237. It remains to be seen 

whether SaCas9 self-removal would prevent presentation of SaCas9 peptides on 

MHC-I and subsequent loss of edited cells. Other promising approaches include 

transient delivery of Cas9 mRNA or Cas9 protein with targeting moieties or 

nanoparticle systems 141,142,238 that render a short period of Cas9 exposure, and 

could be re-administered. However, challenges exist in manufacturing, efficiency, 

and safety to translate non-viral delivery approaches to somatic genome editing in 

humans.  
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In this study we show that pre-existing immunity to SaCas9 poses a 

significant barrier to liver-directed genome editing with AAV-CRISPR. Cytotoxic 

CD8+ T-cells become the dominant population of T-lymphocytes in the liver, which 

eliminate the gene-edited hepatocytes over a short period of just 12 weeks thus 

negating the intended effects. It remains to be determined whether a similar or 

more severe response occurs in humans. Our new discoveries raise important 

efficacy and safety concerns for CRISPR/Cas9 based in vivo genome editing, 

illustrating the importance of considering anti-Cas9 immunity in clinical trial 

designs, and the need to develop new approaches for in vivo delivery of genome 

editing machinery. 

3.7. Future Directions 

Although our studies have demonstrated that pre-existing immunity towards 

Cas9 is a barrier to liver-directed gene editing using AAV, there are still questions 

that remain to be answered. Our study used a deliberate immunization scheme 

against a highly back-crossed and inbred strain of mice that were all administered 

with the same dose of SaCas9 protein and AAV. However, even in this context the 

range of immune responses was highly variable. Moreover, it has been 

demonstrated in the past that C57BL/6 mice are naturally resistant towards severe 

S. aureus infections, even in the context of NSG Rag2-ILR2Rγ-/- strain which is 

depleted of B, T, and NK cells 239. As an alternative, BALB/c mice could be used as a 

model for S. aureus infection. However, this could potentially result in a higher 
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cytotoxic T-lymphocyte response, as BALB/c mice have been shown to not exhibit 

immune tolerance towards AAV expressed transgenes 240. Other mouse strains, such 

as DBA/2 and C57BL/10 have highly variable susceptibility towards S. aureus 

infection, and could also result in highly variable levels of immune response towards 

AAV expression of SaCas9 239. Other methods for introducing S. aureus are to infect 

the footpads of C57BL/6 mice subcutaneously, which has been shown to elicit a 

strong CD4+ T-cell response 241. 

Although humoral responses to Cas9 have been reported to be highly 

variable 203, the peptides recognized by CD8+ T-cells may provide insight into 

sequences that could be modified to evade immune responses. Tiling synthetically 

generated 9-mer peptides attached to 96 well plates could be used in a modified 

IFN-γ ELISPOT assay to measure cytokine release from T-cells residing in the liver 

of mice pre-immunized to SaCas9 242. Additionally, organ non-specific peripheral 

blood monocytes (PBMCs) could also be used for broad-spectrum T-cell recognition.  

Currently, Editas partnered with Allergen have been conducting clinical trials 

using AAV-CRISPR to treat LCA. Although the eye has been understood as a site of 

immune privilege due to the blood-retina-barrier and lack of lymphatic drainage 37, 

there is evidence of immune infiltrates entering into the eye. Gene therapy trials 

have shown patients regress in visual acuity 49,50, along with inflammation 243 and 

humoral responses 244. Although immune responses to the capsid and not the 

transgene have been shown 245, there is still the possibility of an immune response 

towards a bacterially-derived protein. To better understand the effects of pre-
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existing immunity towards retina-mediated gene editing in vivo, we propose to use 

our established SaCas9 immunity model in an Ai9 reporter mouse 246 (Figure 

3.7.1). We would inject two AAV2’s targeting the LoxP sites flanking the stop 

cassette downstream of the TdTomato reporter, and after 1, 2, 4, 6, and 12 weeks, 

harvest eyes to measure TdTomato fluorescence, AAV genomes, and SaCas9 protein. 

In this simple reporter model, persistent TdTomato fluorescence would indicate 

sustained gene editing, while diminishing fluorescence would indicate potential 

immune infiltration and cytotoxic T-cell mediated killing of edited cells. 

 

 

 

 

 

 

 

3.8. Methods 

AAV production. Plasmids with a gRNA targeting the Ldlr locus and SaCas9 

or EmGFP were packaged into AAV8 as previously described 159,235. The plasmid 

Figure 3.7.1 A proposed outline to study the effects of pre-

existing immunity to the eye. 
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encoding EmGFP is identical to 1162_pAAV-HLP-EmGFP-SpA that was previously 

reported, albeit driven by a CB promoter instead of HLP. The HLP promoter was 

chosen for SaCas9 to restrict expression to hepatocytes. The CB promoter was used 

to express GFP, as this also gives robust expression in liver, and would minimize the 

risk of competition with HLP for transcription factor binding. All clones were 

sequence verified and ITR sequence fidelity was verified by independent digests 

using XmaI, SnaBI, and PvuII. The adenoviral helper plasmid pAdDeltaF6 

(PL_F_PVDAF6) and AAV packaging plasmid pAAV2/8 (PL-T-PV0007) were 

obtained from the University of Pennsylvania Vector Core. The triple transfection 

method 247 was used to generate AAVs in HEK-293T cells using polyethylenamine 

(PEI). Cell pellets were purified using a single Cesium Chloride (CsCl) density 

gradient centrifugation 248. Fractions positive for vector genomes were pooled and 

dialyzed in 100,000 molecular weight cut off (MWCO) cassettes against three 

washes of PBS at 4:C overnight to remove CsCl. Purified AAVs were then 

concentrated using an Amicon 100-kDa MWCO centrifugal filtration (UFC510024) 

device. AAV titers were calculated after DNase digestion using qPCR against a 

standard curve and primers specific to SaCas9 and GFP before storage at -80:C until 

use. 

Animals. Male C57BL/6J mice, 6–8 weeks of age, were obtained from 

Jackson Laboratories and kept with a light cycle from 7 a.m. to 9 p.m. Animals were 

allowed free access to food and water and maintained on a standard chow diet. 

Blood was collected via retro-orbital bleeding using heparinized Natelson collection 

https://www.addgene.org/109313/
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tubes, and plasma was isolated by centrifugation at 10,000 x g for 20 min at 4:C. All 

experiments were approved by the Baylor College of Medicine Institutional Animal 

Care and Use Committee (IACUC) and performed in accordance with institutional 

guidelines under protocol numbers AN-6243, AN-7243, and AN-5198. 

DTH Assay. Emulsions were prepared with either SaCas9 or ovalbumin in 

complete Freund’s adjuvant immediately before immunization 249. Mice were 

immunized subcutaneously in two sites in the flanks with either 25 µg SaCas9 (ABM, 

K144) or 100 µg ovalbumin per mouse. One week later, the mice were challenged 

with saline in the pinna of one ear and with 16 µg of either SaCas9 or ovalbumin 

dissolved in saline in the pinna of the other ear. Ear thickness was measured 24 

hours after challenge using a spring-loaded micrometer (Mitutoyo) and the 

difference in left and right ear thickness calculated for each animal 249. 

Immunization and AAV administration. Purified recombinant SaCas9 

protein was a kind gift of New England Biolabs (EnGen® Sau Cas9, M0654T) 250. 

Mice were immunized subcutaneously in two sites in the flanks with either 25 µg 

SaCas9 or 100 µg ovalbumin per mouse as in the DTH assays. One week later, AAV8 

vectors were co-injected (IP) at 5 x 1011 genome copies (GC) of the Ldlr gRNA and 

SaCas9 and 2 x 1011 GC of GFP. AAVs were diluted in 300 µL sterile PBS and 

delivered via intraperitoneal injection. Mice were euthanized at the indicated times 

after AAV injection for blood and tissue collection. One mouse from each of the 

following conditions was excluded from the study in Figures 2 and 3 due to failed IP 

injection based on the absence of detectable AAV-GFP genomes in the liver: 2 Week 



 116 
 

116 
 

Ovalbumin, 4 week SaCas9, 6 week Ovalbumin, 12 week Ovalbumin. A total of 74 

mice were immunized in this study, with an additional 12 mice injected with saline 

as controls for flow cytometry. 

Flow Cytometry. Single-cell suspensions were prepared from the spleen and 

a piece of the liver of each mouse using a 100 µm cell strainer. Cells were washed 

with FACS-PBS (PBS + 2% bovine serum albumin + 2% goat serum) and distributed 

into 1.1 mL staining tubes. Cells were incubated for 20 min on ice, in the dark, with 

fluorophore-conjugated antibodies against surface markers (Supplementary Table 

S3.9.1). For Foxp3-stained cells, following surface marker staining, cells were fixed, 

permeabilized, and stained using a Foxp3 staining buffer kit (Thermo Fisher, catalog 

no. 00-5523-00) according to the manufacturer’s instructions with a fluorophore-

conjugated antibody against Foxp3. Cells were then washed with FACS-PBS and 

fixed with 1% paraformaldehyde in PBS. Data were acquired on a BD FACSCantoII 

equipped with 407, 488, and 635 nm lasers and the FACSDiva software. Data were 

analyzed with FlowJo software.  

Western Blots. All western blots were performed in a similar manner to 

those in Chapter 2, with some modifications. 70 µg of liver lysate protein were used 

instead of 80 µg, and blocking was carried out with a 2:1 ratio of Odyssey Blocking 

Solution (Li-Cor, P/N 927-40000) to PBS with 0.05% Tween-20 (PBS-T) or 5% 

dehydrated non-fat milk in PBS-T. Primary antibodies were either diluted in a 

solution of PBS-T supplemented with 0.1% Bovine Serum Albumin (BSA) or 5% 
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milk in PBS-T. Antibody dilutions and catalog numbers and dilutions are provided in 

Supplemental Table S3.9.2. 

Indel Quantification by Deep Sequencing. Genomic DNA extracted from 

mouse livers was amplified using locus specific primers containing common adaptor 

sequences and a second round of PCR amplification was used to add sample 

barcodes as previously described.235 Amplicons were purified using SPRI magnetic 

beads, pooled in equimolar amounts and sequenced using the Illumina MiSeq 

platform with paired end 250 kits. Alignment of sequence reads to reference 

sequences was performed using the Borrows-Wheeler Aligner (BWA) as previously 

described 124 and indels within a 2-bp window were quantified.  

ALT Assay. Alanine aminotransferase units were measured using the Teco 

ALT (SGPT) Kinetic Liquid Kit (A524-150) with slight modifications. Plasma was 

diluted 1:10 and 10 μL were added to a pre-warmed 96 well plate at 37:C 

containing the working solution. Signal was read at 340 nm using the following 

procedure: waiting one minute, reading 5 flashes at a 1 minute read, waiting one 

minute, reading five flashes at a 2 minute read, and repeating the following seven 

more times for a total of ten reads. Units per liter activity was measured using the 

following formula, (Absorbance)/0.00622 x (Total Volume)/(Sample Volume). 

qPCR Analysis. DNA was isolated using the Qiagen Blood and Tissue Kit 

(69504) and RNA was isolated using the Qiagen RNeasy Mini Kit (74106). cDNA was 

generated using the iScript cDNA synthesis kit (170-8891) and 1 μg of RNA. 50 
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nanograms of DNA and 4 microliters of a 1:10 dilution of cDNA were used in each 

qPCR reaction. All primers are listed in Supplementary Table S3.9.3. Fold change 

and relative expression of all genes was calculated using the ΔΔCt method 251.  

Histology. Mouse livers were fixed overnight in 10% formalin, washed in 

70% ethanol for 24 hours, and dehydrated in 100% ethanol. Paraffin embedding, 

sectioning, and antibody staining were performed by the Texas Digestive Diseases 

Morphology Core. Slides were imaged at 200X magnification on a Nikon Ci-L 

brightfield microscope.  

Statistics. All data are shown as the mean +/- standard deviation. 

Comparisons involving two groups were evaluated by a two-tailed student’s t-test. 

For comparisons involving three or more groups, a one way ANOVA was applied, 

with Tukey’s post-test used to test for significant differences among groups. In all 

cases, significance was assigned at p<0.05. 
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3.9. Supplementary Information  

Description Vendor Catalog Number Figures 

Anti-CD3 conj. to Pacific Blue BD Pharmigen 558214 2B, 4, S1, S2, S5-S7 

Anti-CD4 conj. to Phycoerythrin Invitrogen 12-0041-83 2B, S1, S2 

Anti-CD4 conj. to Pacific Orange Thermo Fisher 79-0042-82 4, S5, S7 

Anti-CD-8 conj. to Alexa Fluor 647 Novus Biologicals AP-MAB 0708 2B, 4, S1, S2, S6 

Anti-CD25 conj. to Alexa Fluor 750 Novus Biologicals FAB2438S 4, S5-S7 

Anti-CD62L conj. to FITC Sino Biological 50045-R414-F 4, S5-S7 

Anti-Foxp3 conj. to PE-Cy5 eBioscience 15-5773-82 4, S6 

Supplementary Table S3.9.1. List of antibodies used for flow cytometry analysis with 
vendors, catalogue numbers, and figures using the corresponding antibody 

 

Supplemental Table S3.9.2. List of antibodies used for western blot analysis with 
corresponding vendors, catalogue numbers, and dilutions used in this study. 

 

 

 

 

 

 

 

 

 

Description Vendor Catalogue Number Dilution 
Rabbit Anti HA-Tag Cell Signaling 3350S 1 to 1000 
Rabbit Anti GFP Fisher Scientific A-11122 1 to 3000 
Mouse Anti Beta-Tubulin Hybridoma Bank E7 1 to 250 
Rabbit Anti Ldlr Gene Ness N/A 1 to 5000 
Goat Anti-Rabbit (680 nm) RockLand Immunochemical RL6111440020.5 1 to 10000 
Goat Anti-Mouse (800 nm) RockLand Immunochemical RL6111450020.5 1 to 10000 
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Supplemental Table S3.9.3. List of qPCR primers with corresponding targets used in this 
study. 

 

 

 

Supplementary Figure S3.9.1. Western blots for LDLR, SaCas9 (HA-Tag), and GFP at 2, 4, 
and 6 weeks post AAV-CRISPR and AAV-GFP injection after pre-immunization against either 
Ovalbumin or SaCas9 

 

Name Sequence (5' to 3') Purpose 

EmGFP_F1 CAAGCTGACCCTGAAGTTCATC EmGFP TIDE Sequencing 

PolA_R CACACAAAAAACCAACACACAGATCTAATG EmGFP, SaCas9 TIDE Sequencing 

HLP_F CCCTGTTTGCTCCTCCGATAAC SaCas9 TIDE Sequencing 

mTTP_F GACCTCTGCTTGACCTATAGTCACATGAC mMttp Exon 2 Forward Primer 

mTTP_R GCAGCCTGGAGCACGTATC mMttp Exon 2 Reverse Primer 

Ldlr_F CCGGAGGACATTGTCCTGTTC mLdlr Exon 14 Forward TIDE Primer 

Ldlr_R CTCAGGGAATCTGCTTCAGCAAC mLdlr Exon 14 Reverse TIDE Primer 

ApoE_F GGAAGGAGAGAGCCAATTCCCTC mApoE Exon 2 Forward TIDE Primer 

ApoE_R CGCTTGTGTTCCCAGAAGTTGAG mApoE Exon 2 Reverse TIDE Primer 

EmGFP_F2 GCATCGACTTCAAGGAGGAC EmGFP qPCR Forward Primer 

EmGFP_R1 TGCACGCTGCCGTCCTCGATG EmGFP qPCR Reverse Primer 

SaCas9_F CCGTCGTGAAGAGAAGCTTCATC SaCas9 qPCR Forward Primer 

SaCas9_R CCACCTCATAGTTGAAGGGGTTG SaCas9 qPCR Reverse Primer 
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Supplementary Figure S3.9.1. Unfiltered qRT-PCR AAV genome copies for GFP and 
SaCas9. Mice with AAV copies lower than saline controls were removed for analysis 
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Chapter 4 

Determining global chromosomal 

integration patterns of AAV-CRISPR 

4.1. AAV integration into CRISPR-induced double strand breaks 

Recombinant AAV are believed to be largely non-integrating in the absence of 

Rep, and integration events in human gene therapy studies appear to be rare and 

randomly distributed 252–254. However, we and others have previously reported 

insertion of fragments of inverted terminal repeats (ITRs) from AAV vectors at 

CRISPR-Cas9 generated double-strand breaks as well as whole vector genome 

insertions 159,205,235. We next performed an experiment to check for possible vector 

insertions with our self-deleting system in Chapter 2. Specifically, we performed 

PCR using primers flanking both sides of the cut site at each of the genomic loci 



 123 
 

123 
 

(Mttp, Ldlr, and Apoe) An additional primer that binds to GFP in the Self-1 vector 

was used in combination with these to survey for whole genome insertions (Figure 

4.1.1 A). For all primer sets, no amplification was observed with DNA from mice 

injected with saline or with the SaCas9 vector alone. Amplicons consistent with 

whole vector genome integrations of the Self-1 vector were found in both forward 

and reverse orientations at all target sites (Figure 4.1.1 B-E). Products of the 

correct predicted size, including the ITR region, were observed in almost all 

samples. There was no clear relationship between time or dose and the degree of 

AAV genome insertion.  

Truncated fragments of the SaCas9 vector could also participate in 

homology-independent targeted integration (HITI) as a result of self-cutting, where 

the breakpoint in the AAV-SaCas9 vector could directly fuse with the break at the 

genomic site. Primers were designed to detect integration of truncated AAV-SaCas9 

vector genomes at each side of the endogenous target sites (Figure 4.1.2 A). PCR 

confirmed novel HITI insertion patterns of Cas9-truncated AAV genomes in both 

forward and reverse orientations (Figure 4.1.2 B-E). The nonspecific bands in mice 

treated with the SaCas9 vectors alone likely arise from self-priming of AAV 

episomes and their concatamers. Collectively, these data highlight an important 

pitfall to the use of AAV vectors for CRISPR-Cas9-based genome editing due to 

unwanted AAV vector insertions at genomic target sites. 
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A)  Primers were designed to detect full-length AAV vector genome integrations from the 5’ 
and 3’ sides of the cut site. The endogenous gene specific primers A and C are unique to the 
Mttp, Ldlr and Apoe loci, while the AAV genome primer B is common. B) AAV-Self-1 genome 
insertions in the Mttp locus are present in both forward and reverse orientations, and do 
not increase from 1-4 weeks. C) AAV-Self-1 insertions at the Mttp locus are not affected by 
increasing Self-1 dose.  D) AAV-Self-1 insertions in both orientations in the Ldlr locus. E) 
AAV-Self-1 insertions in both orientations in the  

 
 
 

Figure 4.1.1 AAV whole genome insertions at a CRISPR-generated cut site. 
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A)  Partial AAV genomes are capable of integrating into endogenous gene targets after self-
editing via homology independent targeted integration (HITI). Primers were designed to 
detect self-edited vector integration from the 5’ and 3’ side of the target site. Primers A and 
C are specific to the target locus, while primer B is common within AAV-SaCas9 near the 
breakpoint. B) Truncated AAV genome insertions with self-editing detected at the Mttp 
locus at 1-4 weeks after AAV.  C) Dosage of self-deleting gRNA does not change the 
frequency of truncated AAV vector insertion at the Mttp locus. D) Truncated AAV genome 
insertions at the Ldlr locus with self-editing. E) Truncated AAV genome insertions at the 
Apoe locus with self-editing. For all targets, nonspecific bands in lanes without Self-1 likely 
arise from aberrant priming of AAV-SaCas9 episomal DNA and concatamers. 

 

 

Figure 4.1.2 HITI insertions of truncated AAV-SaCas9 vector genomes at endogenous target sites. 
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4.2. Quantification of AAV Transgene Integrations 

Although we and several other groups have demonstrated AAV transgenes 

are capable of integrating into the genome under an induced double-strand break 

160,235, accurate quantification of these events has yet to be reported. Typical 

Illumina based deep sequencing methods through PCR synthesis will under report 

these events, as PCR bias will favor shorter sequences. More recently, unbiased 

Illumina based deep sequencing was used to quantify the rate of AAV integration 

based on the relative amount of reads of events 95,176. However, AAV transgenes 

would be still be sequenced, resulting in only a small fraction of total reads aligning 

to genomic DNA 176. The amount of reads therefore needed for accurate and reliable 

quantification of AAV integration events would be prohibitively expensive for most 

applications. Therefore, there is a need for an accurate, high throughput method for 

detection and quantification of integrated AAV transgene sequences into the 

genome. 

Quantifying AAV integration events has been demonstrated using qRT-PCR 

255. However, this method could only provide relative quantities, and are not capable 

of reporting quantitative amounts due to the diversity of AAV integrations. In recent 

years, droplet digital PCR (ddPCR) has been shown to quantify CRISPR/Cas9 

mediated AAV-donor correction in hematopoietic stem cells 256. However, there 

have been no reports of using ddPCR for detecting AAV integration through HITI. In 

collaboration with Dr. Marco De Giorgi at Baylor College of Medicine, we sought to 
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quantify the amounts of AAV integration through HDR of HITI using carefully 

designed ddPCR primers and probes.  

Briefly, AAV-CRISPR targeted gene integration to the ApoAI locus was shown 

to integrate therapeutic transgenes successfully in the liver. (Figure 4.2.1). 

However, upon end-point PCR analysis, there appeared to be high levels of whole 

vector integration at the ApoAI site as well (Figure 4.2.2).  

 

 

 

 

 

 

 

 

 

AAV-CRISPR-mediated gene knock-in to the ApoAI site has the potential to act as a safe 
harbor site for promotorless expression of a therapeutic gene. 

 

 

 

Figure 4.2.1 AAV-CRISPR gene knock-in to the ApoAI site In Vivo 
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Although HDR is the desired outcome of this approach, there are instances where AAV 
transgenes could integrate into the genome independent of homologous sequences.  

 

To accurately quantify both HDR and HITI events, restriction enzymes were used to 

deplete either the HDR or HITI integration patterns and primers residing within the 

transgene or ITR were used along with a DNA probe. Mice were injected with AAV8 

encoding a gRNA targeting the 3’ UTR of the ApoaI site and/or a donor cassette at 

either P4 or adult (6-8 weeks or age) mice. HITI-based integration in adult mice was 

measured at 12% in the CRISPR + Donor mice, and 12% in the CRISPR only mice 

(Figure 4.2.3 A). HDR rates were considerably lower at only 1.1% in the livers of 

adult mice, with no detectable signal above the saline background in the CRISPR or 

Donor only controls (Figure 4.2.3 B). In P4 pups, HDR rates were considerably 

higher at 9.5% in only the CRISPR + Donor group (Figure 4.2.4 A). However, the 

rate of HITI formation was also considerably higher at 17.4% for the CRISPR only 

and 21.5% for the CRISPR + Donor group (Figure 4.2.4 B).  

Figure 4.2.2 HDR And HITI gene knockin using AAV-CRISPR 
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A) AAV integration rate via HITI in adult mice measured by ddPCR B) HDR rate in adult 
mice measured by ddPCR 

 

 

 

A) AAV integration rate via HITI in P4 pups measured by ddPCR B) HDR rate in P4 pups 
measured by ddPCR 

Figure 4.2.3 AAV-CRISPR gene knock-in to the ApoAI site in adult mice 

Figure 4.2.4 AAV-CRISPR gene knock-in to the ApoAI site in P4 mice 
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Although low in efficiency, nuclease-free gene knock-ins have been shown to 

have some activity in vivo using a similar donor template sequence design 62. 

However, our results did not detect any HR events above background. 

Immunohistochemistry analysis of livers with only the donor template show 

measureable differences in comparison to the saline control, indicating the potential 

for non-specific integration. We therefore performed deep sequencing at the ApoAI 

locus and 15 in silico predicted off-target sites. The ApoAI gRNA had a high on-target 

editing rate (54.5% with CRISPR only, 51.5% CRISPR + Donor) (Figure 4.2.5) and 

no detectable off-target editing (Figure 4.2.6).  

 

 

 

 

 

 

 

 

 

Figure 4.2.5 Gene editing at the ApoAI locus measured through 
targeted Illumina deep sequencing 
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Figure 4.2.6 Off-target editing measured by targeted Illumina deep sequencing.  

4.3. Future Directions – Detection of AAV integration upon gene 

editing via CRISPR/Cas9  

In addition to reports of AAV integration into CRISPR-induced double strand 

break sites, many have reported global genome-wide integration of AAV at higher 

doses 176,257. There is also potential for AAV transgenes to integrate into CRISPR-

induced off-target sites 176. Although our rationally designed gRNAs using the 

SaCas9 system have shown no detectable off-targets using in silico prediction tools 

and targeted deep sequencing analysis, the high propensity of AAV integration into 

double strand breaks provides an alternative means to systematically investigate 

the rate of potential off-target cutting and integration. We therefore propose to 

investigate this method through a modified protocol of GUIDE-Seq. Briefly, GUIDE-

Seq relies upon the non-specific integration of a double-stranded oligonucleotide 
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(dsODN) tag into potential off-target cut sites. CRISPR-treated DNA is then extracted 

and randomly sheared to produce a library of free-ends that are then amplified with 

primers specific for the dsODN. However, the rate of tag integration using this 

method is not possible in the context of in vivo gene editing. Although alternatives to 

GUIDE-Seq exist, such as CIRCLE-Seq, DIGENOME-Seq, and most recently 

DISCOVER-Seq 129,136–138,140, they are not without their inherent limitations. CIRCLE-

Seq relies upon DNA harvested from cells and are then treated with the proposed 

gRNA in a ribonucleoprotein format. However, this removes any epigenetic context 

and has been shown to have a high false positive rate 258. DIGENOME-Seq, while 

extremely thorough, requires the use of whole exome sequencing and superficial 

levels of depth to detect for off-target cutting 140. DISCOVER-Seq’s proposed 

mechanism and initial titration shows off-target cutting peaking at 24 hours post-

transduction with adenovirus 138. However, this is not entirely practical for most in 

vivo CRISPR based experiments, as editing reaches a maximum after several days. 

This method we refer to as “ITR-Seq” draws upon the empirical evidence of AAV 

inverted terminal repeats having a high depth read when integration into genomic 

loci. Using this, we hope to have a protocol that can be easily adapted to a wide 

range of approaches using AAV-CRISPR not only in a gene therapy based approach, 

but also within the context of using AAV as a HDR template 259–261. 

Primers spanning the inverted terminal repeats will be used in lieu of the 

dsODN in GUIDE-Seq. This approach has the additional practicality of not requiring 

both forward and reverse directions of the integration, as AAV transgenes may 
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integrate in both directions randomly. A major concern for this approach would be 

the high amounts of background AAV signal, as this would amplify episomal DNA as 

well. Previously, Nelson et al showed 94% of signal that was generated from a 

similar approach was episomal AAV DNA 176, which within the context of transgene 

integration is not useful. To circumvent this, we propose to circularize sheared DNA 

fragments and subsequently treat with Cas9 RNP complexes specifically targeting 

the internal transgene (Figure 4.3.1). This mixture will then be treated with a 5’ 

exonuclease that will only degrade linear DNA and allow us to enrich for only ITR 

sequences that have integrated to the host genome. This approach would allow for 

us to fully utilize the capabilities of the Illumina sequencing platform without 

mapping the majority of our reads to episomal DNA sequences. However, as seen in 

CIRCLE-Seq, the kinetics of treating genomic DNA with Cas9 RNP has the potential 

to generate high levels of non-specific cutting at diverse sequences with little to no 

homology to the gRNA. This could in turn artificially deplete some off-target AAV 

integration sites. Thus, for an initial comparison, a non Cas9 RNP treated sample 

would need to be run alongside an RNP treated sample to compare the integration 

profiles. 
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AAV containing ITR sequences may integrate into the host genome after double-strand 
breaks occur. DNA can then be sheared to an approximate size and partial Y-Adapters are 
then ligated on. CRISPR RNP treatment then allows for specific enrichment of genome DNA 
integrated, eliminated any episomal DNA carryover. Using the ITR as a handle for 
amplification, the site of integration can then be mapped to an indexed reference sequence. 

 

Figure 4.3.1 ITR-Seq Schematic 
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4.3.1. Preliminary Results 

Utilizing known off-target cutting and AAV integration patterns reported in Chapter 

2, we first used primers similar to those reported by Hanlon et al 78. These primer designs 

were based upon preliminary data, showing high frequencies of AAV ITR integration. The 

processed DNA was not treated with Cas9 RNP complexes to serve as a control. Although 

reads were mapped to potential off-target sites, the known on and off-target sites that were 

previously reported were not present in any of the treated samples. Reads mapped to these 

regions were also of poorer quality than normal, suggesting more optimization would be 

required. These results were generated before the study by Hanlon et al, and we propose to 

utilize the primers described in their study. Briefly, these nested PCR primers contain 

standard Illumina P7 primers and adapters. However, the secondary primers rely upon 

double-stranded DNA to specifically amplify integrated DNA and minimize episomal DNA 

amplification (Figure 4.3.2). This differs from our initial approach, which uses a single PCR 

reaction containing the barcode. We also propose to compare the sequence quality using 

Cas9 RNP treatment versus non-treatment. 
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ITR sequences corresponding to high integration frequency and strategy for minimizing 
episomal DNA amplification 78. 
 

4.3.2. Potential Pitfalls and Alternative Approaches 

One of the inherent limitations of the Illumina platform is that it is only 

capable of sequencing short DNA fragments. While useful for many applications, it 

may not be capable of fully illustrating what sequences are being integrated into the 

genome. As AAV exists as concatemers, we would not be able to see if there were 

multiple AAV’s integrating into the host genome. One alternative approach to this 

would be to utilize other next-generation sequencing platforms, such as Pacific 

Biologies (Pac-Bio) based SMRT sequencing or Nanopore sequencing, both of which 

are capable of sequencing larger stretches of DNA. However, verification of these 

sequences may prove to be difficult, as direct repeat elements could impact PCR 

fidelity in long amplicons of potential AAV sequence.  

Although treatment of genomic DNA in ITR-Seq with a Cas9 RNP complex 

targeting only AAV episomes would filter non-genomic DNA, there is still the 

Figure 4.3.2 AAV-Seq Primer Schematic. 
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potential for off-target cutting induced by in vitro cleavage. Furthermore, 

circularization of fragmented DNA ends may also be inefficient and generate 

concatemers, introducing false positives of AAV integration. While not ideal, it is still 

possible to generate meaningful data on global AAV integration with a lower 

percentage of reads mapping to mouse genomic DNA.  

More recently, many labs have shifted away from the traditional methods of 

using ultrasonic shearing to produce fragmented DNA strands for genomic deep 

sequencing. Instead, Tn5α transposases containing Illumina barcodes allows for 

simulateneous fragmentation and adaptor ligation, simplifying a highly labor 

intensive process. CHANGE-Seq, an iteration of CIRCLE-Seq that uses Tn5α 

transposases has been shown to produce similar off-target profiles while reducing 

the time it takes for generating libraries for sequencing. 

Currently we are proposing to utilize the bioinformatics pipeline currently 

being used in GUIDE-Seq to map potential off-target integration sites in ITR-Seq. 

However, this may not be the most ideal platform, as ITR integration distances may 

vary and is not optimized for this approach. Other bioinformatics pipelines, such as 

Genomic Integration Site Tracker (GeIST) and AAV_GeIST may be used as previously 

to map integration profiles 257,262.  
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4.4. Methods 

ddPCR for HDR and HITI Events. Sequence analysis of potential gene 

integration events using donor templates revealed BamHI and MscI as candidate 

restriction enzymes to enrich for HDR or HITI. MscI digests the ITR regions, 

enriching HDR events and BamHI digests within the donor template. 1 µg of DNA 

measured via a Qubit 4 Fluorometer (ThermoFisher Scientific, Q33238) was then 

digested using either MscI or BamHI and PCR primers specific to the ITR sequence 

or within the mKate2 sequence and ApoaI. An intro-exon junction of ApoaI was 

selected to be a reference for total gene copies. All reactions were probe based, 

which were designed and confirmed using Primer 3 plus 

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) and 

synthesized with FAM/Black Hole modifications (IDT). Each ddPCR reaction 

contained 50 ng of digested DNA, 0.9 µM of each primer, 0.25 µM of FAM-probe and 

1x ddPCR Supermix for Probes (Bio-Rad Laboratories). A three-step thermal cycling 

protocol was used at a 2 minute extension time for 40 cycles. Droplet fluorescence 

was read using a QX100 Droplet Reader and analyzed with QuantaSoft Software 

(Bio-Rad Laboratories). HDR and HITI events were calculated as a percentage 

relative to total genome copies. All primer and probe sequences are listed in 

Supplementary Table S4.5.1 

 

 

https://www.thermofisher.com/order/catalog/product/Q33238
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Name Sequence Description 
MDG_0164 AGGGAAGGCAGTGAGTTAGA ddPCR HDR Fw 
MDG_0165 CGCCTTGATTCTCATGGTCT ddPCR HDR Rv 
MDG_0166 AGCTCGCTCACTGGCCCGGGAT ddPCR HDR probe 
MDG_0150 AGGGAAGGCAGTGAGTTAGA ddPCR HITI Fw 
MDG_0151 GATAAGTAGCATGGCGGGTT ddPCR HITI Rv 
MDG_0162 AGCGCGCGCCAGAAGCTGCA ddPCR HITI probe 
MDG_0158 GCTGAGCTTATCAGTCTCCC ddPCR Ref Fw 
MDG_0159 GAAGGCACCAAGAACACAGA ddPCR Ref Rv 
MDG_0163 AGCCCAGCCCCTGCCCACACA ddPCR Ref probe 

 

Supplementary Table S4.5.1. ddPCR primers and probes for quantifying HDR, HITI, 
and the ApoaI reference gene. 
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Chapter 5 

5.1. Future Outlooks and Conclusions 

The field of gene therapy and gene editing has been met with great 

challenges throughout the years, facing criticism from not only fellow scientists but 

the general public. However, recent advances have shaped the future of gene 

therapy and gene editing as viable and promising methods for the treatment of 

genetic diseases. The use of AAV and the CRISPR/Cas9 system has enabled efficient 

in vivo somatic cell gene editing. However, there are still numerous challenges that 

remain to be addressed.  

We have shown in Chapter 2 that self-deleting AAV-CRISPR systems are 

capable of maintaining high levels of on-target gene editing in vivo while reducing 

Cas9 expression in vivo. This has been shown to reduce off-target editing, but 

evading the adaptive immune system remains to be seen. As demonstrated in 

Chapter 3, CD8+ T-cells are capable of recognizing Cas9 in hepatocytes within one 

week of AAV-CRISPR delivery in the context of pre-existing immunity. While self-

deleting systems may prove to be successful in dividing cells such as hepatocytes, 
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immune recognition in post-mitotic cells may prove to be challenging, as any 

remaining levels of Cas9 may lead to permanent tissue damage. 

As suggested in the discussion of Chapter 3, other alternatives to evading the 

immune system may prove to be beneficial for using AAV-CRISPR for in vivo gene 

editing. However, one consequence of introducing a transgene in the context of a 

nuclease induced double-strand break is the high levels of HITI within the genome, 

as shown in Chapter 4. Incorrect integration of an AAV donor template may cause 

for incorrect expression of the gene of interest. However, a more dangerous 

consequence could be the integration of highly active Pol-II promoters which may 

have diverse functional outcomes. While AAV integration into the genome has been 

well documented over the years, there are currently no viable strategies for 

mitigating this effect.  

One interesting approach for removal of transgenes may be to utilize the Rep 

protein. One of the functions of Rep is to act as a nickase at the terminal resolution 

site, or trs 263 (Figure 5.1). This was demonstrated by McCarty and Samulski in 

2001 to direct the generation of self-complementary AAVs by eliminating the “d” 

domain of the ITR, which stops Rep from nicking the ITR 264. Evolving the Rep 

protein to no longer replicate the transgene, but still bind and nick the ITR could 

potentially be a viable strategy for removal of AAV transgenes.   
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Adapted from Figure 1 in Young S et al Adeno-associated virus (AAV) site-specific 
recombination does not require a Rep-dependent origin of replication within the AAV 
terminal repeat. Proc. Natl. Acad. Sci. U. S. A. (2001). doi:10.1073/pnas.241508998 

 

While challenges still remain, AAV-CRISPR is, as of the writing of this 

dissertation, the most viable method for somatic cell gene editing. Continued efforts 

to reduce off-target cutting, immunogenicity, and transgene integration are critical 

aspects for developing an effective, permanent, and above all, safe method for 

somatic cell gene editing.  

 

Figure 5.1 Key structural elements of the AAV ITR 263 
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Notes 

The work in Chapter 2 was adapted from the following manuscript,  

Li A, Lee CM, Hurley AE, et al. A Self-Deleting AAV-CRISPR System for In Vivo 

Genome Editing. Mol Ther - Methods Clin Dev. 2019;12(March):111-122. 

doi:10.1016/j.omtm.2018.11.009 

  

 The work in Chapter 3 was adapted from the following manuscript,  

Li, A, Tanner MR, Lee CM, et al. AAV-CRISPR Gene Editing Is Negated by Pre-existing 

Immunity to Cas9. Mol. Ther. 2020;28(June) 1432-1441 

https://doi.org/10.1016/j.ymthe.2020.04.017 

 

 The work in Chapter 4 was adapted from the following sources,  

Li A, Lee CM, Hurley AE, et al. A Self-Deleting AAV-CRISPR System for In Vivo 

Genome Editing. Mol Ther - Methods Clin Dev. 2019;12(March):111-122. 

doi:10.1016/j.omtm.2018.11.009 

De Giorgi M, Li A, Hurley AE, et al. Apoa1, a safe harbor locus for therapeutic genome 

editing in the liver Under Review 
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Appendix A 

List of Plasmids Used 

1. 1313_pAAV-U6-SA-BbsI-MluI-gRNA-HLP-SACas9-HA-OLLAS-spA 6967 

bp 

2. 1476_pAAV-spacer-U6-SA-mMttp-gRNA-N21-HLP-SACas9-spA 6977 

bp 

3. 1162_pAAV-HLP-EmGFP-spA 3958 bp 

4. 1518_pAAV-U6-SA-EmGFP-gRNA-HLP-SACas9-HA-OLLAS-spA 6966 bp 

5. 1530_pAAV-U6-SA-BbsI-MluI-gRNA-HLP-EmGFP-spA 4354 bp 

6. 1531_pAAV-U6-SA-Self1-gRNA-HLP-EmGFP-spA 4353 bp 

7. 1601_pAAV-U6-SA-Self5-gRNA-HLP-EmGFP-spA 4354 bp 

8. 1377_AAV8-U6-SA-ApoE-Exon2-gRNA1-CB-SACas9-HA-OLLAS-spA 

7165 bp 

9. 1647_pGL4.51 TLV41 SSA-Luc cloning vector_Circular 6727 bp 

 

FASTA Sequences 

> 1313_pAAV-U6-SA-BbsI-MluI-gRNA-HLP-SACas9-HA-OLLAS-spA 6967 bp 

CAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTTTGG

TCGCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTT

CCTTGTAGTTAATGATTAACCCGCCATGCTACTTATCTACGTAGCCATGCTCTGGTGTACAAAAA

AGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCAAGGTCGGGCAGGAAGAGGGC

CTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTAGAAT

TAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTG

GGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAG

TATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGGTCTTCACGCGTGAA

GACCAGTTTTAGTACTCTGGAAACAGAATCTACTAAAACAAGGCAAAATGCCGTGTTTATCTCGT

CAACTTGTTGGCGAGATTTTTTTCTAGAAAGCTTTGTTTGCTGCTTGCAATGTTTGCCCATTTTA

GGGTGGACACAGGACGCTGTGGTTTCTGAGCCAGGGGGCGACTCAGATCCCAGCCAGTGGACTTA

GCCCCTGTTTGCTCCTCCGATAACTGGGGTGACCTTGGTTAATATTCACCAGCAGCCTCCCCCGT

TGCCCCTCTGGATCCACTGCTTAAATACGGACGAGGACAGGGCCCTGTCTCCTCAGCTTCAGGCA

CCACCACTGACCTGGGACAGTGAATCACCGGTGCCACCATGGCCCCAAAGAAGAAGCGGAAGGTC

GGTATCCACGGAGTCCCAGCAGCCAAGCGGAACTACATCCTGGGCCTGGACATCGGCATCACCAG

CGTGGGCTACGGCATCATCGACTACGAGACACGGGACGTGATCGATGCCGGCGTGCGGCTGTTCA

AAGAGGCCAACGTGGAAAACAACGAGGGCAGGCGGAGCAAGAGAGGCGCCAGAAGGCTGAAGCGG

CGGAGGCGGCATAGAATCCAGAGAGTGAAGAAGCTGCTGTTCGACTACAACCTGCTGACCGACCA

CAGCGAGCTGAGCGGCATCAACCCCTACGAGGCCAGAGTGAAGGGCCTGAGCCAGAAGCTGAGCG

AGGAAGAGTTCTCTGCCGCCCTGCTGCACCTGGCCAAGAGAAGAGGCGTGCACAACGTGAACGAG

GTGGAAGAGGACACCGGCAACGAGCTGTCCACCAAAGAGCAGATCAGCCGGAACAGCAAGGCCCT
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GGAAGAGAAATACGTGGCCGAACTGCAGCTGGAACGGCTGAAGAAAGACGGCGAAGTGCGGGGCA

GCATCAACAGATTCAAGACCAGCGACTACGTGAAAGAAGCCAAACAGCTGCTGAAGGTGCAGAAG

GCCTACCACCAGCTGGACCAGAGCTTCATCGACACCTACATCGACCTGCTGGAAACCCGGCGGAC

CTACTATGAGGGACCTGGCGAGGGCAGCCCCTTCGGCTGGAAGGACATCAAAGAATGGTACGAGA

TGCTGATGGGCCACTGCACCTACTTCCCCGAGGAACTGCGGAGCGTGAAGTACGCCTACAACGCC

GACCTGTACAACGCCCTGAACGACCTGAACAATCTCGTGATCACCAGGGACGAGAACGAGAAGCT

GGAATATTACGAGAAGTTCCAGATCATCGAGAACGTGTTCAAGCAGAAGAAGAAGCCCACCCTGA

AGCAGATCGCCAAAGAAATCCTCGTGAACGAAGAGGATATTAAGGGCTACAGAGTGACCAGCACC

GGCAAGCCCGAGTTCACCAACCTGAAGGTGTACCACGACATCAAGGACATTACCGCCCGGAAAGA

GATTATTGAGAACGCCGAGCTGCTGGATCAGATTGCCAAGATCCTGACCATCTACCAGAGCAGCG

AGGACATCCAGGAAGAACTGACCAATCTGAACTCCGAGCTGACCCAGGAAGAGATCGAGCAGATC

TCTAATCTGAAGGGCTATACCGGCACCCACAACCTGAGCCTGAAGGCCATCAACCTGATCCTGGA

CGAGCTGTGGCACACCAACGACAACCAGATCGCTATCTTCAACCGGCTGAAGCTGGTGCCCAAGA

AGGTGGACCTGTCCCAGCAGAAAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGAGCCCC

GTCGTGAAGAGAAGCTTCATCCAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTACGGCCT

GCCCAACGACATCATTATCGAGCTGGCCCGCGAGAAGAACTCCAAGGACGCCCAGAAAATGATCA

ACGAGATGCAGAAGCGGAACCGGCAGACCAACGAGCGGATCGAGGAAATCATCCGGACCACCGGC

AAAGAGAACGCCAAGTACCTGATCGAGAAGATCAAGCTGCACGACATGCAGGAAGGCAAGTGCCT

GTACAGCCTGGAAGCCATCCCTCTGGAAGATCTGCTGAACAACCCCTTCAACTATGAGGTGGACC

ACATCATCCCCAGAAGCGTGTCCTTCGACAACAGCTTCAACAACAAGGTGCTCGTGAAGCAGGAA

GAAAACAGCAAGAAGGGCAACCGGACCCCATTCCAGTACCTGAGCAGCAGCGACAGCAAGATCAG

CTACGAAACCTTCAAGAAGCACATCCTGAATCTGGCCAAGGGCAAGGGCAGAATCAGCAAGACCA

AGAAAGAGTATCTGCTGGAAGAACGGGACATCAACAGGTTCTCCGTGCAGAAAGACTTCATCAAC

CGGAACCTGGTGGATACCAGATACGCCACCAGAGGCCTGATGAACCTGCTGCGGAGCTACTTCAG

AGTGAACAACCTGGACGTGAAAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTCTGCGGCGGA

AGTGGAAGTTTAAGAAAGAGCGGAACAAGGGGTACAAGCACCACGCCGAGGACGCCCTGATCATT

GCCAACGCCGATTTCATCTTCAAAGAGTGGAAGAAACTGGACAAGGCCAAAAAAGTGATGGAAAA

CCAGATGTTCGAGGAAAAGCAGGCCGAGAGCATGCCCGAGATCGAAACCGAGCAGGAGTACAAAG

AGATCTTCATCACCCCCCACCAGATCAAGCACATTAAGGACTTCAAGGACTACAAGTACAGCCAC

CGGGTGGACAAGAAGCCTAATAGAGAGCTGATTAACGACACCCTGTACTCCACCCGGAAGGACGA

CAAGGGCAACACCCTGATCGTGAACAATCTGAACGGCCTGTACGACAAGGACAATGACAAGCTGA

AAAAGCTGATCAACAAGAGCCCCGAAAAGCTGCTGATGTACCACCACGACCCCCAGACCTACCAG

AAACTGAAGCTGATTATGGAACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTACGAGGA

AACCGGGAACTACCTGACCAAGTACTCCAAAAAGGACAACGGCCCCGTGATCAAGAAGATTAAGT

ATTACGGCAACAAACTGAACGCCCATCTGGACATCACCGACGACTACCCCAACAGCAGAAACAAG

GTCGTGAAGCTGTCCCTGAAGCCCTACAGATTCGACGTGTACCTGGACAATGGCGTGTACAAGTT

CGTGACCGTGAAGAATCTGGATGTGATCAAAAAAGAAAACTACTACGAAGTGAATAGCAAGTGCT

ATGAGGAAGCTAAGAAGCTGAAGAAGATCAGCAACCAGGCCGAGTTTATCGCCTCCTTCTACAAC

AACGATCTGATCAAGATCAACGGCGAGCTGTATAGAGTGATCGGCGTGAACAACGACCTGCTGAA

CCGGATCGAAGTGAACATGATCGACATCACCTACCGCGAGTACCTGGAAAACATGAACGACAAGA

GGCCCCCCAGGATCATTAAGACAATCGCCTCCAAGACCCAGAGCATTAAGAAGTACAGCACAGAC

ATTCTGGGCAACCTGTATGAAGTGAAATCTAAGAAGCACCCTCAGATCATCAAAAAGGGCAAAAG

GCCGGCGGCCACGAAAAAGGCCGGCCAGGCAAAAAAGAAAAAGGGATCCTACCCATACGATGTTC

CAGATTACGCTAGCGGCTTCGCCAACGAGCTTGGACCCAGGTTGATGGGAAAGTAAGAATTCCTA
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GAGCGAATAAAAGATCTTTATTTTCATTAGATCTGTGTGTTGGTTTTTTGTGTGATGCAGCTACG

TAGATAAGTAGCATGGCGGGTTAATCATTAACTACAAGGAACCCCTAGTGATGGAGTTGGCCACT

CCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTT

TGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGCTGCATTAATGAATCGGCCAACGCGCGGG

GAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCG

TTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGG

GATAACGCAGGAAAGAACATGTGAGCAAAACCGCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGC

GTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTC

AGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTG

CGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGT

GGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGG

GCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAG

TCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGC

GAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGA

CAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGA

TCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAG

AAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAA

ACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAAT

TAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATG

CTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCC

CCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCG

CGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCG

CAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAG

TAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTACCATTACTACAGGCATCGTGGTGTCA

CGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATC

CCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGG

CCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTA

AGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACC

GAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGC

TCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCACTATTGAGATCCAGT

TCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGG

GTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAA

TACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGA

TACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAGAT

GCCACCTGAAATTATAAACGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCT

CATTTTTTAACCAATAGGCCGAAATCGGAAAAATCCCTTATAAATCAAAAGAATAGACCGAGATA

GGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTGAGGAACGTGAACTCCAGCGTCAA

AGGGCGAAAAACCGTCTATCGGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTT

TGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGA

CGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGC

GCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTAC

AGGGCGCGTCCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCT

TCGCTATTACGC 
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> 1476_pAAV-spacer-U6-SA-mMttp-gRNA-N21-HLP-SACas9-spA 6977 bp 

CAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTTTGG

TCGCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTT

CCTTGTAGTTAATGATTAACCCGCCATGCTACTTATCTACGTAGCCATGCTCTGGTGTTTGCTGC

TTGCAATGTTTGCCCATTTTAGGGTGGACACAGGACGCTGTGGTTTCTGAGCCAGGGGGCGACTC

AGATCCCAGCCAGTGGACTTAGCCCCTGTTTGCTCCTCCGATAACTGGGGTGACCTTGGTTAATA

TTCACCAGCAGCCTCCCCCGTTGCCCCTCTGGATCCACTGCTTAAATACGGACGAGGACAGGGCC

CTGTCTCCTCAGCTTCAGGCACCACCACTGACCTGGGACAGTGAATCTCTAGAGAATTCACCATG

GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGT

AAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCC

TGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTCACC

TACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGC

CATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCC

GCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTC

AAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATAT

CACCGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACG

GCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTG

CCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCA

CATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGT

AAGCTAGCAAGCTTGGTACCCTTAAGACGCGTGCGGCCGCACCGGTTCGCGAATAAAAGATCTTT

ATTTTCATTAGATCTGTGTGTTGGTTTTTTGTGTGATGCAGCTACGTAGATAAGTAGCATGGCGG

GTTAATCATTAACTACAAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGCTCGCT

CGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTG

AGCGAGCGAGCGCGCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTT

GCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGG

TTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCT

TCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTT

CCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTG

GGCCATCGCCCCGATAGACGGTTTTTCGCCCTTTGACGCTGGAGTTCACGTTCCTCAATAGTGGA

CTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGAT

TTTTCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTA

ACAAAATATTAACGTTTATAATTTCAGGTGGCATCTTTCGGGGAAATGTGCGCGGAACCCCTATT

TGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCT

TCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTT

TTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAA

GATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAATAGTGGTAAGATCCTTGAGAG

TTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTAT

TATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTG

GTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAG

TGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGA
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AGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCG

GAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGTAATGGTAACAAC

GTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGA

TGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCT

GATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAA

GCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGAC

AGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATAT

ATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGA

TAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAA

AGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAA

CCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAAC

TGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACT

TCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCC

AGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCG

GTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGA

GATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTAT

CCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTA

TCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAG

GGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGC

GGTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTT

TGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAG

CGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATG  

> 1162_pAAV-HLP-EmGFP-spA 3958 bp 

CAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTTTGG

TCGCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTT

CCTTGTAGTTAATGATTAACCCGCCATGCTACTTATCTACGTAGCCATGCTCTGGTGTTTGCTGC

TTGCAATGTTTGCCCATTTTAGGGTGGACACAGGACGCTGTGGTTTCTGAGCCAGGGGGCGACTC

AGATCCCAGCCAGTGGACTTAGCCCCTGTTTGCTCCTCCGATAACTGGGGTGACCTTGGTTAATA

TTCACCAGCAGCCTCCCCCGTTGCCCCTCTGGATCCACTGCTTAAATACGGACGAGGACAGGGCC

CTGTCTCCTCAGCTTCAGGCACCACCACTGACCTGGGACAGTGAATCTCTAGAGAATTCACCATG

GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGT

AAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCC

TGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTCACC

TACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGC

CATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCC

GCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTC

AAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATAT

CACCGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACG

GCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTG

CCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCA

CATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGT

AAGCTAGCAAGCTTGGTACCCTTAAGACGCGTGCGGCCGCACCGGTTCGCGAATAAAAGATCTTT
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ATTTTCATTAGATCTGTGTGTTGGTTTTTTGTGTGATGCAGCTACGTAGATAAGTAGCATGGCGG

GTTAATCATTAACTACAAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGCTCGCT

CGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTG

AGCGAGCGAGCGCGCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTT

GCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGG

TTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCT

TCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTT

CCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTG

GGCCATCGCCCCGATAGACGGTTTTTCGCCCTTTGACGCTGGAGTTCACGTTCCTCAATAGTGGA

CTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGAT

TTTTCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTA

ACAAAATATTAACGTTTATAATTTCAGGTGGCATCTTTCGGGGAAATGTGCGCGGAACCCCTATT

TGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCT

TCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTT

TTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAA

GATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAATAGTGGTAAGATCCTTGAGAG

TTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTAT

TATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTG

GTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAG

TGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGA

AGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCG

GAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGTAATGGTAACAAC

GTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGA

TGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCT

GATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAA

GCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGAC

AGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATAT

ATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGA

TAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAA

AGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAA

CCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAAC

TGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACT

TCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCC

AGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCG

GTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGA

GATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTAT

CCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTA

TCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAG

GGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGC

GGTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTT

TGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAG

CGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATG 

> 1518_pAAV-U6-SA-EmGFP-gRNA-HLP-SACas9-HA-OLLAS-spA 6966 bp 
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CAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTTTGG

TCGCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTT

CCTTGTAGTTAATGATTAACCCGCCATGCTACTTATCTACGTAGCCATGCTCTGGTGTACAAAAA

AGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCAAGGTCGGGCAGGAAGAGGGC

CTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTAGAAT

TAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTG

GGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAG

TATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGGGTCTTTGCTCAGGG

CGGAGTTTTAGTACTCTGGAAACAGAATCTACTAAAACAAGGCAAAATGCCGTGTTTATCTCGTC

AACTTGTTGGCGAGATTTTTTTCTAGAAAGCTTTGTTTGCTGCTTGCAATGTTTGCCCATTTTAG

GGTGGACACAGGACGCTGTGGTTTCTGAGCCAGGGGGCGACTCAGATCCCAGCCAGTGGACTTAG

CCCCTGTTTGCTCCTCCGATAACTGGGGTGACCTTGGTTAATATTCACCAGCAGCCTCCCCCGTT

GCCCCTCTGGATCCACTGCTTAAATACGGACGAGGACAGGGCCCTGTCTCCTCAGCTTCAGGCAC

CACCACTGACCTGGGACAGTGAATCACCGGTGCCACCATGGCCCCAAAGAAGAAGCGGAAGGTCG

GTATCCACGGAGTCCCAGCAGCCAAGCGGAACTACATCCTGGGCCTGGACATCGGCATCACCAGC

GTGGGCTACGGCATCATCGACTACGAGACACGGGACGTGATCGATGCCGGCGTGCGGCTGTTCAA

AGAGGCCAACGTGGAAAACAACGAGGGCAGGCGGAGCAAGAGAGGCGCCAGAAGGCTGAAGCGGC

GGAGGCGGCATAGAATCCAGAGAGTGAAGAAGCTGCTGTTCGACTACAACCTGCTGACCGACCAC

AGCGAGCTGAGCGGCATCAACCCCTACGAGGCCAGAGTGAAGGGCCTGAGCCAGAAGCTGAGCGA

GGAAGAGTTCTCTGCCGCCCTGCTGCACCTGGCCAAGAGAAGAGGCGTGCACAACGTGAACGAGG

TGGAAGAGGACACCGGCAACGAGCTGTCCACCAAAGAGCAGATCAGCCGGAACAGCAAGGCCCTG

GAAGAGAAATACGTGGCCGAACTGCAGCTGGAACGGCTGAAGAAAGACGGCGAAGTGCGGGGCAG

CATCAACAGATTCAAGACCAGCGACTACGTGAAAGAAGCCAAACAGCTGCTGAAGGTGCAGAAGG

CCTACCACCAGCTGGACCAGAGCTTCATCGACACCTACATCGACCTGCTGGAAACCCGGCGGACC

TACTATGAGGGACCTGGCGAGGGCAGCCCCTTCGGCTGGAAGGACATCAAAGAATGGTACGAGAT

GCTGATGGGCCACTGCACCTACTTCCCCGAGGAACTGCGGAGCGTGAAGTACGCCTACAACGCCG

ACCTGTACAACGCCCTGAACGACCTGAACAATCTCGTGATCACCAGGGACGAGAACGAGAAGCTG

GAATATTACGAGAAGTTCCAGATCATCGAGAACGTGTTCAAGCAGAAGAAGAAGCCCACCCTGAA

GCAGATCGCCAAAGAAATCCTCGTGAACGAAGAGGATATTAAGGGCTACAGAGTGACCAGCACCG

GCAAGCCCGAGTTCACCAACCTGAAGGTGTACCACGACATCAAGGACATTACCGCCCGGAAAGAG

ATTATTGAGAACGCCGAGCTGCTGGATCAGATTGCCAAGATCCTGACCATCTACCAGAGCAGCGA

GGACATCCAGGAAGAACTGACCAATCTGAACTCCGAGCTGACCCAGGAAGAGATCGAGCAGATCT

CTAATCTGAAGGGCTATACCGGCACCCACAACCTGAGCCTGAAGGCCATCAACCTGATCCTGGAC

GAGCTGTGGCACACCAACGACAACCAGATCGCTATCTTCAACCGGCTGAAGCTGGTGCCCAAGAA

GGTGGACCTGTCCCAGCAGAAAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGAGCCCCG

TCGTGAAGAGAAGCTTCATCCAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTACGGCCTG

CCCAACGACATCATTATCGAGCTGGCCCGCGAGAAGAACTCCAAGGACGCCCAGAAAATGATCAA

CGAGATGCAGAAGCGGAACCGGCAGACCAACGAGCGGATCGAGGAAATCATCCGGACCACCGGCA

AAGAGAACGCCAAGTACCTGATCGAGAAGATCAAGCTGCACGACATGCAGGAAGGCAAGTGCCTG

TACAGCCTGGAAGCCATCCCTCTGGAAGATCTGCTGAACAACCCCTTCAACTATGAGGTGGACCA

CATCATCCCCAGAAGCGTGTCCTTCGACAACAGCTTCAACAACAAGGTGCTCGTGAAGCAGGAAG

AAAACAGCAAGAAGGGCAACCGGACCCCATTCCAGTACCTGAGCAGCAGCGACAGCAAGATCAGC

TACGAAACCTTCAAGAAGCACATCCTGAATCTGGCCAAGGGCAAGGGCAGAATCAGCAAGACCAA

GAAAGAGTATCTGCTGGAAGAACGGGACATCAACAGGTTCTCCGTGCAGAAAGACTTCATCAACC
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GGAACCTGGTGGATACCAGATACGCCACCAGAGGCCTGATGAACCTGCTGCGGAGCTACTTCAGA

GTGAACAACCTGGACGTGAAAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTCTGCGGCGGAA

GTGGAAGTTTAAGAAAGAGCGGAACAAGGGGTACAAGCACCACGCCGAGGACGCCCTGATCATTG

CCAACGCCGATTTCATCTTCAAAGAGTGGAAGAAACTGGACAAGGCCAAAAAAGTGATGGAAAAC

CAGATGTTCGAGGAAAAGCAGGCCGAGAGCATGCCCGAGATCGAAACCGAGCAGGAGTACAAAGA

GATCTTCATCACCCCCCACCAGATCAAGCACATTAAGGACTTCAAGGACTACAAGTACAGCCACC

GGGTGGACAAGAAGCCTAATAGAGAGCTGATTAACGACACCCTGTACTCCACCCGGAAGGACGAC

AAGGGCAACACCCTGATCGTGAACAATCTGAACGGCCTGTACGACAAGGACAATGACAAGCTGAA

AAAGCTGATCAACAAGAGCCCCGAAAAGCTGCTGATGTACCACCACGACCCCCAGACCTACCAGA

AACTGAAGCTGATTATGGAACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTACGAGGAA

ACCGGGAACTACCTGACCAAGTACTCCAAAAAGGACAACGGCCCCGTGATCAAGAAGATTAAGTA

TTACGGCAACAAACTGAACGCCCATCTGGACATCACCGACGACTACCCCAACAGCAGAAACAAGG

TCGTGAAGCTGTCCCTGAAGCCCTACAGATTCGACGTGTACCTGGACAATGGCGTGTACAAGTTC

GTGACCGTGAAGAATCTGGATGTGATCAAAAAAGAAAACTACTACGAAGTGAATAGCAAGTGCTA

TGAGGAAGCTAAGAAGCTGAAGAAGATCAGCAACCAGGCCGAGTTTATCGCCTCCTTCTACAACA

ACGATCTGATCAAGATCAACGGCGAGCTGTATAGAGTGATCGGCGTGAACAACGACCTGCTGAAC

CGGATCGAAGTGAACATGATCGACATCACCTACCGCGAGTACCTGGAAAACATGAACGACAAGAG

GCCCCCCAGGATCATTAAGACAATCGCCTCCAAGACCCAGAGCATTAAGAAGTACAGCACAGACA

TTCTGGGCAACCTGTATGAAGTGAAATCTAAGAAGCACCCTCAGATCATCAAAAAGGGCAAAAGG

CCGGCGGCCACGAAAAAGGCCGGCCAGGCAAAAAAGAAAAAGGGATCCTACCCATACGATGTTCC

AGATTACGCTAGCGGCTTCGCCAACGAGCTTGGACCCAGGTTGATGGGAAAGTAAGAATTCCTAG

AGCGAATAAAAGATCTTTATTTTCATTAGATCTGTGTGTTGGTTTTTTGTGTGATGCAGCTACGT

AGATAAGTAGCATGGCGGGTTAATCATTAACTACAAGGAACCCCTAGTGATGGAGTTGGCCACTC

CCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTT

GCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGCTGCATTAATGAATCGGCCAACGCGCGGGG

AGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGT

TCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGG

ATAACGCAGGAAAGAACATGTGAGCAAAACCGCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCG

TTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCA

GAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGC

GCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTG

GCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGG

CTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGT

CCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCG

AGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGAC

AGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGAT

CCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGA

AAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAA

CTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATT

AAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGC

TTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCC

CGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGC

GAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGC

AGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGT
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AAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTACCATTACTACAGGCATCGTGGTGTCAC

GCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCC

CCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGC

CGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAA

GATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCG

AGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCT

CATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCACTATTGAGATCCAGTT

CGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGG

TGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAAT

ACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGAT

ACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAGATG

CCACCTGAAATTATAAACGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTC

ATTTTTTAACCAATAGGCCGAAATCGGAAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAG

GGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTGAGGAACGTGAACTCCAGCGTCAAA

GGGCGAAAAACCGTCTATCGGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTT

GGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGAC

GGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCG

CTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACA

GGGCGCGTCCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTT

CGCTATTACGC 

> 1530_pAAV-U6-SA-BbsI-MluI-gRNA-HLP-EmGFP-spA 4354 bp 

CAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTTTGG

TCGCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTT

CCTTGTAGTTAATGATTAACCCGCCATGCTACTTATCTACGTAGCCATGCTCTGGTGTACAAAAA

AGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCAAGGTCGGGCAGGAAGAGGGC

CTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTAGAAT

TAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTG

GGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAG

TATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGGTCTTCACGCGTGAA

GACCAGTTTTAGTACTCTGGAAACAGAATCTACTAAAACAAGGCAAAATGCCGTGTTTATCTCGT

CAACTTGTTGGCGAGATTTTTTTCTAGAAAGCTTTGTTTGCTGCTTGCAATGTTTGCCCATTTTA

GGGTGGACACAGGACGCTGTGGTTTCTGAGCCAGGGGGCGACTCAGATCCCAGCCAGTGGACTTA

GCCCCTGTTTGCTCCTCCGATAACTGGGGTGACCTTGGTTAATATTCACCAGCAGCCTCCCCCGT

TGCCCCTCTGGATCCACTGCTTAAATACGGACGAGGACAGGGCCCTGTCTCCTCAGCTTCAGGCA

CCACCACTGACCTGGGACAGTGAATCACCGGTGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTC

ACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTC

CGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCA

AGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTCACCTACGGCGTGCAGTGCTTCGCCCGC

TACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGA

GCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCG

ACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGG

CACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAGCAGAAGAACGG
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CATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACT

ACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACC

CAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGAC

CGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGAATTCCTAGAGCGAATAAAAG

ATCTTTATTTTCATTAGATCTGTGTGTTGGTTTTTTGTGTGATGCAGCTACGTAGATAAGTAGCA

TGGCGGGTTAATCATTAACTACAAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCG

CTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCC

TCAGTGAGCGAGCGAGCGCGCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTG

CGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCG

AGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAA

AGAACATGTGAGCAAAACCGCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTT

TTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAA

CCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTC

CGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAT

AGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGA

ACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAA

GACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGC

GGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTAT

CTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAA

CCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCT

CAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGG

GATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTT

TTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAG

GCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGAT

AACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT

CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCT

GCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCC

AGTTAATAGTTTGCGCAACGTTGTTACCATTACTACAGGCATCGTGGTGTCACGCTCGTCGTTTG

GTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGC

AAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATC

ACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTG

TGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGC

CCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAA

ACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCACTATTGAGATCCAGTTCGATGTAACCCA

CTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACA

GGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTT

CCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAAT

GTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAGATGCCACCTGAAATT

ATAAACGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCA

ATAGGCCGAAATCGGAAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTG

TTCCAGTTTGGAACAAGAGTCCACTATTGAGGAACGTGAACTCCAGCGTCAAAGGGCGAAAAACC

GTCTATCGGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTG

CCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGG

CGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTA
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GCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCCA

TTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGC 

> 1531_pAAV-U6-SA-Self1-gRNA-HLP-EmGFP-spA 4353 bp 

CAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTTTGG

TCGCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTT

CCTTGTAGTTAATGATTAACCCGCCATGCTACTTATCTACGTAGCCATGCTCTGGTGTACAAAAA

AGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCAAGGTCGGGCAGGAAGAGGGC

CTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTAGAAT

TAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTG

GGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAG

TATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGTGATGCCGATGTCCA

GGCCGTTTTAGTACTCTGGAAACAGAATCTACTAAAACAAGGCAAAATGCCGTGTTTATCTCGTC

AACTTGTTGGCGAGATTTTTTTCTAGAAAGCTTTGTTTGCTGCTTGCAATGTTTGCCCATTTTAG

GGTGGACACAGGACGCTGTGGTTTCTGAGCCAGGGGGCGACTCAGATCCCAGCCAGTGGACTTAG

CCCCTGTTTGCTCCTCCGATAACTGGGGTGACCTTGGTTAATATTCACCAGCAGCCTCCCCCGTT

GCCCCTCTGGATCCACTGCTTAAATACGGACGAGGACAGGGCCCTGTCTCCTCAGCTTCAGGCAC

CACCACTGACCTGGGACAGTGAATCACCGGTGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCA

CCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCC

GGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAA

GCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTCACCTACGGCGTGCAGTGCTTCGCCCGCT

ACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAG

CGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGA

CACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGC

ACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAGCAGAAGAACGGC

ATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTA

CCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCC

AGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACC

GCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGAATTCCTAGAGCGAATAAAAGA

TCTTTATTTTCATTAGATCTGTGTGTTGGTTTTTTGTGTGATGCAGCTACGTAGATAAGTAGCAT

GGCGGGTTAATCATTAACTACAAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGC

TCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCT

CAGTGAGCGAGCGAGCGCGCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGC

GTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGA

GCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAA

GAACATGTGAGCAAAACCGCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTT

TCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAAC

CCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCC

GACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATA

GCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAA

CCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAG

ACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCG

GTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATC
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TGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAAC

CACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTC

AAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGG

ATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTT

TAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGG

CACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATA

ACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTC

ACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTG

CAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCA

GTTAATAGTTTGCGCAACGTTGTTACCATTACTACAGGCATCGTGGTGTCACGCTCGTCGTTTGG

TATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCA

AAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCA

CTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGT

GACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCC

CGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAA

CGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCACTATTGAGATCCAGTTCGATGTAACCCAC

TCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAG

GAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTC

CTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATG

TATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAGATGCCACCTGAAATTA

TAAACGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAA

TAGGCCGAAATCGGAAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGT

TCCAGTTTGGAACAAGAGTCCACTATTGAGGAACGTGAACTCCAGCGTCAAAGGGCGAAAAACCG

TCTATCGGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGC

CGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGC

GAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAG

CGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCCAT

TCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGC 

> 1601_pAAV-U6-SA-Self5-gRNA-HLP-EmGFP-spA 4354 bp 

 

CAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTTTGG

TCGCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTT

CCTTGTAGTTAATGATTAACCCGCCATGCTACTTATCTACGTAGCCATGCTCTGGTGTACAAAAA

AGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCAAGGTCGGGCAGGAAGAGGGC

CTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTAGAAT

TAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTG

GGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAG

TATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGAGGTCCCTCATAGTAG

GTCCGGTTTTAGTACTCTGGAAACAGAATCTACTAAAACAAGGCAAAATGCCGTGTTTATCTCGT

CAACTTGTTGGCGAGATTTTTTTCTAGAAAGCTTTGTTTGCTGCTTGCAATGTTTGCCCATTTTA

GGGTGGACACAGGACGCTGTGGTTTCTGAGCCAGGGGGCGACTCAGATCCCAGCCAGTGGACTTA

GCCCCTGTTTGCTCCTCCGATAACTGGGGTGACCTTGGTTAATATTCACCAGCAGCCTCCCCCGT

TGCCCCTCTGGATCCACTGCTTAAATACGGACGAGGACAGGGCCCTGTCTCCTCAGCTTCAGGCA
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CCACCACTGACCTGGGACAGTGAATCACCGGTGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTC

ACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTC

CGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCA

AGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTCACCTACGGCGTGCAGTGCTTCGCCCGC

TACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGA

GCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCG

ACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGG

CACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAGCAGAAGAACGG

CATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACT

ACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACC

CAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGAC

CGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGAATTCCTAGAGCGAATAAAAG

ATCTTTATTTTCATTAGATCTGTGTGTTGGTTTTTTGTGTGATGCAGCTACGTAGATAAGTAGCA

TGGCGGGTTAATCATTAACTACAAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCG

CTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCC

TCAGTGAGCGAGCGAGCGCGCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTG

CGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCG

AGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAA

AGAACATGTGAGCAAAACCGCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTT

TTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAA

CCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTC

CGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAT

AGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGA

ACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAA

GACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGC

GGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTAT

CTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAA

CCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCT

CAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGG

GATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTT

TTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAG

GCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGAT

AACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCT

CACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCT

GCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCC

AGTTAATAGTTTGCGCAACGTTGTTACCATTACTACAGGCATCGTGGTGTCACGCTCGTCGTTTG

GTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGC

AAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATC

ACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTG

TGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGC

CCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAA

ACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCACTATTGAGATCCAGTTCGATGTAACCCA

CTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACA

GGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTT
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CCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAAT

GTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAGATGCCACCTGAAATT

ATAAACGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCA

ATAGGCCGAAATCGGAAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTG

TTCCAGTTTGGAACAAGAGTCCACTATTGAGGAACGTGAACTCCAGCGTCAAAGGGCGAAAAACC

GTCTATCGGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTG

CCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGG

CGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTA

GCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCCA

TTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGC 

 

> 1377_AAV8-U6-SA-ApoE-Exon2-gRNA1-CB-SACas9-HA-OLLAS-spA 7165 bp 

 

CAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTTTGG

TCGCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTT

CCTTGTAGTTAATGATTAACCCGCCATGCTACTTATCTACGTAGCCATGCTCTGGTGTACAAAAA

AGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCAAGGTCGGGCAGGAAGAGGGC

CTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTAGAAT

TAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTG

GGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAG

TATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGAGCAGGCCCTGAACC

GCTTCGTTTTAGTACTCTGGAAACAGAATCTACTAAAACAAGGCAAAATGCCGTGTTTATCTCGT

CAACTTGTTGGCGAGATTTTTTTCTAGACCCAGCTTTCAAGCTTGATTAACCCGCCATGCTACTT

ATCTACGTAGCCATGCTCTAGGAAGATCGGAATTCGCCCTTAAGCTAGTATGCCAAGTACGCCCC

CTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGAC

TTTCCTACTTGGCAGTACATCTACTCGAGGCCACGTTCTGCTTCACTCTCCCCATCTCCCCCCCC

TCCCCACCCCCAATTTTGTATTTATTTATTTTTTAATTATTTTGTGCAGCGATGGGGGCGAGGGG

CGGGGCGGGGCGAGGCGGAGAGGTGCGGCGGCAGCCAATCAGAGCGGCGCGCTCCGAAAGTTTCC

TTTTATGGCGAGGCGGCGGCGGCGGCGGCCCTATAAAAAGCGAAGCGCGCGGCGGGCGGGAGCGG

GATCAGAATGATCTGATATCATCGATGAATTCGAGCTCACCATGGCCCCAAAGAAGAAGCGGAAG

GTCGGTATCCACGGAGTCCCAGCAGCCAAGCGGAACTACATCCTGGGCCTGGACATCGGCATCAC

CAGCGTGGGCTACGGCATCATCGACTACGAGACACGGGACGTGATCGATGCCGGCGTGCGGCTGT

TCAAAGAGGCCAACGTGGAAAACAACGAGGGCAGGCGGAGCAAGAGAGGCGCCAGAAGGCTGAAG

CGGCGGAGGCGGCATAGAATCCAGAGAGTGAAGAAGCTGCTGTTCGACTACAACCTGCTGACCGA

CCACAGCGAGCTGAGCGGCATCAACCCCTACGAGGCCAGAGTGAAGGGCCTGAGCCAGAAGCTGA

GCGAGGAAGAGTTCTCTGCCGCCCTGCTGCACCTGGCCAAGAGAAGAGGCGTGCACAACGTGAAC

GAGGTGGAAGAGGACACCGGCAACGAGCTGTCCACCAAAGAGCAGATCAGCCGGAACAGCAAGGC

CCTGGAAGAGAAATACGTGGCCGAACTGCAGCTGGAACGGCTGAAGAAAGACGGCGAAGTGCGGG

GCAGCATCAACAGATTCAAGACCAGCGACTACGTGAAAGAAGCCAAACAGCTGCTGAAGGTGCAG

AAGGCCTACCACCAGCTGGACCAGAGCTTCATCGACACCTACATCGACCTGCTGGAAACCCGGCG

GACCTACTATGAGGGACCTGGCGAGGGCAGCCCCTTCGGCTGGAAGGACATCAAAGAATGGTACG

AGATGCTGATGGGCCACTGCACCTACTTCCCCGAGGAACTGCGGAGCGTGAAGTACGCCTACAAC
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GCCGACCTGTACAACGCCCTGAACGACCTGAACAATCTCGTGATCACCAGGGACGAGAACGAGAA

GCTGGAATATTACGAGAAGTTCCAGATCATCGAGAACGTGTTCAAGCAGAAGAAGAAGCCCACCC

TGAAGCAGATCGCCAAAGAAATCCTCGTGAACGAAGAGGATATTAAGGGCTACAGAGTGACCAGC

ACCGGCAAGCCCGAGTTCACCAACCTGAAGGTGTACCACGACATCAAGGACATTACCGCCCGGAA

AGAGATTATTGAGAACGCCGAGCTGCTGGATCAGATTGCCAAGATCCTGACCATCTACCAGAGCA

GCGAGGACATCCAGGAAGAACTGACCAATCTGAACTCCGAGCTGACCCAGGAAGAGATCGAGCAG

ATCTCTAATCTGAAGGGCTATACCGGCACCCACAACCTGAGCCTGAAGGCCATCAACCTGATCCT

GGACGAGCTGTGGCACACCAACGACAACCAGATCGCTATCTTCAACCGGCTGAAGCTGGTGCCCA

AGAAGGTGGACCTGTCCCAGCAGAAAGAGATCCCCACCACCCTGGTGGACGACTTCATCCTGAGC

CCCGTCGTGAAGAGAAGCTTCATCCAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTACGG

CCTGCCCAACGACATCATTATCGAGCTGGCCCGCGAGAAGAACTCCAAGGACGCCCAGAAAATGA

TCAACGAGATGCAGAAGCGGAACCGGCAGACCAACGAGCGGATCGAGGAAATCATCCGGACCACC

GGCAAAGAGAACGCCAAGTACCTGATCGAGAAGATCAAGCTGCACGACATGCAGGAAGGCAAGTG

CCTGTACAGCCTGGAAGCCATCCCTCTGGAAGATCTGCTGAACAACCCCTTCAACTATGAGGTGG

ACCACATCATCCCCAGAAGCGTGTCCTTCGACAACAGCTTCAACAACAAGGTGCTCGTGAAGCAG

GAAGAAAACAGCAAGAAGGGCAACCGGACCCCATTCCAGTACCTGAGCAGCAGCGACAGCAAGAT

CAGCTACGAAACCTTCAAGAAGCACATCCTGAATCTGGCCAAGGGCAAGGGCAGAATCAGCAAGA

CCAAGAAAGAGTATCTGCTGGAAGAACGGGACATCAACAGGTTCTCCGTGCAGAAAGACTTCATC

AACCGGAACCTGGTGGATACCAGATACGCCACCAGAGGCCTGATGAACCTGCTGCGGAGCTACTT

CAGAGTGAACAACCTGGACGTGAAAGTGAAGTCCATCAATGGCGGCTTCACCAGCTTTCTGCGGC

GGAAGTGGAAGTTTAAGAAAGAGCGGAACAAGGGGTACAAGCACCACGCCGAGGACGCCCTGATC

ATTGCCAACGCCGATTTCATCTTCAAAGAGTGGAAGAAACTGGACAAGGCCAAAAAAGTGATGGA

AAACCAGATGTTCGAGGAAAAGCAGGCCGAGAGCATGCCCGAGATCGAAACCGAGCAGGAGTACA

AAGAGATCTTCATCACCCCCCACCAGATCAAGCACATTAAGGACTTCAAGGACTACAAGTACAGC

CACCGGGTGGACAAGAAGCCTAATAGAGAGCTGATTAACGACACCCTGTACTCCACCCGGAAGGA

CGACAAGGGCAACACCCTGATCGTGAACAATCTGAACGGCCTGTACGACAAGGACAATGACAAGC

TGAAAAAGCTGATCAACAAGAGCCCCGAAAAGCTGCTGATGTACCACCACGACCCCCAGACCTAC

CAGAAACTGAAGCTGATTATGGAACAGTACGGCGACGAGAAGAATCCCCTGTACAAGTACTACGA

GGAAACCGGGAACTACCTGACCAAGTACTCCAAAAAGGACAACGGCCCCGTGATCAAGAAGATTA

AGTATTACGGCAACAAACTGAACGCCCATCTGGACATCACCGACGACTACCCCAACAGCAGAAAC

AAGGTCGTGAAGCTGTCCCTGAAGCCCTACAGATTCGACGTGTACCTGGACAATGGCGTGTACAA

GTTCGTGACCGTGAAGAATCTGGATGTGATCAAAAAAGAAAACTACTACGAAGTGAATAGCAAGT

GCTATGAGGAAGCTAAGAAGCTGAAGAAGATCAGCAACCAGGCCGAGTTTATCGCCTCCTTCTAC

AACAACGATCTGATCAAGATCAACGGCGAGCTGTATAGAGTGATCGGCGTGAACAACGACCTGCT

GAACCGGATCGAAGTGAACATGATCGACATCACCTACCGCGAGTACCTGGAAAACATGAACGACA

AGAGGCCCCCCAGGATCATTAAGACAATCGCCTCCAAGACCCAGAGCATTAAGAAGTACAGCACA

GACATTCTGGGCAACCTGTATGAAGTGAAATCTAAGAAGCACCCTCAGATCATCAAAAAGGGCAA

AAGGCCGGCGGCCACGAAAAAGGCCGGCCAGGCAAAAAAGAAAAAGGGATCCTACCCATACGATG

TTCCAGATTACGCTAGCGGCTTCGCCAACGAGCTTGGACCCAGGTTGATGGGAAAGTAAGAATTC

CTAGAGCGAATAAAAGATCTTTATTTTCATTAGATCTGTGTGTTGGTTTTTTGTGTGATGCAGCT

ACGTAGATAAGTAGCATGGCGGGTTAATCATTAACTACAAGGAACCCCTAGTGATGGAGTTGGCC

ACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGG

CTTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGCTGCATTAATGAATCGGCCAACGCGC

GGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGG



 193 
 

193 
 

TCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCA

GGGGATAACGCAGGAAAGAACATGTGAGCAAAACCGCAGCAAAAGGCCAGGAACCGTAAAAAGGC

CGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAA

GTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTC

GTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAG

CGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGC

TGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTT

GAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAG

AGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAA

GGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCT

TGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCG

CAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACG

AAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTA

AATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCA

ATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGAC

TCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATA

CCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGA

GCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTA

GAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTACCATTACTACAGGCATCGTGGTG

TCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATG

ATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGT

TGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCC

GTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCG

ACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAG

TGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCACTATTGAGATCC

AGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTC

TGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTT

GAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGC

GGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAA

GATGCCACCTGAAATTATAAACGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCA

GCTCATTTTTTAACCAATAGGCCGAAATCGGAAAAATCCCTTATAAATCAAAAGAATAGACCGAG

ATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATTGAGGAACGTGAACTCCAGCGT

CAAAGGGCGAAAAACCGTCTATCGGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTT

TTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCT

TGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAG

GGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGC

TACAGGGCGCGTCCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCC

TCTTCGCTATTACGC 

> 1647_PGL4.51 TLV41 SSA-LUC CLONING VECTOR_CIRCULAR 

GGCCTAACTGGCCTCAATATTGGCCATTAGCCATATTATTCATTGGTTATATAGCATAAATCAAT

ATTGGCTATTGGCCATTGCATACGTTGTATCTATATCATAATATGTACATTTATATTGGCTCATG

TCCAATATGACCGCCATGTTGGCATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGT
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CATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGC

TGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAAT

AGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATC

AAGTGTATCATATGCCAAGTCCGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCAT

TATGCCCAGTACATGACCTTACGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGC

TATTACCATGGTGATGCGGTTTTGGCAGTACACCAATGGGCGTGGATAGCGGTTTGACTCACGGG

GATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGAC

TTTCCAAAATGTCGTAATAACCCCGCCCCGTTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGA

GGTCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGATCACTASWAGVHGKWTAKSGGTAGTTA

TCACAGTTAAATTGCTAACGCAGTCAGTGGGCCTCGGCGGCCAAGCTTGGCAATCCNGGTACTGT

TGGTAAAGCCACCATGGAAGATGCCAAAAACATTAAGAAGGGCCCAGCGCCATTCTACCCACTCG

AAGACGGGACCGCCGGCGAGCAGCTGCACAAAGCCATGAAGCGCTACGCCCTGGTGCCCGGCACC

ATCGCCTTTACCGACGCACATATCGAGGTGGACATTACCTACGCCGAGTACTTCGAGATGAGCGT

TCGGCTGGCAGAAGCTATGAAGCGCTATGGGCTGAATACAAACCATCGGATCGTGGTGTGCAGCG

AGAATAGCTTGCAGTTCTTCATGCCCGTGTTGGGTGCCCTGTTCATCGGTGTGGCTGTGGCCCCA

GCTAACGACATCTACAACGAGCGCGAGCTGCTGAACAGCATGGGCATCAGCCAGCCCACCGTCGT

ATTCGTGAGCAAGAAAGGGCTGCAAAAGATCCTCAACGTGCAAAAGAAGCTACCGATCATACAAA

AGATCATCATCATGGATAGCAAGACCGACTACCAGGGCTTCCAAAGCATGTACACCTTCGTGACT

TCCCATTTGCCACCCGGCTTCAACGAGTACGACTTCGTGCCCGAATAATGAGGCGCGACCATCTT

CTTCAAGGACGACGGCGCGCCTGGGATCCTGCAGGTGTGCAGCGAGAATAGCTTGCAGTTCTTCA

TGCCCGTGTTGGGTGCCCTGTTCATCGGTGTGGCTGTGGCCCCAGCTAACGACATCTACAACGAG

CGCGAGCTGCTGAACAGCATGGGCATCAGCCAGCCCACCGTCGTATTCGTGAGCAAGAAAGGGCT

GCAAAAGATCCTCAACGTGCAAAAGAAGCTACCGATCATACAAAAGATCATCATCATGGATAGCA

AGACCGACTACCAGGGCTTCCAAAGCATGTACACCTTCGTGACTTCCCATTTGCCACCCGGCTTC

AACGAGTACGACTTCGTGCCCGAGAGCTTCGACCGGGACAAAACCATCGCCCTGATCATGAACAG

TAGTGGCAGTACCGGATTGCCCAAGGGCGTAGCCCTACCGCACCGCACCGCTTGTGTCCGATTCA

GTCATGCCCGCGACCCCATCTTCGGCAACCAGATCATCCCCGACACCGCTATCCTCAGCGTGGTG

CCATTTCACCACGGCTTCGGCATGTTCACCACGCTGGGCTACTTGATCTGCGGCTTTCGGGTCGT

GCTCATGTACCGCTTCGAGGAGGAGCTATTCTTGCGCAGCTTGCAAGACTATAAGATTCAATCTG

CCCTGCTGGTGCCCACACTATTTAGCTTCTTCGCTAAGAGCACTCTCATCGACAAGTACGACCTA

AGCAACTTGCACGAGATCGCCAGCGGCGGGGCGCCGCTCAGCAAGGAGGTAGGTGAGGCCGTGGC

CAAACGCTTCCACCTACCAGGCATCCGCCAGGGCTACGGCCTGACAGAAACAACCAGCGCCATTC

TGATCACCCCCGAAGGGGACGACAAGCCTGGCGCAGTAGGCAAGGTGGTGCCCTTCTTCGAGGCT

AAGGTGGTGGACTTGGACACCGGTAAGACACTGGGTGTGAACCAGCGCGGCGAGCTGTGCGTCCG

TGGCCCCATGATCATGAGCGGCTACGTTAACAACCCCGAGGCTACAAACGCTCTCATCGACAAGA

CGGCTGGCTGCACAGCGGCGACATCGCCTACTGGGACGAGGACGAGCACTTCTTCATCGTGGACC

GGCTGAAGAGCCTGATCAAATACAAGGGCTACCAGGTAGCCCCAGCCGAACTGGAGAGCATCCTG

CTGCAACACCCCAACATCTTCGACGCCGGGGTCGCCGGCCTGCCCGACGACGATGCCGGCGAGCT

GCCCGCCGCAGTCGTCGTGCTGGAACACGGTAAAACCATGACCGAGAAGGAGATCGTGGACTATG

TGGCCAGCCAGGTTACAACCGCCAAGAAGCTGCGCGGTGGTGTTGTGTTCGTGGACGAGGTGCCT

AAAGGACTGACCGGCAAGTTGGACGCCCGCAAGATCCGCGAGATTCTCATTAAGGCCAAGAAGGG

CGGCAAGATCGCCGTGTAATAATTCTAGAGTCGGGGCGGCCGGCCGCTTCGAGCAGACATGATAA

GATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAA

ATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAA
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TTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTTAAAGCAAGTAAAACC

TCTACAAATGTGGTAAAATCGATAAGGATCCGTTTGCGTATTGGGCGCTCTTCCGCTGATCTGCG

CAGCACCATGGCCTGAAATAACCTCTGAAAGAGGAACTTGGTTAGCTACCTTCTGAGGCGGAAAG

AACCAGCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAG

TATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAG

GCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCC

ATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTAT

TTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTG

GAGGCCTAGGCTTTTGCAAAAAGCTCGATTCTTCTGACACTAGCGCCACCATGATCGAACAAGAC

GGCCTCCATGCTGGCAGTCCCGCAGCTTGGGTCGAACGCTTGTTCGGGTACGACTGGGCCCAGCA

GACCATCGGATGTAGCGATGCGGCCGTGTTCCGTCTAAGCGCTCAAGGCCGGCCCGTGCTGTTCG

TGAAGACCGACCTGAGCGGCGCCCTGAACGAGCTTCAAGACGAGGCTGCCCGCCTGAGCTGGCTG

GCCACCACCGGCGTACCCTGCGCCGCTGTGTTGGATGTTGTGACCGAAGCCGGCCGGGACTGGCT

GCTGCTGGGCGAGGTCCCTGGCCAGGATCTGCTGAGCAGCCACCTTGCCCCCGCTGAGAAGGTTT

CTATCATGGCCGATGCAATGCGGCGCCTGCACACCCTGGACCCCGCTACCTGCCCCTTCGACCAC

CAGGCTAAGCATCGGATCGAGCGTGCTCGGACCCGCATGGAGGCCGGCCTGGTGGACCAGGACGA

CCTGGACGAGGAGCATCAGGGCCTGGCCCCCGCTGAACTGTTCGCCCGACTGAAAGCCCGCATGC

CGGACGGTGAGGACCTGGTTGTCACACACGGAGATGCCTGCCTCCCTAACATCATGGTCGAGAAT

GGCCGCTTCTCCGGCTTCATCGACTGCGGTCGCCTAGGAGTTGCCGACCGCTACCAGGACATCGC

CCTGGCCACCCGCGACATCGCTGAGGAGCTTGGCGGCGAGTGGGCCGACCGCTTCTTAGTCTTGT

ACGGCATCGCAGCTCCCGACAGCCAGCGCATCGCCTTCTACCGCTTGCTCGACGAGTTCTTTTAA

TGATCTAGAACCGGTCATGGCCGCAATAAAATATCTTTATTTTCATTACATCTGTGTGTTGGTTT

TTTGTGTGTTCGAACTAGATGCTGTCGACCGATGCCCTTGAGAGCCTTCAACCCAGTCAGCTCCT

TCCGGTGGGCGCGGGGCATGACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCAACTC

GTAGGACAGGTGCCGGCAGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTC

GGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGAT

AACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTT

GCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGA

GGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGC

TCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGC

GCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCT

GTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCC

AACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAG

GTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAG

TATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCC

GGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAA

AAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACT

CACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAA

AAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGCGGCCGCAAATG

CTAAACCACTGCAGTGGTTACCAGTGCTTGATCAGTGAGGCACCGATCTCAGCGATCTGCCTATT

TCGTTCGTCCATAGTGGCCTGACTCCCCGTCGTGTAGATCACTACGATTCGTGAGGGCTTACCAT

CAGGCCCCAGCGCAGCAATGATGCCGCGAGAGCCGCGTTCACCGGCCCCCGATTTGTCAGCAATG

AACCAGCCAGCAGGGAGGGCCGAGCGAAGAAGTGGTCCTGCTACTTTGTCCGCCTCCATCCAGTC

TATGAGCTGCTGTCGTGATGCTAGAGTAAGAAGTTCGCCAGTGAGTAGTTTCCGAAGAGTTGTGG
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CCATTGCTACTGGCATCGTGGTATCACGCTCGTCGTTCGGTATGGCTTCGTTCAACTCTGGTTCC

CAGCGGTCAAGCCGGGTCACATGATCACCCATATTATGAAGAAATGCAGTCAGCTCCTTAGGGCC

TCCGATCGTTGTCAGAAGTAAGTTGGCCGCGGTGTTGTCGCTCATGGTAATGGCAGCACTACACA

ATTCTCTTACCGTCATGCCATCCGTAAGATGCTTTTCCGTGACCGGCGAGTACTCAACCAAGTCG

TTTTGTGAGTAGTGTATACGGCGACCAAGCTGCTCTTGCCCGGCGTCTATACGGGACAACACCGC

GCCACATAGCAGTACTTTGAAAGTGCTCATCATCGGGAATCGTTCTTCGGGGCGGAAAGACTCAA

GGATCTTGCCGCTATTGAGATCCAGTTCGATATAGCCCACTCTTGCACCCAGTTGATCTTCAGCA

TCTTTTACTTTCACCAGCGTTTCGGGGTGTGCAAAAACAGGCAAGCAAAATGCCGCAAAGAAGGG

AATGAGTGCGACACGAAAATGTTGGATGCTCATACTCGTCCTTTTTCAATATTATTGAAGCATTT

ATCAGGGTTACTAGTACGTCTCTCAAGGATAAGTAAGTAATATTAAGGTACGGGAGGTATTGGAC

AGGCCGCAATAAAATATCTTTATTTTCATTACATCTGTGTGTTGGTTTTTTGTGTGAATCGATAG

TACTAACATACGCTCTCCATCAAAACAAAACGAAACAAAACAAACTAGCAAAATAGGCTGTCCCC

AGTGCAAGTGCAGGTGCCAGAACATTTCTCTG 
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