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ABSTRACT 

The rapid development of genome editing technologies in the last couple of 

decades has opened the door for the creation of novel therapeutics and cures for 

genetic disorders that were once thought to be untreatable. In this dissertation, we 

explore the potential to develop these tools for the treatment of three genetic disorders, 

Neurofibromatosis type 1 (NF1), SYNGAP1-related Intellectual Disability, and 22q11.2 

deletion syndrome (22q11.2 DS). Although these disorders are very different from one 

another in terms of gene targets and patient presentation, they share a common theme: 

they are all a type of haploinsufficiency where an epigenetic gene therapy may provide 

immense benefit to patients. 

Epigenetic editing using CRISPR (Clustered Regularly Interspaced Short 

Palindromic Repeats) involves modifying the chemical modifications that control gene 

expression without altering the underlying DNA sequence. CRISPR is a powerful tool for 

editing the genome, which involves using Cas proteins and their ability to complex with 

RNA guides to localize to specific regions of the genome. The CRISPR system has 

been adapted to target epigenetic marks using modified versions of the Cas proteins 

and fusing it to an epigenetic enzyme that adds or removes chemical marks on DNA or 

histones, such as DNA methyltransferase or histone deacetylase, respectively. This 

modified Cas9 protein can be directed to specific regions of the genome using guide 

RNAs that are designed to target specific sequences. 

Alternatively, CRISPR can also be used to recruit proteins that activate or repress 

gene expression to specific regions of the genome. This involves fusing a modified 
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Cas9 protein to a transcriptional activator or repressor protein respectively, which can 

then be targeted to specific regions of the genome using guide RNAs. 

Overall, epigenetic editing using CRISPR provides a powerful tool for 

understanding the role of epigenetic modifications in gene regulation and has potential 

therapeutic applications in treating diseases that involve aberrant epigenetic marks. In 

summary, for NF1, we utilized a duplex CRISPR repression system to downregulate 

disease specific genes, and for SYNGAP1-related intellectual disability and 22q11.2 

deletion syndrome, we utilized a CRISPR activation system to upregulate disease 

specific genes.  
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Chapter 1- Introduction 
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The rapid development of genome editing technologies in the last couple of 

decades has opened the door for the creation of novel therapeutics and cures for 

genetic disorders that were once thought to be untreatable. In this dissertation, we 

explore the potential to develop these tools for the treatment of three genetic disorders, 

Neurofibromatosis type 1 (NF1), SYNGAP1-related intellectual disability, and 22q11.2 

deletion syndrome (22q11.2 DS). Although these disorders are very different from one 

another in terms of gene targets and patient presentation, they share a common theme: 

they are all a type of haploinsufficiency where an epigenetic gene therapy may provide 

immense benefit to patients. In this introduction, first we’ll document the history of 

genome editing, and how this work fits into this narrative. We’ll briefly discuss each of 

these disorders, highlighting what is known about the genetics of each, as well a clinical 

discussion in terms of what is currently lacking in terms of therapy, and how our 

approach may help fill this gap. Later, we’ll discuss specific details of the CRISPR/Cas 

technologies we have harnessed to combat these three disorders. In summary, for NF1, 

we utilized a duplex CRISPR repression system to downregulate disease specific 

genes, and for Syngap1 and 22q11.2 deletion syndrome, we utilized a CRISPR 

activation system to upregulate disease specific genes.  

History of Genome Editing and Epigenome Editing 

Although any conversation of modern-day genome editing/epigenome editing is 

dominated by CRISPR-Cas, it’s important to reflect on the initial roots that made the 

ability of manipulate the genome possible.  

Our current ability to make and manipulate DNA is a story of more than 60 years 

of innovation, beginning with the discovery of the DNA double helix. In 1953, James 
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Watson and Francis Crick pioneered the structure of DNA, postulating the “double 

helix”. This discovery was only possible with the help of Rosalind Franklin, whose X-ray 

diffraction images of DNA proteins incepted the idea to Watson and Crick. This 

landmark discovery by these three scientists paved the road for the modern study of 

biology and genetics. It is widely considered one of the most significant early events in 

the field of genetics.1 

Soon after, enzymes (including polymerases, ligases, and restriction 

endonucleases) and the polymerase chain reaction (PCR) was discovered, allowing 

scientists a way to isolate genes and gene fragments, and introduce targeted mutations 

into genes in vitro, in cells, and even in model organisms. Genomic sequencing 

advances gave us whole-genome sequencing data for many organisms, including 

humans, and has helped us better understand the genetic landscape of our DNA. Now, 

the RNA-guided enzyme Cas9, which originates from the CRISPR-Cas adaptive 

bacterial immune system, is transforming biology by providing a genome engineering 

tool based on the principles of Waston-Crick base pairing. The simplicity and ease of 

use of the CRISPR-Cas system has replaced its predecessors, such as Zinc-Finger 

nucleases (ZFNs) and Transcription Activator Like Effector Nucleases (TALENs) as the 

premier tool for targeted, genome editing.5  Now, the CRISPR-Cas system has been 

adapted to targeted epigenetic editing, by utilizing a DNAase-dead Cas protein, and 

coupling transcriptional regulators to the machinery.6 
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Genome Engineering pre-CRISPR 

After the discovery of the DNA double helix, researchers and clinicians 

envisioned the possibility of making specific changes to the genomes of cells and 

organisms. Not only would this ability be useful for studying the function of unknown 

genes, it could be used to treat genetic disease. 

 Early approaches to genome editing utilized the principle of site-specific 

recognition of DNA sequences. By studying natural DNA repair pathways in simple 

organisms such as bacteria and yeast, and DNA recombination, researchers discovered 

the endogenous machinery used to repair double-stranded DNA breaks (DSBs). Thus, 

a valuable strategy for targeted genomic engineering emerged. If we can introduce a 

precise break in the DNA at sites where changes need to be introduced, we can 

effectively manipulate the genome to our liking.7–11  
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 The initial approaches to targeted DNA cleavage took advantage of DNA base 

pair recognition by oligonucleotides or small molecules. It was thought that 

oligonucleotides coupled to chemical cleavage or cross-linking reagents such as 

bleomycin and psoralen could be useful for site-specific chromosome modification in 

yeast and mammalian cells.12,13 The first instance of being able to introduce targeted 

double stranded breaks occurred with the development of peptide nucleic acids and 

polyamides.12 Here, specific chromosomal loci could be targeted and cleaved if the 

chemical recognition agent was coupled with a cleavage agent, such as bleomycin. 

Furthermore, self-splicing introns utilized nucleic acid base pairing to change sequences 

at the DNA or RNA level.14–16 Although these approaches were fairly primitive in their 

ability to introduce targeted DSBs, they demonstrated the promise for base pairing as a 

means of site-specific genome modification. Such principles were expanded on with 

homing endonucleases, zinc-finger proteins, and transcription activator–like (TAL) 

effectors nucleases (TALENs). 

 Rare-cutting nucleases, such as homing endonucleases, were the earliest used 

for site-specific DNA cleavage and integration of a DNA sequence flanked by arms of 

homology to the target site. Using this approach, researchers could incorporate specific 

genetic information into the genome at sites recognized by the homing 

endonuclease.17,18  

Concurrently, another form of targeted DNA binding was being discovered: Zinc-

finger mediated DNA binding. Here, the Zinc-finger DNA recognition domain could be 

coupled to a sequenced-independent nuclease domain of the restriction enzyme FokI, 

creating a site-specific nuclease.19 When designed to recognize a chromosomal 
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sequence, such zinc finger nucleases (ZFNs) were found to be effective at inducing 

genomic sequence changes in Drosophila and mammalian cells.20,21 ZFNs turned out to 

be effective genome editing tools for some experiments, but were not widely adopted 

primarily due to the inherent difficulty in designing and validating such proteins for a 

specific region of the genome. This limitation opened the door for TALEs, which occur 

naturally in bacteria that infect plants.22–24 

Similar to ZFNs, TAL effectors could be coupled to FokI, creating TAL effector 

nucleases (TALENs). TALENs were much easier to produce and validate than ZFNs, 

creating the possibility for genome editing at many more regions of the genome. 

Nevertheless, TALENs were still difficult to design, synthesize, and validate, especially 

when compared to the next generation of genome editors, the CRISPR/Cas system.   

 

Genome Engineering with CRISPR-Cas 

CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic 

Repeats/CRISPR-associated proteins) is a revolutionary tool for genome editing. It is a 

precise and efficient way to modify DNA sequences and has been widely used in 

research and has potential applications in medicine, agriculture, and many other fields.  

The CRISPR-Cas system is based on a natural process that bacteria use to 

defend themselves against viruses. The bacteria capture pieces of the virus's DNA and 

integrate them into their own genome. The integrated DNA then serves as a memory of 

the virus, allowing the bacteria to recognize and destroy it if it infects again. Scientists 

have harnessed this natural process to create a tool for precise genome editing.25,26 
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The basic process of CRISPR-Cas genome editing involves the use of two 

components: a guide RNA (gRNA) and an endonuclease enzyme, usually Cas9. The 

gRNA contains a sequence that is complementary to the target DNA sequence, and the 

endonuclease cleaves the DNA at the targeted location. By designing the gRNA to 

target specific sequences, scientists can make precise cuts in the DNA and introduce 

desired changes, such as the addition, deletion, or substitution of specific base 

pairs.27,28 

One of the key advantages of CRISPR-Cas genome editing is its efficiency. It 

can be used to target multiple sites in the genome simultaneously.29 Additionally, the 

system can be adapted to various organisms, including plants, animals, and humans, 

making it a versatile tool for research and therapeutic applications.  

In the field of medicine, CRISPR-Cas has shown promising results in treating a 

wide range of diseases, including genetic disorders, cancers, and infectious diseases. 

For example, scientists have used the system to correct mutations in human cells that 

cause genetic diseases such as sickle cell anemia, X-Linked severe combined 

immunodeficiency, and muscular dystrophy.30–32 In the case of cancer, CRISPR-Cas 

can be used to precisely target and destroy cancer cells while leaving healthy cells 

untouched.33 

However, the use of CRISPR-Cas in human therapies also raises ethical 

concerns. The precise but occasional off-target nature of the system means that it has 

the potential to introduce unintended mutations into the genome, and the long-term 

consequences of these mutations are not yet fully understood. There are also concerns 
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about the potential for the technology to be used for germline editing, which would result 

in changes that are passed down to future generations. 

Overall, CRISPR-Cas is a powerful tool for genome editing, with a wide range of 

potential applications in fields such as medicine, agriculture, and biotechnology. 

However, it is important to carefully consider the ethical implications of this technology 

and ensure that it is used responsibly and for the benefit of humanity. Further research 

is needed to fully understand the potential of CRISPR-Cas and to ensure that it is used 

in a safe and effective manner. In this dissertation, we explore the potential of modifying 

the canonical genome editing capabilities of the CRISPR-Cas system to perform 

epigenetic editing. 

 

Epigenetic Editing with the CRISPR-Cas System 

Epigenetic editing refers to the manipulation of specific epigenetic marks (i.e., 

chemical modifications of DNA and/or its associated proteins) with the goal of altering 

gene expression. This is achieved through the use of molecular tools that can target 

and modify specific epigenetic marks, leading to changes in the regulation of gene 

expression. Unlike traditional genetic editing, which involves altering the DNA sequence 

itself, epigenetic editing does not involve a permanent change to the underlying genetic 

code. 

Epigenetic marks play a crucial role in the regulation of gene expression and 

cellular behavior, and their misregulation has been linked to a wide range of diseases, 

including cancer, neurological disorders, and cardiovascular diseases. By modifying 
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specific epigenetic marks, scientists aim to restore normal cellular behavior and reverse 

the effects of disease-causing epigenetic changes.6 

One of the main molecular tools used for epigenetic editing is the CRISPR-Cas 

system, which has been adapted for use as an epigenetic editor. This system allows for 

precise, targeted modification of specific epigenetic marks. Other epigenetic editing 

tools include the use of small molecules, such as small interfering RNA (siRNA) and 

chemicals that can modify specific epigenetic marks.34 

Epigenetic editing has the potential to treat a wide range of diseases that have 

previously been difficult to treat with traditional genetic approaches. However, the field 

of epigenetic editing is still in its early stages, and there are still many technical and 

scientific challenges that need to be addressed. For example, the specificity and 

precision of epigenetic editing tools are still a concern, as well as their potential off-

target effects. Additionally, the long-term consequences of epigenetic editing are still not 

well understood, and further research is needed to fully understand the safety and 

efficacy of this approach. 

Despite these challenges, the potential of epigenetic editing is substantial, and its 

continued development holds great promise for the treatment of a wide range of 

diseases. Further research into the biology of epigenetic marks and the development of 

more advanced molecular tools will likely lead to a deeper understanding of the 

underlying mechanisms of disease and the development of more effective therapies. In 

conclusion, epigenetic editing is a promising new approach in the field of molecular 

biology that offers the potential to treat a wide range of diseases without causing 



10 
 

permanent changes to the DNA sequence, offering a safer alternative to traditional 

genetic editing. 

With the advent CRISPR-Cas, virtually any DNA sequence can be targeted with 

new customizable epigenome-engineering tools that regulate gene expression by 

modifying transcription and/or epigenetic state. Making site-specific alterations to the 

epigenomic landscape in eukaryotic cells is a powerful strategy for interrogating the 

mechanistic relationships among chromatin state, gene regulation, and cell phenotype. 

Furthermore, control over gene regulation is a valuable tool for applications such as 

gene therapy and reprogramming cell fate.35 

 

The Two Flavors of Epigenetic Editing: CRISPR Activation and CRISPR 

Repression 

Epigenetic editing differs from canonical gene editing in that permanent changes 

to the genome are not made. Instead, locus-specific targeting of epigenetic enzymes is 

used to rewrite the local epigenetic landscape of a genomic site. Such editing can lead 

to transcriptional reprogramming, altering how genes are expressed.  

Another key difference between epigenetic editing and gene editing is the use of 

a DNAse-dead Cas protein (dCas9) instead of the fully functional DNA-cleaving protein. 

With dCas9, the DNAse region of the protein is mutated. Instead of introducing a double 

stranded break at a specific region of interest, transcriptional reprogrammers are fused 

to the dCas9 protein. The dCas9 still has the ability to complex with the single-guide 

RNA, allowing the dCas9-sgRNA complex to act as a shuttle for recruiting the 

transcriptional reprogrammers to a specific region of the genome, altering the epigenetic 
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landscape of that region.35 dCas9 is localized to a target sequence by the single-guide 

RNA, which is an engineered nucleic acid consisting of 18-25 nucleotides followed by a 

constant region that complexes with dCas9. dCas9 binds target genomic sequences 

that are complementary to this 18-25 nucleotide single-guide. Target-site flexibility for 

CRISPR-Cas9 is determined by the protospacer-adjacent motif (PAM), a Cas9 

recognition site that immediately follows the protospacer target site in the 

genome.27,36,37 

Implementing CRISPR–dCas9 greatly accelerated the advancement of 

epigenetic editing, yielding preclinical therapeutic successes using a variety of 

epigenetic enzymes. There are two main flavors of epigenetic editing with the CRISPR-

Cas0 system, defined either by the need to upregulate genes (CRISPR activation) or 

downregulate genes (CRISPR repression).  

 

CRISPR Activation 

With CRISPR activation, the direct fusion of potent transcriptional effector 

domains to dCas proteins can induce transcriptional activation when targeted to 

endogenous genes. Shortly after the modular nature of ZFP recognition of DNA was 

identified, ZFPs were linked to VP16 to create a programmable transcriptional 

activator.38–40 VP16 is a viral activation domain that recruits Pol II transcriptional 

machinery.41 VP64, a tetramer of VP16 domains, has been linked to DBDs to activate 

coding and noncoding genes via targeting of promoters and regulatory elements.42–47 

Although VP64 does not directly modify chromatin, it recruits remodeling factors and 

has been linked to increased chromatin accessibility and to the deposition of activating 
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histone marks, including acetylation of the lysine 27 residue of histone subunit 3 

(H3K27ac) and methylation of the lysine 4 residue of histone subunit 3 (H3K4me).48–50 

Another commonly used activator is the p65 subunit of the human NF-κB complex, 

which has been tethered to ZFPs, TALEs and dCas9 .51 Gene induction by VP64 and 

p65 is generally strongest when effector domains are targeted upstream of transcription 

start sites (TSSs) and in promoter regions, although targeting downstream of TSSs and 

at distal enhancers can also be effective.51 

Recruitment of multiple dCas9-VP64 fusions to a single target locus is often 

required to elicit a robust transcriptional response.52 Recently, next-generation 

activators have been developed that outperform the original dCas9-VP64 fusion by 

recruiting multiple effector domains to a single dCas9-gRNA complex.53 For example, 

the SunTag system recruits multiple VP64 activators to dCas9, resulting in stronger 

activation with a single gRNA than achieved with dCas9-VP64 fusions.54 Repurposing 

the gRNA as a scaffold for the recruitment of activation domains p65 and HSF1 via 

MS2-targeting aptamers also improves transcriptional activation.51 Fusion of VPR (the 

product of the tandem fusion of VP64, p65 and RTA, a transactivation domain from γ-

herpes viruses to the C terminus of dCas9 also increases transcriptional activation in 

human cells compared to dCas9-VP64.55 These improved methods enable the use of 

single gRNAs to achieve robust activation, potentiating genome-wide gene activation 

screens. For the purposes of CRISPR activation in this thesis (Syngap1 and 22q11.2 

DS), we utilized the dCas9-VPR system.  

Aberrant gene regulation is often associated with pathological states, either as a 

symptom or as a cause of underlying disease.56 Site-specific epigenome editing 
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provides the opportunity to study the contributions of gene regulation to disease and is 

an exciting potential avenue for treatment. 

Targeted activation of compensatory genes can mitigate the symptoms of 

diseases that have no cure. For instance, engineered activators can induce the 

expression of developmentally silenced fetal γ-globin and counteract the loss of 

functional β-globin in sickle cell anemia and β-thalassemia.57 Transcriptional modulation 

strategies can also generate protective effects for regenerative medicine applications. 

The activation of endogenous vascular endothelial growth factor (VEGF) with 

engineered ZFPs has been proposed to generate neovasculature in subjects with 

diabetic neuropathy and peripheral arterial disease, as well as to enhance wound 

healing.58 Targeting the VEGF promoter with engineered activators activates all VEGF 

isoforms, which can result in more mature vasculature formation compared to that 

achieved via exogenous delivery of a single VEGF isoform. Similarly, engineered ZFP-

p65 fusions upregulate pigment epithelium–derived factor and prevent 

neovascularization in mouse models, suggesting a potential anti-angiogenic treatment 

for choroidal neovascularization such as that seen in acute macular degeneration.59 

Finally, targeted activation of the aberrantly silenced frataxin gene with TALE-VP64 

fusions is being explored to treat Friedreich's ataxia.60  

 

CRISPR Repression 

The ability to repress genes is possible with technologies suchas RNA 

interference (RNAi). However, site-specific gene silencing with engineered dCas9-

repressor fusions offers an alternative to RNAi, which has been limited by inefficient 



14 
 

knockdown, off-target effects and toxicity associated with oversaturation of endogenous 

microRNA pathways.34,61 Programmable dCas9-repressors can also target any portion 

of the genome, facilitating silencing of regulatory elements and noncoding genes that 

cannot be targeted by RNAi. Genes and regulatory elements can also be disrupted with 

site-specific nucleases, but nuclease-mediated genome editing is a stochastic and often 

inefficient process, in contrast to the generally more uniform gene repression 

techniques.  

Localization of just a dCas9 protein without an effector domain to promoter 

regions or regions downstream of the TSS can silence gene expression by steric 

interference of transcription factor binding and RNA polymerase elongation.36,38,62,63 For 

example, dCas9 targeted to the Nanog enhancer disrupts binding of endogenous 

activating transcription factors and silences Nanog expression.64 However, gene 

repression by steric hindrance alone is often not sufficient for robust silencing. Effectors 

that recruit endogenous epigenetic modifiers of histone marks and DNA methylation, 

leading to chromatin condensation, typically generate more potent silencing.65–68 The 

silencing domain most commonly used with DNA-binding domains (DBDs) is the 

Krüppel-associated box (KRAB), a naturally occurring motif in mammalian zinc-finger 

transcription factors.69–71 Localizing KRAB to DNA initiates a heterochromatin-forming 

complex that includes the histone methyltransferase SETDB1 and the histone 

deacetylase (HDAC) NuRD complex.72–75 In contrast to engineered activator platforms 

that benefit from multiplexing for potent activation, KRAB fusions do not seem to act 

synergistically and can readily achieve tenfold or greater repression of endogenous 

genes with recruitment of a single effector.64–66,69 In addition to being able to silence 
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genes from promoters, KRAB can effectively repress distal and proximal gene 

regulatory elements including enhancers.76 

Alternatively, effector domains that directly catalyze repressive DNA methylation 

or histone modifications can be fused to dCas9 to create custom epigenetic silencing 

proteins. Synthetic ZFPs tethered to DNMT3a catalyze DNA methylation and suppress 

transcription from endogenous gene promoters.58,77–79 LSD1 has been tethered to 

TALEs and dCas9 DBDs to remove H3K4me from active enhancers and suppress 

downstream target expression.80 A variety of ZFP- and TALE-based histone 

methyltransferase fusions have also been created that repress endogenous gene 

transcription by depositing H3K9 monomethylation, dimethylation and trimethylation at 

promoter regions.67,81,82 

Each type of epigenetic repressor provides unique advantages conferred by its 

mechanism of action. The KRAB domain acts as a recruiter, and the complex of 

heterochromatin-modifying enzymes that it localizes to target DNA probably contributes 

to its versatility and potency for silencing protein-coding genes, noncoding RNA and 

regulatory elements.49,65,69,71 Lastly, the temporal stability and heritability of silencing are 

important considerations. Silencing induced by the Kap1 complex associated with the 

KRAB domain can persist through cell replication, and H3K9 methylation and HP1 

localization are properties of constitutive heterochromatin.83 Silencing with KRAB- and 

H3K9 methyltransferase-based repressors, however, has been reversible after removal 

of the dCas9-repressor fusion in some studies.69,81 Alternatively, targeted DNA 

methylation marks have the potential to be inherited by daughter cells and persist long 
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term—a benefit for applications in which stable and heritable suppression is desired.77,79 

An important goal for future work is to generate a better understanding of how the 

heritability and persistence of gene modulation and epigenetic marks are affected by the 

duration and magnitude of the activity of the epigenetic effector, the local chromatin 

environment, the cell type, the presence of endogenous cofactors, and the identity of 

the epigenetic marks being created. 

Targeted repressors can also suppress detrimental gene products associated 

with disease progression. Engineered ZFP repressors have been designed to silence 

oncogenes and have been effective at slowing the growth of cancer cells in mouse 

models.78 Synthetic ZFP repressors were also engineered to selectively silence mutant 

Htt in a mouse model of Huntington's disease.65 In this study, several ZFP lengths were 

tested to develop a repressor with specific activity at the longer CAG repeats found in 

disease-causing mutant Htt alleles. This strategy may also be applicable for treating 

other gain-of-function genetic diseases, such as fragile X syndrome and myotonic 

dystrophy, and was recently evaluated in cells from individuals with 

facioscapulohumeral muscular dystrophy. Pharmacologic modulation of DNA 

methylation and histone modification has shown preclinical promise for treating tumor 

progression and neurodegenerative disorders such as Alzheimer's, Parkinson's and 

Huntington's disease.84 However, the small-molecule drugs used in these therapies 

typically act by broadly inhibiting the enzymatic activity of epigenetic effectors, and 

doses are often limited by toxicity after systemic administration. Programmable 

epigenetic modification with designer DBDs could potentiate targeted therapy by 
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treating the specific histone and DNA methylation marks that contribute to the 

progression of such diseases. 

For the NF1 part of this thesis, we employed a CRISPR repression system 

termed CRISP-Off, which consists of a dCas9 protein fused to a KRAB and DNMT3A/L 

domains.  
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Chapter 2- Developing an Epigenetic Therapy for 
Neurofibromatosis Type 1 (NF1) 
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ABSTRACT 

Neurofibromatosis type 1 (NF1) is a genetic disorder that affects the nervous 

system, skin, and other organs. It is caused by mutations in the NF1 gene, which helps 

regulate cell growth and division. NF1 can cause a wide range of symptoms, including 

the development of tumors on or under the skin, freckling of the skin in certain patterns, 

and abnormalities in bone growth. It can also lead to learning disabilities, seizures, 

vision and hearing problems, and other neurological issues. Symptoms can vary widely 

between individuals and can range from mild to severe. There is no cure for NF1, but 

treatment focuses on managing symptoms and preventing complications. This may 

involve surgery to remove tumors, medications to manage pain or other symptoms, and 

monitoring for complications such as high blood pressure or vision problems. An 

epigenetic therapy can provide a way to address the disorder. 

Despite recent advances in genome editing, two key challenges remain to 

translate a NF1 gene therapy to the clinic: 1) development of a broadly applicable 

therapeutic approach for all individuals with NF1 rather than mutation-specific 

approaches, and 2) the ability to load and deliver large payloads to specific cell types, 

such as Schwann cells. This project leverages a multidisciplinary collaboration between 

Battelle Memorial Institute (BMI) and UC Davis (UCD) to overcome these challenges. 

The overall goal of this proposal is to create targeted epigenetic regulatory proteins 

(ERPs) to be transient therapeutic payloads that cause persistent down-regulation of 

mitogen-activated protein kinases 1 and 2 (MEK1/2) and to deliver plasmid DNA 

(pDNA) encoding these ERPs to Schwann cells (SCs) in both human and mouse 

models. In the work described here, we designed, developed, and screened 20 guide 
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RNAs to identify the top two strongest repressor candidates. Once the guide RNAs 

were ready, we used qPCR to measure the repression capabilities of the different RNA 

guide candidates, and mapped the theoretical plasmid payloads (e.g., 12 kbp and 14.5 

kbp) to be used for this project. 

 

 

 

 

 

 

 

 

A graphical abstract of the aims of this project. This chapter addresses work done towards 
Aim1, identifying and developing gene regulatory proteins to reduce MEK1/2 expression. This project 
is a collaboration between the Segal Lab at UC Davis and the Battelle institute. 
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INTRODUCTION 

Neurofibromatosis type 1 (NF1) is a complex autosomal dominant disorder 

caused by germline mutations in the NF1 tumor suppressor gene. Nearly all individuals 

with neurofibromatosis type 1 develop pigmentary lesions (café-au-lait macules, skinfold 

freckling and Lisch nodules) and dermal neurofibromas. Some individuals develop 

skeletal abnormalities (scoliosis, tibial pseudarthrosis and orbital dysplasia), brain 

tumors (optic pathway gliomas and glioblastoma), peripheral nerve tumors (spinal 

neurofibromas, plexiform neurofibromas and malignant peripheral nerve sheath tumors), 

learning disabilities, attention deficits, and social and behavioral problems, which can 

negatively affect quality of life.1 With the identification of NF1 and the generation of 

accurate preclinical mouse strains that model some of these clinical features, therapies 

that target the underlying molecular and cellular pathophysiology for neurofibromatosis 

type 1 are becoming available. Although no single treatment exists, current clinical 

management strategies include early detection of disease phenotypes (risk 

assessment) and biologically targeted therapies. Similarly, new medical and behavioral 

interventions are emerging to improve the quality of life of patients. Although 

considerable progress has been made in understanding this condition, numerous 

challenges remain. This chapter of the thesis presents work towards the development of 

an epigenetic approach to treating the disorder, by CRISPR repression of the Map2k1 

and Map2k2 genes, which act downstream of the NF1 protein in the Ras-ERK pathway. 

Such an approach can potentially be used in conjunction with existing therapies or NF1 

specific therapies to address the disorder.  
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Overview of NF1 

NF1 is an autosomal dominant disorder that affects many organ systems. It is 

one of three conditions described under the broad heading of the neurofibromatosis. 

The other two, neurofibromatosis type 2 and schwannomatosis, are clinically and 

genetically distinct from neurofibromatosis type 1.2  

The defining feature of neurofibromatosis type 1 is the neurofibroma, a nerve 

sheath tumor that forms in association with spinal, peripheral, or cranial nerves. An 

example of these neurofibromas is shown in Figure 2.2. Other symptoms include 

pigmentary abnormalities, low-grade gliomas and skeletal dysplasias, as well as the 

involvement of numerous other organ systems. The condition is gradually progressive 

over the lifetime of an individual, although the specific manifestations, rate of 

progression and severity of complications vary widely. At present, no definitive 

treatment is available, and clinical management is typically limited to surveillance and 

symptomatic treatment, usually surgical, for specific complications. 

The gene responsible for neurofibromatosis type 1 (NF1, which encodes 

neurofibromin) was identified in 1990, and its function and role in the formation of 

tumors and the other manifestations of neurofibromatosis type 1 have been under 

intensive study.3 With an increasing understanding of the mechanisms that underlie the 

pathogenesis of neurofibromatosis type 1 clinical features, numerous targeted therapies 

have emerged, which are now being evaluated in preclinical models and in phase II 

clinical trials. 
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The average global prevalence of neurofibromatosis type 1 is ∼1 case per 3,000 

individuals.4 50% of cases of neurofibromatosis type 1 are familial (inherited) and the 

remainder arise from a de novo NF1 mutation. The life expectancy of individuals with 

neurofibromatosis type 1 is reduced by ∼8–21 years and an excess of deaths occurs in 

younger individuals (<40 years of age), compared with the general population; the most 

common cause of early death is malignant neoplasm. Individuals have an increased risk 

for malignant and non-malignant conditions compared with the general population.4–9  

 

NF1 Genetics 

Neurofibromatosis type 1 is an autosomal dominant genetic condition, such that 

all people with a germline NF1 mutation have this disease. However, patients can show 

extreme variability in their clinical features, even in individuals from the same family with 
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an identical germline NF1 mutation. In addition to the more common generalized 

neurofibromatosis type 1, some people harbor features of neurofibromatosis type 1 that 

are restricted to one segment of their body (‘segmental’ or mosaic neurofibromatosis 

type 1), which probably arises from a somatic mutation in NF1 that occurs during fetal 

development. In each of these situations, the NF1 mutation is thought to result in loss of 

neurofibromin function from that mutated allele. 

The complexity of molecular testing to identify causative mutations in NF1 is 

related to the large size of the gene (∼60 exons), the relative lack of mutation hotspots 

and the diversity of the pathogenetic mutations. A multi-step approach is required, with 

analysis of blood genomic DNA and mRNA, as well as fluorescent in situ hybridization 

testing for whole NF1 deletions.10 This strategy identifies >95% of causative mutations, 

but in people with segmental neurofibromatosis type 1, analysis of affected tissues is 

necessary as the NF1 mutation is not usually detected in the blood. 

To date, >7,000 people with neurofibromatosis type 1 have undergone genetic 

testing, and >3,000 different germline NF1 mutations have been identified. Although 

genotype–phenotype correlations are uncommon in neurofibromatosis type 1, three 

well-established correlations have been identified. Individuals with 1.4 Mb deletions that 

encompass the entire NF1 gene typically show facial dysmorphism, reduced intellectual 

abilities and an increased incidence of cancer.11 In addition, ∼1% of people with 

neurofibromatosis type 1 have mutations that affect codon 1809 and typically present 

with café-au-lait macules (CALMs), short stature and pulmonic stenosis, but lack 

externally visible plexiform or dermal neurofibromas. In addition, another mutation has 

been associated with an absence of neurofibromas.12,13 
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The precise mechanisms underlying the development of the clinical 

manifestations of neurofibromatosis type 1 can vary, such that some manifestations 

result from haploinsufficiency of NF1, whereas others require biallelic NF1 inactivation 

or the addition of modifying factors, such as hormones or other genetic alterations. For 

example, biallelic NF1 inactivation is required for the development of CALMs and 

neurofibromas, but cooperating genetic alterations, such as TP53 mutation, are required 

for the formation of malignant peripheral nerve sheath tumors (MPNSTs). 

With the discovery of NF1 in 1990, it became possible to envision a future in 

which treatments might emanate from a deeper understanding of the function of 

neurofibromin.14,15 Neurofibromin is expressed in many cell types, including neurons, 

glial cells, immune cells, endothelial cells and in cells of the adrenal medulla, but 

probably functions differently in distinct cell types. Close examination of the predicted 

amino acid sequence of neurofibromin revealed that a small 300-residue domain of 

neurofibromin was structurally like a family of proteins that function as negative 

regulators of the RAS proto-oncogene. These proteins, termed GTPase-activating 

proteins, inactivate RAS by accelerating the conversion of active GTP-bound RAS to 

the inactive GDP-bound form. In this manner, loss of neurofibromin expression, as seen 

in tumors associated with neurofibromatosis type 1, is predicted to lead to increased cell 

growth and survival through hyperactivation of RAS.16,17 RAS then transmits its growth-

promoting signal through the AKT–mechanistic target of rapamycin (mTOR) and MEK–

extracellular signal-regulated kinase (ERK) effector pathways.18,19 This pathway is 

outlined in Figure 2.3 below.  
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Selumetinib and Repression of Map2k1/2k2 

NF1 tumors can be characterized by elevated Ras and MAPK (mitogen-activated 

protein kinase) signaling. But therapeutic agents which target the Ras pathway have 

provided limited responses. The genetic cause of NF1 is mostly due to constitutional 

heterozygous loss of function mutations of tumor suppressor gene NF1. There is 

somatic inactivation of wild type allele in Schwann cells of neurofibromas (according to 

Knudson 2-hits hypothesis).17 This explains the hyperactivation of RAS MAPK pathway 

in NF1.20 In this condition, selumetinib, an oral inhibitor of MEK (MAPK Kinases)1 and 

MEK (MAPK Kinases)2 showed response in children with NF1, on the basis of 

promising activity in adults with several types of advanced-stage cancers.21 
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Three major subfamilies of the MAPK pathways have been identified; 

JNK/SAPK’s (c-Jun N-terminal kinase/Stress activated protein kinase), p38 MAPK and 

MEK/ERK (extracellular signal-related kinase). MEK contains two consensus kinase 

motifs, which are involved in the phosphorylation of serine/threonine and tyrosine 

residues. Two homologues exist, MEK1 and MEK2, which have only one known 

substrate, ERK1/2, which has multiple downstream effectors involved in a number of 

cellular functions including transcription, cell cycle progression and cell motility. Once 

activated, ERK, along with RAF (rapidly accelerated fibrosarcoma) and MEK, migrate to 

the nucleus where they activate cyclin D1 and down regulate p27 thus driving cell 

proliferation. Activation may also lead to inhibition of apoptosis or activation of anti-

apoptotic proteins.22 MEK1/2 were the targets we chosen to repress.  

MEK1/2 proteins are upstream regulators of the ERK pathway. Both MEK and 

ERK are critical components of the Ras-regulated RAF-MEK-ERK pathway, which is 

often activated in different types of cancers. Oral dosing of selumetinib inhibited ERK 

phosphorylation, and reduced neurofibroma numbers, volume, and proliferation in 

animal models.23 

The major limitation of this molecule regarding its mechanism of action is dose 

dependent effect of MEK inhibition in growth of neurofibroma. It is a cytotoxic agent. In 

the phase I study by Dombi et al., slow tumor regrowth was observed in several patients 

in whom dose reduction or interruption were done due to any toxicity. Prolonged use of 

selumetinib may be required to get response in progressive tumors.23 In animal models, 

intermittent dosing was found to be effective which suggested that limited inhibition of 
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MEK is also sufficient to shrink tumors.24 Currently, an intermittent dosing strategy is 

being evaluated in some ongoing trials.22 

The success of selumetinib (a MEK inhibitor) is the proof-of-concept we relied on 

in designing our approach: Using CRISPR repression to reduce the expression of the 

Map2k1 and Map2k2 genes, a part of the RAS-ERK pathway downstream of 

neurofibromin. Our approach offers several advantages over selumetinib, in that it is a 

genetic therapy where the cargo can be expressed by a Schwann cell specific promoter, 

preventing expression of the therapeutic systemically, theoretically limiting the side-

effect profile of such a therapy.  
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CRISPR Repression of Map2k1/Map2k2 

 In order to repress the expression of Map2k1/Map2k2, as a way of creating an 

epigenetic therapy that mimics the success of selumetinib, we employed a CRISPR 

repression system termed CRISPR-Off.25 CRISPR-Off is a programmable epigenetic 

memory writer consisting of a single dead Cas9 fusion protein that establishes DNA 

methylation and repressive histone modifications. Transient CRISPR-Off expression 

initiates highly specific DNA methylation and gene repression that has been shown to 

be maintained through cell division at some genetic loci.26 

CRISPR repression can be achieved by fusing a Krüppel-associated box (KRAB) 

domain to a deactivated Cas9 (dCas9) protein, which is then targeted to a specific 

genomic locus using guide RNAs. The KRAB domain interacts with endogenous co-

repressor proteins, such as KAP1, which recruit chromatin-modifying enzymes, 

including DNA methyltransferase 3A and lysine-specific histone demethylase 1A 

(LSD1), to the targeted genomic locus. DNA methyltransferase 3A then catalyzes the 

addition of a methyl group to cytosine residues in the DNA, leading to transcriptional 

repression by preventing the binding of transcription factors and other regulatory 

proteins.27 

The KRAB-dCas9 system can be further enhanced by fusing additional effector 

domains, such as DNMT3A/L. The DNMT3A/L domain is a catalytically active DNA 

methyltransferase domain that can also methylate cytosine residues in the targeted 

genomic locus. By fusing the DNMT3A/L domain to KRAB-dCas9, transcriptional 

repression can be enhanced, leading to more efficient gene silencing. Overall, the 
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KRAB-dCas9 system with DNMT3A/L effector domain is a powerful tool for achieving 

targeted gene repression, and has potential applications in gene therapy and genetic 

research.28,29 

 

 

 

 

 

 

CRISPROff can repress the expression of endogenous genes by fusing dCas9 to 
KRAB/DNMT3A/L domains and designing a guide RNA to target promoters
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MATERIALS AND METHODS 

CRISPR/Cas9 Guide Design 

CRISPR guide RNAs were designed for a Cas9 system. The bioinformatics tool 

ChopChop was utilized to identify all the potential guides 400bp upstream of the 

promoter for both the Map2k1 and Map2k2 genes in the mouse genome.30 Figures 2.6 

and 2.7 show the output of the ChopChop analysis for Map2k1 and Map2k2 

respectively. 10 guides were chosen for screening for both genes. Although the 

ChopChop algorithm ranks guides based off potential off-target affects and predicted 

activity levels, guides were manually chosen to include guides in different regions of the 

promoter to account for any variation in activity due to steric blocking by other 

transcription factors. 

Following identification of guide sequences in silico, each guide was cloned into 

a vector expressing the sgRNA. Oligonucleotides were ordered from IDT containing the 

20bp spacer designed from ChopChop, with overhangs enabling sticky-end ligation into 

the vector lenti-sgRNA puro (Addgene #10499) digested with BsmBI.31 The lenti-sgRNA 

puro vector backbone was digested with BsmBI, gel purified using QIAquick Gel 

Extraction Kit. Oligonucleotides were phosphorylated and annealed in T4 Ligation Buffer 

using T4 PNK (NEB). These annealed, and phosphorylated oligonucleotides were then 

diluted at 1:200 before being ligated into the BsmBI digested lenti-sgRNA puro vector 

using T4 DNA Ligase (NEB). Successful insertion of the oligonucleotides containing the 

sgRNA sequence was confirmed via Sanger sequencing. 
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Cell Transfection 

To screen the guides for the strongest potential repressor for each gene, 

Neuro2A cells were transfected using Lipofectamine 3000, with subsequent qPCR for 

relative gene mRNA levels. Neuro2A cells were maintained in Dulbecco’s Modified 

Eagle Medium (DMEM) media supplemented with 10% fetal bovine serum (FBS) and 

Penicillin/Streptomycin at 37C under 5% CO2. A total of 1 million cells at 60-70% 

confluency was transfected using Lipofectamine 3000 following the manufacturer’s 

instructions. Transfections were performed in 12-well plates using 500ng of the sgRNA 

expressing vector, and 500ng of the CRISPR-Off vectors. Cells were harvested for RNA 

extraction at day 3 post lipofection using a Qiagen’s RNeasy kit for the initial guide 

screen, and at days 3, 7, 14, and 21 for the long-term repression characterization study.  

 

Fluorescence-activated cell sorting 

FACS (Fluorescence-activated cell sorting) is a technique used to separate and 

isolate specific populations of cells based on their physical and fluorescent 

characteristics. Because the CRISPR-Off vector contains a blue fluorescent protein tag, 

cells successfully transfected will emit blue fluorescence. Two screens were conducted, 

the first without FACS sorting for successfully transfected cells. Based off the strongest 

repressors from this screen, guides were rescreened, and FACS sorting was 

conducted, as well as dual-guide screens in case single guides did not provide 

adequate repression.  

The FACS sorting process involves several steps. First, the cells are suspended 

in a liquid stream and passed through a flow cell, where they are illuminated with a 
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laser. As the cells pass through the flow cell, they emit fluorescent light, which is 

detected by a series of photomultiplier tubes. The data from the photomultiplier tubes is 

processed by a computer, which analyzes the amount of blue fluorescence emitted by 

each cell and determines which cells should be sorted. Cells that emit blue fluorescence 

were directly captured in 200ul of DNA/RNA Shield (Zymo) for RNA extraction using a 

Qiagen RNAeasy Micro Kit for the guide screen. For the long term repression 

characterization study, cells were captured in 200ul of PBS supplemented with 1% 

bovine serum albumin (BSA), and subsequently cultured in DMEM with 10% FBS.  

 

Quantitative PCR (qPCR) 

RNA was extracted from harvested cells using Qiagen RNAeasy Micro Kit 

(Qiagen). RNA was then reverse transcribed using the AB high-capacity cDNA 

synthesis kit (ThermoFisher) according to the manufacturer’s instructions. Primers for 

quantitative PCR (qPCR) were designed using Primer3. qPCR was performed in 

triplicate using PowerUp SYBR Green Master Mix (ThermoFisher) with the CFX384 

Real-Time System C1000 Touch system (Bio-Rad). Gene expression analysis was 

performed with gene specific primers (Table 2.1) using three biological replicates. 

Relative target gene expression was calculated as the difference between the target 

gene and the GAPDH reference gene (dCq = Cq[target] − Cq[GAPDH]). Gene 

expression results are indicated as fold change to a reference sample (CRISPR-Off 

without targeting gRNA (NG)), using the ddCq method. Results from the guide screen 

are shown in Figure 2.8.   
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Long-term Repression Characterization  

The next experiment that was conducted involved characterizing the long-term 

repression capabilities of both Map2k1 Guide 7 and Map2k2 Guide 1. Neuro2A cells 

were lipofected with 500ng of CRISPR-Off, as well as 500ng of Guide 1 and Guide 7. 

Cells were FACS sorted for successfully transfected cells at day 3, and grown for three 

weeks. Cells were passaged every four days, and RNA extracted from a portion of the 

cells at D3, D7, D14, and D21. qPCR was repeated as described above. Relative target 

gene expression was calculated as the difference between the target gene and the 

GAPDH reference gene (dCq = Cq[target] − Cq[GAPDH]). Gene expression results are 

indicated as fold change to a reference sample (CRISPR-Off without targeting gRNA 

(NG)) using the ddCq method. Results from this long-term characterization study screen 

are shown in Figure 2.9.  
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DISCUSSION 

This chapter of the thesis presents preliminary work in designing an epigenetic 

therapy based around the repression of Map2k1 and Map2k2 for the treatment of NF1. 

First, an array of dCas9 based sgRNAs were designed and screened in Neuro2A cells 

to identify the strongest repressor of Mapk21 and Map2k2. As shown in Figures 2.6 

and 2.7.  

The results of the guide screen conducted in Neuro2A cells are shown in Figure 

2.8. Map2k1 guide 7 and Map2k2 guide 1 were identified as the strongest repressors. In 

the screen conducted after FACS sorting, Guide 7 for Map2k1 caused nearly 70% 

repression in Map2k1 expression, and Guide 1 for Map2k2 caused nearly 90% 

repression in Map2k2 expression, as shown in figure 2.8. The results for guide 7 and 

guide 1 are highlighted with a red arrow. Interestingly, a dual guide approach yielded 

similar repression capabilities for Map2k2, and marginally improved repression for 

Map2k1. It still needs to be determined if these repression levels are adequate in 

reducing the growth of NF1 afflicted cells to reach a therapeutically relevant level.  

Once guides 7 (Map2k1) and guide 1 (Map2k2) were identified, they were used 

to characterize the long-term repression of the CRISPR-Off system for these specific 

genes. As shown in Figure 2.9. At day 3, baseline repression for Map2k1 was at about 

65%, and over the course of 3 weeks, plateaued at around 60%. Map2k2 had a 

stronger baseline repression of about 85% at day 3, and climbed incrementally over the 

course of three weeks to nearly 75% repression. This finding corroborates other studies 

in showing that CRISPR-Off is capable of repressing genes across multiple 
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generations.26 It would be insightful to extend the length of this study to determine if 

repression is reverted on a longer time scale, providing insight into dosing frequency for 

persistent repression.  

The next step in advancing the therapy is to clone a single vector that houses the 

entire CRISPR-Off platform as well as a guide for Map2k1 and Map2k2. By using a 

Schwann cell specific promoter, the cargo can be selectively expressed in Schwann 
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Figure 2.8- Results of the guide screen for Map2k1 and Map2k2. The left graphs include all 10 
guides for both Map2k1 and Map2k2, done without FACS sorting. The left graphs used the 
strongest repressors from the right screen, but with repeated with FACS sorting. The strongest 
repressors (Guide 7 for Map2k1 and Guide 1 for Map2k2) are highlighted with a red arrow.   
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cells, limiting the side effect profile of the Map2k1/Map2k2 repression. A schematic 

showing this proposed vector design is shown in Figure 2.10.  

A serious limitation of this work is the cell type used for this preliminary work. We 

used Neuro2A cells for this study, as they were readily available and the transfection 

protocols well established. The next step is to test these tools in Schwann cells, a more 

clinically relevant cell line to study NF1. Additionally, off-target effects of the 

Map2k1/2k2 guides need to be assayed via Chip-seq and RNA-seq.  

 Chip-seq and RNA-seq are two techniques that can be used to measure off-

target effects of CRISPR gene editing. Chip-seq (chromatin immunoprecipitation 

sequencing) is a method used to identify genomic regions where a particular protein of 

interest is binding. In the context of CRISPR-Off-target effects, Chip-seq can be used to 

identify genomic regions where the CRISPR complex is binding, indicating potential off-

target effects. By comparing Chip-seq data from cells that have been treated with 

CRISPR to cells that have not been treated, researchers can identify potential off-target 

sites. RNA-seq (RNA sequencing) is a technique used to identify the types and amounts 

of RNA molecules present in a sample. In the context of CRISPR-Off-target effects, 
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RNA-seq can be used to identify changes in gene expression that may be caused by 

off-target effects. By comparing RNA-seq data from cells that have been treated with 

CRISPR to cells that have not been treated, researchers can identify changes in gene 

expression that may be caused by off-target effects. Both Chip-seq and RNA-seq can 

be used in combination to identify potential off-target effects of CRISPR gene editing. 

By identifying potential off-target sites using Chip-seq and then examining changes in 

gene expression using RNA-seq, researchers can gain a better understanding of the 

potential impact of off-target effects on cellular function. 

 

  Finally, this work nearly completes Aim 1 of the larger project in collaboration 

with the Battelle group. Once a single vector housing guides 1,7 and CRISPR-Off with a 

Schwann cell specific promoter (Figure 2.10), is created, the Battelle group will test the 

repression capabilities in their polymer nanoparticles. The Battelle team synthesized, 

purified, and characterized six polymer nanoparticle (PNP) libraries (each containing 96 

different PNP compositions for a total of 576 PNPs. Following their production and 

physicochemical characterization, 508 of these PNPs proceeded forward to in vitro and 

- Schematic showing a single vector that houses the entire CRISPROff platform as 
well as a guide for Map2k1 and a guide for Map2k2. By using a Schwann cell specific 
promoter, such as P0, the cargo can be selectively expressed in Schwann cells. 
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in vivo screening processes. In vitro screening assays for payload loading efficiency, 

cytotoxicity, transfection efficiency, and immunogenicity were completed. The data 

produced by these synthesis, characterization, and assessment efforts have been 

shared with Battelle’s data science team, who have begun applying the data to 

Battelle’s machine learning model. Ultimately, the goal is to develop novel PNPs that 

house a single vector expressing CRISPR-Off, Guide 7 and Guide 1 behind a Schwann 

cell specific promoter, with efficient delivery to Schwann cells. 

 There are some larger questions that have yet to be resolved when considering 

the efficacy of our proposed Map2k1/Map2k2 repression therapy. First, what efficiency 

is required in delivery to prevent the progression of neurofibromas and plexiform 

neurofibromas. Whether all manifestations of neurofibromatosis type 1 will respond to 

the same approach to treatment is unknown. Although strong evidence supports that 

lack of neurofibromin activity in Schwann cells leads to increased RAS signaling, other 

mechanisms might account for the other manifestations of this disorder, such as 

cognitive deficits. In addition, the optimal time to initiate treatment in individuals is 

uncertain; whether plexiform neurofibromas should be treated at diagnosis, which would 

require the use of toxic treatments in young children, or whether treatment should be 

delayed until they are symptomatic, is a topic of discussion. Whether treatment at a 

single point in time permanently can prevent the growth of tumors or whether there is a 

need for continued treatment is unknown, as is the extent of treatment-related toxicity 

accepted by patients. It is likely that the acceptability of adverse effects of drug 

treatment is different when one is treating a life-threatening malignancy, compression of 
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the spinal cord, disfigurement, or moderate cosmetic impairment. Finally, how to 

accurately identify individuals whose tumors require treatment requires establishment. 

 Whether any single therapy will be sufficient to treat any one, never mind all, of 

the manifestations of neurofibromatosis type 1 remains unclear. Given the partial 

responses seen so far by targeting the RAS pathway, combinations of therapeutic 

agents might be needed, both to target different disease mechanisms and to avoid the 

development of treatment resistance. Similarly, it is likely that different molecular 

subsets of tumors exist, each with their own individual drug sensitivities.  
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Chapter 3- Developing Epigenetic Therapies for 
SYNGAP1-related ID  
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ABSTRACT 

 

SYNGAP1-related ID (ID) is a neurodevelopmental disorder (NDD) characterized 

by moderate to severe ID starting early in life, as well as recurrent seizures, 

hyperactivity, and an Autism Spectrum Disorder diagnosis. The disease is caused by de 

novo, loss-of-function mutations in the SYNGAP1 gene found on chromosome 6. 

Currently, there are no disease-modifying treatments for SYNGAP1-related ID nor any 

NDD with a known genetic haploinsufficiency, contributing to a significant biomedical 

unmet need. We hypothesize that single guide RNA (sgRNA)-targeted CRISPR 

activation in vitro and in vivo will demonstrate disease modifying levels of transcribed 

RNA and protein expression of SYNGAP1 and will result in significant restoration of 

molecular, functional, neurophysiological and neurohistological phenotypes associated 

with healthy brain function in patient-derived cells, and SYNGAP1 mutant mouse 

models with minimal to no toxicity or off-target effects. Our preliminary CRISPR 

activation guide screen has identified a promising guide that has shown to activate 

Syngap1 in a neuronal cell line and the brain of a wild-type mouse.  
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INTRODUCTION 

SYNGAP1-related Intellectual Disability  

Abnormal structure or function of neuronal synapses is a frequent underlying 

mechanism of intellectual disability and autism spectrum disorder.1 Many genes encode 

proteins that regulate synaptic structure and function. One known cause of ID is 

mutations in SYNGAP1. Located on chromosome 6p21.3, SYNGAP1 encodes the 

cytosolic protein SYNGAP1 (SYNaptic GTPase Activating Protein 1).2 SYNGAP1 is a 

complex protein that is an abundant component of the postsynaptic density (PSD) of 

excitatory glutamatergic neurons, where it is present as a part of the N-methyl-D-

aspartate receptor (NMDAR) complex. SYNGAP1 is a negative regulator of small 

GTPases (e.g., Ras, Rap) and regulates synaptic function by controlling α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) trafficking to the 

postsynaptic membrane. Therefore, SYNGAP1 is essential for synaptic development, 

structure, function, and plasticity.3 

De novo mutations in SYNGAP1 are a common cause of non-syndromic ID (i.e., ID 

without any concomitant physical abnormalities), ASD, and epilepsy.4,5 All mutations in 

SYNGAP1 are loss-of-function and cause haploinsufficiency of SYNGAP1, leading to a 

defined phenotype, termed SYNGAP1-related ID , characterized by ID and epilepsy. 

Mutations in SYNGAP1 account for 2%–8% cases of sporadic ID and >85% of 

individuals having this mutation also suffer from epilepsy.4–8  The frequency of 

SYNGAP1 mutations is similar to that of fragile X syndrome, the most common inherited 

cause of ID. SYNGAP1 mutations have also been implicated in schizophrenia.6,9  
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SYNGAP1-related ID Clinical Features 

To date, more than 200 patients with SYNGAP1 mutations have been reported.10 

Alterations in SYNGAP1 protein arise from de novo mutations which lead to 

haploinsufficiency of SYNGAP1. In approximately 89% of cases, the mutation results in 

a pathogenic SYNGAP1 variant which is a truncated version of the protein due to 

frameshift or nonsense mutations. Pathogenic variants also arise due to missense 

mutations and splice site mutations (about 30% of cases)7,11–13. In 11% of cases, 6p21.3 

microdeletions are the cause of SYNGAP1-related ID.13 Balanced translocations have 

also been reported as a cause of SYNGAP1 haploinsufficiency.4,14 

SYNGAP1 mutations lead to developmental and epileptic encephalopathy (DEE) 

or developmental encephalopathy with or without epilepsy.15 In developmental 

encephalopathy, developmental delay arises as a direct consequence of the genetic 

defect; while in epileptic encephalopathy, the epileptiform activity interferes with 

development and directly causes cognitive slowing and regression; in DEE, both factors 

play a role. Among different study cohorts, estimates of SYNGAP1-DEE prevalence 

vary greatly from 35% to 98%.4,12,13 

More than 80% of individuals with SYNGAP1 mutations have generalized 

epilepsy, with focal seizures occurring only in a minority of cases.10,13 The age of 

seizure onset ranges from 3 months to 7 years (most often at 2–3 years) and 

developmental delays typically precede seizure onset.13 Developmental plateau or 

regression accompanies seizure onset in many patients, consistent with a diagnosis of 

DEE. Patients can manifest multiple seizure types, with absence seizures being the 
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most common type encountered; these include eyelid myoclonia with absences, typical 

absences, atypical absences, and myoclonic absences. Other seizure types such as 

myoclonic, atonic, myoclonic-atonic, and tonic-clonic are also observed.4,13,16 Seizures 

are quite frequent, ranging from 10 to 100 per day, but brief, each lasting a few 

seconds.14 The seizures may respond to anti-epileptic drugs such as valproic acid, 

lamotrigine, topiramate, or clobazam, but epilepsy is pharmacoresistant in 

approximately 50% cases.4,7,10 

All SYNGAP1-related ID patients suffer from ID, which is typically moderate to 

severe. 4,7,13 Global developmental delays become manifest in the first or second year 

of life.4 Motor delays include delayed age of sitting unaided (mean 12 months) and 

walking unaided (onset between 2 and 3 years).7,12 Language is severely impaired with 

delays in both expressive and receptive speech development.12,13 One third of 

individuals >5 years old remain non-verbal, and in verbal patients language ranges from 

single words to brief sentences.10 It has been observed that milder phenotypes occur 

more often in patients with mutations in exons 1–4 compared to more severe 

phenotypes when mutations involve exons 8–15.13 About half of patients with 

SYNGAP1 mutations are autistic.17 No association has been found between ASD and 

the severity of ID, or between ASD and the location of the mutation on the SYNGAP1 

gene. Up to three-quarters of SYNGAP1-related ID patients suffer from severe 

behavioral problems including hyperexcitability, aggression, oppositional behavior, 

tantrums, and self-injury. Sleep difficulties are reported in as many as 60% of patients, 

with problems in both initiating and maintaining sleep; these are managed with 
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melatonin, clonidine, or trazodone. Eating difficulties, such as oral aversion and oral 

hypersensitivity, are also common. 4,12,13 

Function of the SYNGAP1 Protein 

The SYNGAP1 protein is a Ras GTPase activating protein that interacts with the 

proteins in the PSD of excitatory glutamatergic synapses.18 The PSD is a protein 

complex that lines postsynaptic membranes and consists of several proteins, including 

scaffold proteins (PSD-95), Ca2+/calmodulin dependent protein kinase (CaMKII), and 

synaptic GTPases like proteins of the Ras family and their regulators, including 

SYNGAP1. The PSD has an important role in control of receptor clustering and function, 

thereby modulating neurotransmission. SYNGAP1 is present in the PSD as part of a 

complex with NMDAR subunits and PSD-95.3,18 

SYNGAP1 is a GTPase activating protein (GAP) that negatively regulates the 

activity of the small G proteins, such as Ras and Rap.18 SYNGAP1 is an important 

component of NMDAR-dependent activation of Ras-dependent signalling pathways, 

exemplified by SYNGAP1 regulation of ERK/MAPK signalling.19 In-vitro studies have 

demonstrated that SYNGAP1 negatively regulates the activity of Rap even more 

potently than Ras, but as yet the functional role of the RapGAP action has not been 

studied.20 Ras- and Rap-GAP activity is subject to regulation by 3 different kinases: 

CaMKII, cyclin-dependent kinase-like 5 (CDK5), and Polo-like kinase 2 (PLK2). CaMKII 

activation causes rapid phosphorylation of SYNGAP1 and increases both its Ras-GAP 

and Rap-GAP activity.21,22 Ras and Rap are independent regulators of AMPAR 

trafficking to the postsynaptic membrane, with Ras increasing synaptic delivery of 
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AMPARs and Rap mediating removal of synaptic AMPARs.23 This differential activity of 

SYNGAP1 on these two small GTPases with opposite functions confirms its role as an 

important regulator of post-synaptic membrane composition and synaptic plasticity. 

Animal models with heterozygous Syngap1 knockout (Syngap1 +/− genotype) 

have helped to elucidate the role of SYNGAP1 in neuronal development and synaptic 

pathology due to SYNGAP1 haploinsufficiency. Syngap1+/− mice show phenotypes 

similar to those observed in SYNGAP1-related ID patients, including deficits in behavior 

(hyperactivity, anxiety, and hyper-arousal), social isolation, lack of social memory 

cognition and learning, impaired working and reference memory, slow spatial learning, 

and widespread cortical excitability as manifest by frequent epileptiform 

discharges.9,24,25 Zebrafish models with reduced SYNGAP1 expression show 

spontaneous seizure-like behavior.26 Mice with homozygous Syngap1  knock-out 

(Syngap1/-/- genotype) have significantly smaller brains, a failure-to-thrive phenotype, 

                                                                             
                                                                                  
                                                                                          
                                                                                  
                                                                                 
                                                     

                                                                                                                                                  
                                                                                                                 



 

56 
 

impaired motor skills, and die within 1 or 2 days of birth. These observations indicate 

that SYNGAP1 is crucial for early brain development and neuron proliferation. 

CRISPR activation  

To rescue the SYNGAP1 haploinsufficiency, we employed a CRISPR activation 

approach using a modified Cas9 protein conjugated to the transcriptional activators 

VPR. CRISPR activation (CRISPRa) is a epigenome editing technique that uses the 

CRISPR-Cas system to selectively activate genes within a cell. This is accomplished by 

fusing a transcriptional activator to a catalytically dead Cas9 (dCas9) protein, which can 

bind to specific DNA sequences and recruit transcriptional machinery to activate gene 

expression.27 CRISPRa has numerous potential applications in both basic research and 

gene therapy, allowing for targeted activation of genes involved in disease pathways or 

other cellular processes.28 However, the large size of most Cas endonucleases (950-

1400 amino acids) can restrict applications. The recent discovery of miniature Cas 

endonucleases (400-800 amino acids), such as Cas12f, provides the potential to 

overcome this limitation.29 Therefore, we designed guides using both Cas9 and Cas12f, 

and empirically tested them at the Syngap1 promoter region to determine the strongest 

potential activator.  

Transactivation domains in an epigenome editing toolbox (a set of components 

for expression of sgRNA, dCas9 and effector domains) need to be modular, in the 

sense that they retain their function in fusions with different DNA-binding moieties of 

such gene activation systems. Several potent activators have met the criteria and are 

commonly used for artificial transcriptional regulation. The first and the simplest 
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activation domain is the virion protein 16 (VP16) from the herpes simplex virus type 1 

transactivation domain, which has been successfully used for transcriptional activation 

in mammalian cells.30–32 The VP64 domain is a tetramer of the minimal activator VP16 

(four VP16 linked with Gly-Ser linkers), which was shown to be a stronger activator than 

a single VP16 and has been routinely used for artificial transcriptional activation.33 

Another commonly used transcriptional activation domain is the p65, the larger subunit 

of the NF-kappa B transcription factor, known to induce strong gene transactivation in 

mammalian cells.34 The Rta domain is another transcriptional activator in this portfolio, 

encoded by Kaposi’s sarcoma associated herpesvirus/human herpesvirus 8 

(KSHV/HHV-8). It activates the expression of viral genes in the lytic cycle.35,36 Finally, 

the VPR transactivator is a chimeric unit composed of the activation domains of VP64, 

p65 and Rta. It was recently developed for more robust gene activation by using several 

activation units, exhibiting a strong synergistic effect.37 For this study, we utilized the 

VPR transactivator.  
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MATERIALS AND METHODS 

CRISRP/Cas9 Guide Design 

 CRISPR guide RNAs were designed for both a Cas9 system as well as a Cas12f 

system. The bioinformatics tool ChopChop was utilized to identify all the potential 

guides 400bp upstream of the Syngap1 promoter.38 Figures 3.3 and 3.4 show a table 

identifying the guide sequence, distance from the transcriptional start site, as well as a 

schematic of all the potential guides in the Syngap1 region. 8-10 guides were chosen 

for each Cas system, which are identified in blue on the genomic schematic. Although 

the ChopChop algorithm ranks guides based off potential off-target affects and 

predicted activity levels, guides were manually chosen to include guides in different 

regions of the promoter to account for any variation in activity due to steric blocking by 

other transcription factors. Cas9 guides were chosen based off a 3’ NGG PAM 

sequence, while Cas12f guides utilized a 5’ TTTR PAM sequence. Due to the more 

restrictive nature of the Cas12f PAM sequence, only 8 guides were possible in the 

promoter region of the Syngap1 gene, so all these guides were chosen for the 

subsequent guide screen. 

Following identification of guide sequences in silico, guides was cloned into a 

vector expressing the sgRNA. Oligonucleotides were ordered from IDT containing the 

20bp spacer designed from ChopChop, with overhangs enabling sticky-end ligation into 

the vector lenti-sgRNA puro (Addgene #10499) digested with BsmBI.39 The lenti-sgRNA 

puro vector backbone was digested with BsmBI, gel purified using QIAquick Gel 

Extraction Kit. Oligonucleotides were phosphorylated and annealed in T4 Ligation Buffer 

using T4 PNK (NEB). These annealed, and phosphorylated oligonucleotides were then 
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diluted at 1:200 before being ligated into the BsmBI digested lenti-sgRNA puro vector 

using T4 DNA Ligase (NEB). Successful insertion of the oligonucleotides containing the 

sgRNA sequence was confirmed via Sanger sequencing.  
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Figure courtesy of Julian Halmai from the Fink lab at UC Davis 

Split dCas9-VPR 

 A split dCas9-VPR system containing two plasmids was obtained from the Fink 

Lab at UC Davis. The N-terminal region of the dCas9 protein is packaged in one vector, 

and the C-terminal region and the VPR activator is packaged in another. A split dCas9 

system using inteins involves dividing the dCas9 protein into two separate fragments, 

which are then fused to two parts of an intein. Inteins are protein sequences that are 

capable of self-splicing and can join two separate protein fragments together. When the 

two dCas9-intein fragments are brought together, the inteins catalyze their fusion, 

creating a functional dCas9 protein. A split system is useful for downstream AAV 

applications, where a 4.7kb packaging limit requires the use of two separate vectors to 

deliver the total CRISPR activation cargo. A schematic showing the split dCas9 system 

for AAV packaging is shown in Figure 3.4.  
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Cell Transfection 

To screen the guides for the strongest potential activator for Syngap1, Neuro2A 

cells were transfected using Lipofectamine 3000, with subsequent RT-qPCR for relative 

gene mRNA levels. Neuro2A cells were maintained in Dulbecco’s Modified Eagle 

Medium (DMEM) media supplemented with 10% fetal bovine serum (FBS) and 

Penicillin/Streptomycin at 37C under 5% CO2. A total of 1 million cells at 60-70% 

confluency was transfected using Lipofectamine 3000 following the manufacturer’s 

instructions. Transfections were performed in 12-well plates using 500ng of the sgRNA 

expressing vector, and 500ng of each plasmid of the split dCas9-VPR system obtained 

from the Fink Lab. Cells were harvested for RNA extraction at day 3 post lipofection 

using a Qiagen’s RNeasy kit. 

  The dCas9 screen was conducted without FACS sorting for successfully 

transfected cells. The dCas12f screen was conducted with FACS sorting, with one 

promising dCas9 guide from the initial screen as well. The results of both screens are 

shown in Figure 3.5. 

  

Quantitative PCR (qPCR) 

RNA was extracted from harvested cells using Qiagen RNAeasy Micro Kit 

(Qiagen). RNA was reverse transcribed using the AB high-capacity cDNA synthesis kit 

(ThermoFisher) according to the manufacturer’s instructions. Primers for quantitative 

PCR (qPCR) were designed using Primer3. RT-qPCR was performed in triplicate using 

PowerUp SYBR Green Master Mix (ThermoFisher) with the CFX384 Real-Time System 

C1000 Touch system (Bio-Rad). Gene expression analysis was performed with 
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Syngap1 gene specific primers (Table 3.1) using three biological replicates and three 

technical replicates. Relative target gene expression was calculated as the difference 

between the target gene and the GAPDH reference gene (dCq = Cq[target] − 

Cq[GAPDH]). Gene expression results are indicated as fold change to a reference 

sample (dCas9 combination without targeting gRNA), using the ddCq method.  

 

AAV Treatment in Wild-Type Mice 

As shown in Figure 3.4, the sgRNA expressing plasmid and split dCas9 system  

were packaged into an AAV9 vector for transduction into wild-type mouse. These AAV 

vectors were injected into the brain of wildtype mice (n=3). Non-effector treated mice 

(NT) were used as a negative control (n=3). Nine days following administration, brains 

were isolated for RT-qPCR. This work was done by Julian Halmai from the Fink lab.   
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DISCUSSSION 

 In the efforts towards creating an epigenetic therapy for the Syngap1 

haploinsufficiency, this project was successful in identifying a promising single guide 

RNA that has shown to increase the expression of Syngap1 in vitro in Neuro2A cells 

(Figure 3.5). Without FACS sorting, the strongest activator was dCas9 was guide 4, 

with a 2.8 increased relative Syngap1 expression.  In the second screen, which was 

FACS sorted for successfully transfected cells, guide 4 showed about an 8 fold relative 

increase in Syngap1 expression. Comparatively, none of the dCas12f showed promise 

as a strong activator, so dCas9 Guide 4 was chosen for subsequent in vivo 

experiments. 

 

One serious limitation of this initial screen is the cell type used to screen the 

guides. Neuro2A cells, although an easy to work with cell line, is not a clinically relevant 

cell line for Syngap1. Ideally, showing increased Syngap1 activation in a Syngap1 
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haploinsufficient cell line would be the logical next step in the project. Additionally, 

another limitation of the methodology used here is that the qPCR analysis was done on 

batch cells. Therefore, we are unsure if the measured increased Syngap1 expression is 

due to significant activation in a limited group of cells, or moderate activation in a large 

number of cells. With an in situ hybridization assay, such as RNAscope, we can 

determine if CRISPR activation with our split dCas9-VPR system is due to a small effect 

in many cells or a large effect in a few cells, and measure biodistribution on a per-cell 

basis, rather than on bulk tissue. Additionally, we can measure rescue of SYNGAP1 

protein levels using Western blot.  

After packaging dCas9 guide 4 into an AAV vector, and delivering it to wild-type 

mice with the split dCas9-VPR AAV vector, we were able to see a trend towards 

increased Syngap1 expression. (Figure 3.6). Mice treated with AAV-CRISPRa showed 

a trend toward increased transcript level when compared to Non-treated (NT) controls, 

however, the difference wasn’t statistically significant. Because wild-type mice are not 

Syngap1 deficient, it may be more difficult to measure any significant activation. The 
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next step would be to deliver this therapy to a Syngap1 haploinsufficient mouse, or 

increase the sample size of this initial in vivo study to determine if this increased trend is 

statistically significant.  

Another follow-up experiment is to characterize the temporal extent of the 

activation. With our preliminary guide screen, cells were harvested for qPCR analysis at 

day 3 in cell lines, and day 9 from mouse tissue. By extending this timeline, and 

sampling cells/harvesting mice at various timepoints, we can measure if the CRISPR 

activating effect persists. CRISPR activation has been found to work long-term in other 

studies for different loci, but it still has to be determined if such an effect is possible at 

the Syngap1 promoter.27 

 Because neurons are post-mitotic cells, and have lost the ability to divide and 

replicate themselves in the brain, a big determinant for the persistence of any CRISPR 

activation based therapy is the duration of AAV expression in these cells. The duration 

of AAV expression in the brain can depend on several factors, including the serotype of 

the AAV, the specific promoter used to drive gene expression, and the target cell type.40 

In general, AAV is known to be a relatively stable vector, and it can maintain gene 

expression in the brain for several months to several years after injection.41 However, 

the exact duration of AAV expression can vary widely depending on the specific 

experimental conditions. Some studies have reported stable AAV expression in the 

brain for up to five years or more, while others have observed a gradual decline in 

expression over a period of several months.42 Overall, the duration of AAV expression in 

the brain is an important consideration for designing and interpreting experiments using 

this vector. Researchers should carefully select the appropriate AAV serotype and 
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promoter for their specific experimental needs and monitor AAV expression over time to 

ensure that it remains stable and consistent. In our initial study, we used AAV9. One 

study that specifically looked at the persistence of AAV9 in the brain found that the 

vector could drive long-term expression of a fluorescent protein for up to 6 months after 

injection in mice. However, the study also found that there was some variability in the 

persistence of AAV9 expression across different brain regions, with higher levels of 

expression in the cortex compared to the hippocampus.42 Newer AAV capsids have 

since been developed, such as AAV-B10, which have the ability to efficiently transduce 

human cell models, and the brains of mice and nonhuman primates following 

intravenous tail vein injection.43  

 The results outlined in this project is preliminary work in a large collaboration 

between the Fink, Silverman, and Segal labs. Future work in the pipeline includes the 

testing this therapy in a Syngap1 deficient mouse, which will be done by the Silverman 

lab. The experimental design for future experiment include injecting (IV tail-vein) 5-

week-old mice (n= 15-20 aged-matched male and female mice per group) with 1 x 1011 

vg/kg of the mouse-targeted AAV-B10/CRISPRa. 21 days post-injection, rescue of 

motor skills and motor coordination will be assessed by rotarod for balance 

coordination, and the Digigait for temporal and spatial parameters of gait. To examine 

rescue of cognitive impairments relevant to SYNGAP1, treated mice will undergo a 

cognitive battery including a Y-maze assay, novel object recognition and the 

touchscreen assay. To examine rescue of behavioral seizures and EEG spiking using 

continuous non-tethered recordings, treated mice will be implanted with a wireless 

device designed to collect EEG data in free-moving animals in their home cage. We will 
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test for behavioral seizure susceptibility following convulsant administration. To examine 

sleep rescue, quality by sleep stages and quantity by time spent will be recorded using 

continuous non-tethered recording. EEG acquired from treated mice will also be 

analyzed for sleep including frequency and duration of all sleep stages and sleep 

spindle production. At the conclusion of this functional assessment, brain tissue will be 

isolated for either molecular (n= 3-4 male/female mice per group) or histological (n = 3-4 

male/female mice per group) assessment to determine molecular mechanism of action 

for functional reactivation of SYNGAP1. 

 The level of neurons that increase expression of Syngap1 will be 

dependent on the regional distribution and transduction efficiency of the AAV-CRISPRa. 

It is possible that due to incomplete transduction efficiency in the brain we will have to 

perform additional immunofluorescent co-localization studies to look at neurons that 

were transduced with AAV prior to assessing Syngap1 transcript with RNAscope. In this 

analysis we will be able to only look at “treated” cells that have received AAV-CRISPRa 

to assess optimal gene regulation via RNAscope. 
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Chapter 4- Rescuing the 22q11.2 Deletion Syndrome 
(22q DS) Haploinsufficiency  
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ABSTRACT 

 22q11.2 deletion syndrome (22q DS) is a disorder characterized by a 

spontaneous chromosomal microdeletion on the order of three million base pairs, 

containing approximately forty protein coding genes. The disorder occurs in about 

1/4000 live births and is considered the second most common cause of intellectual 

disability in the world. Patients with the deletion exhibit wide ranging symptoms, 

including neurological and behavioral symptoms such as attention deficit hyperactive 

disorder, anxiety, and schizophrenia. Here, we describe a strategy to upregulate a 

subset of these forty protein coding genes to rescue the haploinsufficiency using a dead 

Cas12a (dCas12a) protein fused to transcriptional activators. We will be using dCas12a 

instead of the more widely used dCas9 because Cas12a is more suited for multiplex 

activation of multiple genes due to being a smaller protein with a smaller overall guide 

length. To upregulate multiple genes, we will employ a multiplex approach designing a 

single plasmid that contains up to 25 guide RNAs. The prevailing theory regarding the 

gene-phenotype relationship with 22q is that there is a wide variety of complex 

interactions with many shared molecular targets between the genes involved in the 

deletion. A multiplexed dCas12a activation approach could therefore be both a critical 

tool for mapping the genetic causes of the 22Q DS phenotypes, as well as for 

developing multi-gene therapies. 
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INTRODUCTION 

22q DS is a chromosomal microdeletion disorder, leading to the deletion of 3.5 

million base pairs on one of the 22nd chromosomes.1 The deletion occurs during 

meiosis, due to the region being flanked by two homologous low-copy repeat regions. 

22q DS is considered a haploinsufficiency, because only one of the 22nd chromosomes 

is affected, leading to about half as much mRNA produced for about forty protein coding 

genes in that region.1 Unsurprisingly, the deletion of 40 protein coding genes can lead to 

a wide range of symptoms, as 22q DS affects many organ systems in patients. When 

patients are born, the most worrying symptoms are severe cardiac deficiencies, and 

craniofacial abnormalities. Thankfully, surgical advancements have addressed these 

symptoms. However, between the ages of 3-5, patients experience severe neurological 

and cognitive symptoms, such as attention deficit disorder, anxiety, autism spectrum 

disorders, and even later in life, schizophrenia. Unfortunately, these neurological and 

cognitive symptoms are mostly unaddressed in the clinic.1–3  

Our main hypothesis is that the haploinsufficiency caused by the 22q11.2 

deletion syndrome can be rescued through upregulation of the genes on the non-

deleted chromosome. In order to test this hypothesis, we will use DNAse-dead Cas12a 

(dCas12a) for transcriptional upregulation of a subset of deleted genes associated with 

the neurological and cognitive phenotype. dCas12a is a powerful tool that has the 

potential to transcriptionally upregulate specific endogenous genes in the genome.4,5 

The basic premise of using a DNAse-dead Cas protein is that the nuclease region of the 

protein is mutated to prevent it from introducing double stranded breaks in the genome. 

Instead, the dCas is conjugated to transcriptional activators, such as VPR, consisting of 
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VP64, Rta, and p65, to recruit these factors to the specific regions of the genome. The 

ability of dCas to complex with guide crRNAs is still intact. Therefore, by designing 

crRNA guides that bind to promoter or enhancer elements of the target gene, the dCas-

VPR system can recruit transcriptional regulatory elements to virtually any gene in the 

genome, driving overexpression of endogenous genes. The scientific premise for our 

study is based on a previous demonstration that dCas9-VPR was able to rescue the 

haploinsufficiency for the Sim1 model of obesity.6 That study designed sgRNAs to target 

the promoter and enhancer of the Sim1 gene, increasing mRNA expression about 4-fold 

in vitro in mouse Neuro2A (N2A) cell lines, and reverting Sim1 haploinsufficient mice to 

wild types levels of mRNA expression in vivo using AAV-delivered dCas9 and sgRNA. 

Importantly, the study was able to phenotypically reverse the obesity phenotype through 

AAV delivered dCas9-guide RNAs. The study provides strong rationale for our 

approach. However, that study only required upregulation of a single gene. 22q DS is a 

multigene disorder that requires multiple genes to be upregulated to rescue the 

haploinsufficiency. Therefore, we decided to pursue dCas12a instead of dCas9. Unlike 

Cas9, Cas12a is a smaller protein with a smaller guide length, important for considering 

AAV as a means of delivery which has a packaging limit of about 4.7 kilobases.7 

Additionally, Cas12a functions as both an RNase and a DNase able to process and 

mature its own crRNA. CRISPR arrays for Cas12a are transcribed as long RNA 

transcripts with 30-nt spacer regions (responsible for DNA recognition) and 36-nt direct 

repeats (DRs). With this long array, and the nuclease’s ability to process this array, the 

Cas12a system has been shown to target up to 25 genes through efficient multiplexing.8 
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This ability to multiplex makes dCas12a an ideal Cas system to upregulate the multiple 

genes involved in 22q DS. 

22q11.2 Deletion Syndrome 

22q11.2 DS is common and is the most frequent chromosomal microdeletion 

syndrome. The prevalence of this disorder has been estimated to range from 1 per 

3,000 to 1 per 6,000 live births, based on the diagnosis of infants with major birth 

defects and a few population screening studies conducted between the early 1990s and 

early 2000s using FISH technology.9–13 Today, most (90–95%) newly identified patients 

with 22q11.2DS are found to have de novo deletions — that is, neither parent has the 

22q11.2 deletion.14 However, owing to improved survival and thus higher reproductive 

fitness of individuals with 22q11.2 DS, the prevalence, especially of the inherited types, 

is expected to increase.15,16 As 22q11.2DS is a haploinsufficient disorder, approximately 

half of the children of individuals with 22q11.2DS will have the deletion. Similarly, 

smaller, atypical nested deletions between the low copy repeats on chromosome 22 

(LCR22B–LCR22D and LCR22C–LCR22D deletions)— not typically detected by 

clinically available FISH probes and, therefore, not included in the population studies 

from the 1990s — are often familial and have reduced penetrance and/or a milder 

expression; thus, these patients are more likely to reproduce. As a consequence, the 

proportion of patients ascertained at The Children's Hospital of Philadelphia with a 

LCR22B–LCR22D deletion inherited from an affected parent is higher (60%) than it is 

for patients with the typical LCR22A–LCR22D deletion (∼10%).17 
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In the general population, 22q11.2 deletion is among the most common 

detectable cause of several conditions. A large proportion of patients with congenital 

heart disease (CHD) have 22q11.2 deletions: 52% of those with interrupted aortic arch 

type B, 34% of those with truncus arteriosus, 16% of those with tetralogy of Fallot and 

∼5–10% of those with ventricular septal defects.18,19 Other conditions associated with 

22q11.2 deletions include velopharyngeal insufficiency (12.5–30% of patients), cleft 

palate (10% of patients; cleft lip with or without cleft palate in 1–2% of patients), 
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developmental disabilities (2–3% of patients) and schizophrenia (0.5–1% of patients).20–

25 By contrast, the prevalence of the 22q11.2 deletion in other conditions with 

overlapping symptoms (for example, hypoparathyroidism) is as yet unknown. 

Premature mortality, although lower than suggested by early reports of DiGeorge 

syndrome, remains profound at all ages. About 4% of all infants with 22q11.2DS 

succumb, with mortality figures exceeding those for infants with similar 

malformations.16,26 Cardiac defects, hypocalcaemia and airway malacia (in which 

cartilage defects lead to collapsibility of the airway) are risk factors for early death, with 

median age at death of 3–4 months.16,26 In adults, premature death occurs at median 

age in the 40s; causes are multiple, including sudden unexplained death, but are not 

necessarily related to cardiac defects or psychotic illness.27 Larger studies are needed 

to more fully clarify mortality risks prospectively at all ages.27 

Clinical Manifestations 

22q11.2 DS manifests itself differently at various ages. In infancy or childhood, 

typical symptoms include some combination of congenital heart defects, chronic 

infection, nasal regurgitation, hypernasal speech, hypocalcaemia, feeding difficulties, 

developmental and language delays, behavioral differences and learning disabilities.–31 

Renal abnormalities, laryngo-tracheo-esophageal abnormalities, hypothyroidism, 

intrauterine growth retardation, short stature, skeletal differences such as vertebral 

anomalies, club feet, polydactyly and scoliosis, thrombocytopenia, hearing loss, 

microcephaly, idiopathic seizures and hypotonia are less frequent. 
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In adolescence and adulthood, behavioral abnormalities, in many instances 

indicative of emerging psychiatric illness, can lead to the diagnosis.30 The presence of 

subtle but characteristic facial features can assist with identification at any age. 

However, the opportunity for diagnosis can be missed when typical craniofacial and 

other typical congenital features such as cardiac or palatal defects are absent. This can 

be the case even when presenting with other high-prevalence conditions associated 

with 22q11.2DS, such as hypocalcaemia or psychotic illness. Major medical centers 

when less experienced with caring for patients with 22q11.2DS are not exempt from 

overlooking the 22q11.2DS diagnosis in part owing to the broad phenotypic variability.28 

Some adults are only diagnosed following the birth of an affected child. 
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The overall prevalence of considerable medical problems varies by age and 

ascertainment. In childhood, the triad of DiGeorge syndrome (although with highly 

variable degree of severity) is often ascertained: immunodeficiency (∼75% of patients); 

congenital cardiac anomalies (∼75% of patients); and hypocalcaemia due to 

hypoparathyroidism (∼50% of patients). Other complications include palatal 

abnormalities (∼75% of patients); manifest gastrointestinal, feeding and swallowing 

problems (∼30% of patients); and genitourinary anomalies including renal agenesis 

(∼30% of patients). Phenotypic expression is highly variable and ranges from severe 

life-threatening conditions to only a few less-severe associated features.32 Additional 

complexities include considerable interfamilial and intrafamilial variability, even between 

identical twins.33 Diagnosis on clinical grounds of a child with mild features requires 

familiarity with the condition. Dual diagnosis of other unrelated conditions (for example, 

‘café-au-lait’ spots due to neurofibromatosis, skeletal disproportion due to 

achondroplasia or Marfan syndrome, or deep palmar and plantar creases due to trisomy 

8 mosaicism) is possible, especially when features appear unusual, as 22q11.2DS is 

common. 

Developmental and educational concerns are frequently reported in association 

with 22q11.2DS. Gross and fine motor difficulties, and expressive language delays and 

speech problems dominate in infants and toddlers.34,35 Children with 22q11.2DS often 

demonstrate a significant delay in language onset; an early study indicated that ∼70% 

of children did not speak or used only a few words or signs at 24 months of age or 

older.35 Speech deficits should be discriminated from language disorders as the former 

often improves after velopharyngeal corrective surgery, whereas language disorders 
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may occur independently of palatal findings.35 Intelligence in children and adolescents 

follows a normal distribution that is comparable to the general population.34,36 However, 

mean IQ is only ∼70, with about two-thirds of individuals falling in the IQ range of 55–

85, compared with the reference IQ range of 85–115 (mean: 100) in the typically 

developing population. Thus, learning difficulties are very common in preschool and 

primary school, especially within the domains of mathematics and language 

comprehension.37–39 More-severe levels of intellectual disability are uncommon.40 

However, pediatric patients with secondary insults (for example, following cardiac 

arrest, prolonged hypocalcemia or neonatal seizures) or primary brain malformations 

(for example, polymicrogyria) can have a poorer cognitive prognosis.41 Several studies 

indicate that cognitive development varies with divergent trajectories and that the level 

of intellectual ability is not necessarily stable across the lifespan of the patient.42 

Although IQ is generally considered to be a more or less stable trait in the typically 

developing youth, an average decline of 7 full-scale IQ points is observed in individuals 

with 22q11.2DS between 8 years and 24 years of age.43 

Individuals with 22q11.2DS are at an increased risk for developing several 

psychiatric disorders; the prevalence of anxiety, attention-deficit and autism spectrum 

disorders is increased in children with 22q11.2DS. Anxiety disorders are also profoundly 

increased in adults with 22q11.2DS. Conversely, bipolar disorder does not seem to be 

increased, and it remains unclear if major depressive disorder shows greater 

prevalence than in the general population. As for any phenotypic feature of 22q11.2DS, 

prevalence is likely to be influenced by ascertainment bias and the use of diverse 

assessment methods. Approximately 25% of individuals with 22q11.2DS are diagnosed 
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with schizophrenia, and, in turn, the 22q11.2 deletion can be found in ∼1 per 100–200 

individuals with schizophrenia, making 22q11.2 deletion the strongest known molecular 

genetic risk factor for schizophrenia.44–46  

22q11.2 Deletion Genetics 

The 22q11.2 region is one of the most structurally complex areas of the genome 

primarily due to several large blocks of LCRs or segmental duplications. These LCRs 

are >96% identical, thereby making the locus vulnerable to meiotic error. The two 

largest repeats, LCR22A and LCR22D, flank the typical 3-Mb 22q11.2 region that is 

hemizygous in ∼85% of patients. The 22q11.2 deletion results from non-allelic 

homologous recombination between LCR22A and LCR22D. The same mechanism 

leads to the proximal (centromeric) nested 1.5-Mb (LCR22A–LCR22B) or 2-Mb 

(LCR22A–LCR22C) deletions. Patients with these nested deletions have major 

phenotypic features in common with patients with the typical LCR22A–LCR22D 

deletion. However, the frequency of the nested proximal deletions accounts for only 5–

10% of all 22q11.2 deletions. Likewise, distal nested (LCR22B–LCR22D and LCR22C–

LCR22D) deletions lead to overlapping phenotypic features, including cotruncal cardiac 

anomalies, palatal defects, and developmental differences, but the clinical features are 

less penetrant than those of the typical LCR22A–LCR22D deletion. Moreover, these 

deletions (LCR22B–LCR22D and LCR22C–LCR22D) are more frequently 

inherited.1,17,47–49 

There are 90 known or predicted genes present in the typical 3-Mb 22q11.2 locus 

that are hemizygously deleted — including 46 protein-coding genes and seven 
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microRNAs (miRNAs), ten non-coding RNAs (including one read-through transcript) and 

27 pseudogenes (per genome build GRCh37 — a human reference sequence produced 

by the Genome Reference Consortium).50 

The most studied gene of interest in the 22q11.2 deletion region is TBX1, 

encoding a T-box transcription factor. TBX1 was found to be a crucial gene in the 

LCR22A–LCR22B region using multiple mouse model approaches. Heterozygous loss-

of-function mutations of Tbx1 in the mouse result in partially penetrant cardiovascular, 

thymic and parathyroid defects that are reminiscent of congenital defects in 

22q11.2DS.50–52 Tbx1-null mice are embryonic lethal with a persistent truncus 

arteriosus, cleft palate and absence of the thymus and parathyroid glands. Conditional 

mutagenesis of Tbx1 in the mesoderm, pharyngeal surface ectoderm or endoderm each 

leads to an overlapping subset of the abnormalities mentioned above, demonstrating 

the complexity of the tissue interactions that are required for morphogenesis of the 

pharyngeal derivatives.53–55 Tbx1 has been implicated in brain microvascular 

development and may play some part in cognitive and behavioural deficits.56,57 

Another gene of interest is DGCR8, encoding the DGCR8 microprocessor 

complex subunit (also known as Pasha), a double-stranded RNA-binding protein that 

mediates the biogenesis of miRNAs. This observation implicates an miRNA-related 

mechanism in 22q11.2DS.58,59 miRNAs are small non-coding RNAs that regulate the 

expression of target genes by binding to specific sites in mRNAs for translational 

repression or degradation. In mouse models, heterozygosity of Dgcr8 results in 

neuronal deficits, whereas inactivation of both alleles in neural crest cells results in 
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heart defects.60,61 Subtle alterations in miRNA expression levels can have profound 

effects on brain development and plasticity, especially involving synapses.62,63 Recent 

studies propose that DGCR8 may play a part in modifying the expression of genes 

outside of the 22q11.2 deletion region that contribute to the neuropsychiatric and other 

phenotypes associated with 22q11.2DS.60,64–66 

In addition to DGCR8-related changes in miRNAs, the high density of miRNAs in 

the 22q11.2 deletion region and the accumulative insight into their function indicate that 

these functional non-coding RNAs may themselves have a role in the variable 

expression of 22q11.2DS.66–68 These effects on expression are likely to involve not only 

the central nervous system (CNS) but also the cardiovascular system and other aspects 

of embryonic development. 

Much evidence has been accumulated for a role of other individual 22q11.2 

region protein-coding genes in major phenotypes of 22q11.2DS. These genes include v-

crk avian sarcoma virus CT10 oncogene homologue-like (CRKL), encoding a 

cytoplasmic adaptor protein to growth factor signalling, which maps to the LCR22B–

LCR22D region and acts in a dosage-sensitive manner.69,70 Human and mouse model 

data indicate that haploinsufficiency of CRKL could be responsible for the aetiology of 

cardiac anomalies in individuals with nested distal deletions and seems to modulate 

natural killer cell function.71 Another gene, synaptosomal-associated protein 29 kDa 

(SNAP29), encodes a soluble SNARE (soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor) protein that is predicted to mediate vesicle fusion at the 

endoplasmic reticulum or Golgi apparatus membranes, is highly expressed in 
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myelinating glial cells, is required for lamellar body formation in the skin, and is indirectly 

required for β1-integrin endocytosis and cell migration. Mutations in this gene have 

been associated with cerebral dysgenesis, neuropathy, ichthyosis and palmoplantar 

keratoderma (CEDNIK), Kousseff and Opitz G/BBB syndromes.72 Scavenger receptor 

expressed by endothelial cells 2 protein (SREC2), encoded by SCARF2, contains 

putative epidermal growth factor-like domains in its extracellular domain, along with 

numerous positively charged residues in its intracellular domain, indicating that it may 

be involved in intracellular signalling. Homozygous or compound heterozygous 

mutations of SCARF2 underlie Van den Ende–Gupta syndrome characterized by severe 

contractural arachnodactyly and distinctive facial dysmorphism, including triangular 

face, as well as skeletal anomalies.73 

With respect to neuropsychiatric phenotypes, there are multiple gene candidates 

as the majority of genes in the 22q11.2 deletion region are expressed in the brain.74 

COMT encodes catechol-O-methyltransferase, one of several enzymes that degrade 

catecholamines, including dopamine. Its activity is of particular importance in brain 

regions with low expression of the presynaptic dopamine transporter, such as the 

prefrontal cortex. A polymorphism associated with a different level of enzymatic activity 

(that is, the COMT Val/Met functional polymorphism) has been explored in 22q11.2DS 

with respect to cognition and susceptibility to schizophrenia. However, multiple studies 

have found no association of the COMT functional Val/Met common allele with 

schizophrenia in adults with 22q11.2 DS.75–77 There may be some effects of this 

common variant on frontal lobe functioning and anatomy in 22q11.2 DS, although 

results for overall intellect are mixed.32 PRODH, encoding the enzyme proline 
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dehydrogenase, which breaks down proline, has also been studied, in part because 

pathogenetic mutations in PRODH are known to cause type I hyperprolinaemia, which 

in severe forms can cause seizures and intellectual disability. Approximately one-third of 

patients with 22q11.2 DS have increased levels of proline, and several studies, although 

not all, have shown significant associations between high proline levels and various 

brain outcome measures in 22q11.2 DS.78–82 However, studies of common variants in 

PRODH, as for those in COMT, in 22q11.2DS show contradictory results with respect to 

risks for intellectual disability or schizophrenia. Zinc-finger DHHC-type-containing 8 

(ZDHHC8), which encodes a palmitoyltransferase, has shown interesting results in 

studies of mutant mouse models, with effects on axonal growth and terminal 

arborization, and potential functional implications for synaptic connections and working 

memory. Another 22q11.2 region candidate is RANBP1, encoding a binding protein for 

the small GTPase Ran. As a regulator of the Ran complex, this protein has multiple 

functions — including cilia formation and modulation of mitosis — that may contribute to 

the CNS and other phenotypes of 22q11.2DS. Evidence for a role in neurogenesis 

places RANBP1 as a candidate for the cortical circuits implicated in disorders 

associated with 22q11.2DS, such as attention-deficit disorders, autism, and 

schizophrenia.80 

Due to the complexity of the genes affected by the haploinsufficiency, we 

focused on the genes associated with the neurological and behavioral phenotypes. 

Figure 4.3 shows a list of all the genes associated with the 22q11.2 DS deletion, as well 

as an indication of which set of symptoms are associated with the disorder. Overall, we 
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identified a list of 16 genes based off this evidence as potential targets for rescue 

through CRISPR activation. A table of these genes are shown in Figure 4.3.  

 

 

Figure 4.3- About 16 different genes have been shown from the literature to be associated with the 

neurological/cognitive phenotypes of the disorder.   

Motahari et al. Journal of Neurodevelopmental Disorders 

https://doi.org/10.1186/s11689-019-9267-z 
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Cas12a CRISPR activation 

Cas12a (also known as Cpf1) is a type of CRISPR-associated endonuclease 

enzyme that can be used for genome editing, just like Cas9. However, Cas12a differs 

from Cas9 in several ways.  

PAM sequence: Cas9 requires a short PAM (Protospacer Adjacent Motif) 

sequence, typically NGG, immediately adjacent to the target DNA sequence. In 

contrast, Cas12a recognizes a different PAM sequence, typically TTTV (where V can be 

A, C, or G), which can be located further away from the target sequence.  

Cleavage position: Cas9 cleaves both DNA strands at the same position, 

generating blunt ends or overhangs depending on the target site. In contrast, Cas12a 

cleaves the DNA strand further away from the PAM sequence, generating staggered 

ends with a 5’ overhang on the target site.  

sgRNA structure: Cas9 requires two components, a single guide RNA (sgRNA) 

and a tracrRNA, to form a complex that recognizes the target DNA. In contrast, Cas12a 

requires only a single, shorter sgRNA to form a complex that recognizes the target 

DNA.  

Target specificity: Cas12a is known to have a higher target specificity compared 

to Cas9, which means that it is less likely to generate off-target effects. This is because 

Cas12a recognizes longer and more complex target sequences compared to Cas9.8 
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These differences make Cas12a a valuable tool for genome editing, especially in 

situations where high target specificity is important. Additionally, Cas12a can also be 

used for CRISPR activation, a technique that involves using a deactivated Cas12a 

enzyme fused to a transcriptional activator domain to upregulate gene expression at 

specific target sites.8 

 

Multiplex CRISPR activation with Cas12a (also known as CRISPRa) is a 

technique used to upregulate the expression of multiple genes simultaneously. It 

involves the use of a deactivated Cas12a enzyme fused to a transcriptional activator 

domain, such as VP64 or p65, which is guided to specific target sites in the genome 

using a single guide RNA (sgRNA). For this study, we used the VPR activator, 

consisting of VP65, p65, and Rta. More information regarding VPR can be found in 
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Chapter 3 of the dissertation, where it was employed to rescue the Syngap1 

haploinsufficiency.8  

The steps involved in multiplex CRISPRa with Cas12a are as follows: 

1. Design sgRNAs: Design sgRNAs that target the promoter regions of the genes of 

interest. The sgRNA sequence should be specific to the target gene, and it 

should be followed by the Cas12a recognition site (TTTV) to allow for Cas12a 

binding and activation of gene expression. 

2. Expression of Cas12a-activator fusion protein: Express the deactivated Cas12a-

activator fusion protein and the sgRNAs in the cells of interest using plasmid 

transfection or viral transduction. 

3. Cas12a binding and activation: The Cas12a-activator fusion protein binds to the 

sgRNA, and the complex is guided to the target gene promoter region. This leads 

to the recruitment of transcriptional activators, such as VP64, p65, and Rta, to 

the promoter region, thereby activating gene expression. 

4. Multiplex activation: The same approach can be used to activate multiple genes 

simultaneously by expressing sgRNAs that target different gene promoter 

regions along with the Cas12a-activator fusion protein. 

5. Analysis: The expression levels of the target genes can be measured using 

techniques such as qPCR. 

Multiplex CRISPRa with Cas12a offers a powerful tool for studying gene function 

and regulatory networks in a high-throughput manner. By activating multiple genes 

simultaneously, researchers can gain insights into complex cellular processes and 
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identify potential drug targets. This approach is particularly useful for 22q DS 

because in order to rescue this haploinsufficiency, we hypothesize that 16 genes will 

need to be upregulated.  

MATERIALS AND METHODS 

CRISPR/Cas12a Guide Design 

CRISPR guide RNAs were designed for a Cas12a system. The bioinformatics 

tool ChopChop was utilized to identify all the potential guides 400bp upstream of the 

promoter for each gene of interest.83 Table 4.1 shows the specific sequence for each 

guide for al 16 genes. Due to the stringent nature of the TTTV PAM, nearly all guides 

identified for each promoter were screened. In total, about 2-6 guides were chosen for 

each gene. Although the ChopChop algorithm ranks guides based off potential off-target 

affects and predicted activity levels, guides were manually chosen to include guides in 

different regions of the promoter to account for any variation in activity due to steric 

blocking by other transcription factors. 

Following identification of guide sequences in silico, each guide was cloned into 

a vector expressing the sgRNA, dCas12a, and VPR (dCas12a-VPR-sgRNA). This 

vector was obtained from Campa et al, and cloned using their preferred protocol.8 

Oligonucleotides were ordered from IDT containing the 23bp spacer designed from 

ChopChop, with overhangs enabling sticky-end ligation into the dCas12a-VPR-sgRNA 

digested with SpaI.84 The dCas12a-VPR-sgRNA vector backbone was digested with 

SpaI, gel purified using QIAquick Gel Extraction Kit. Oligonucleotides were 
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phosphorylated and annealed in T4 Ligation Buffer using T4 PNK (NEB). These 
Guide Name Gene Species Guide Sequence (TTTV PAM)

Tbx1_001 Tbx1 Mouse TTTGTGTCCCTGGTTTCAACTTCTCAC

Tbx1_002 Tbx1 Mouse TTTCTTCTGTGCCAGACGCTCCCCAAG

Tbx1_003 Tbx1 Mouse TTTGCAGCTTATTAGCCCCATTCTGCT

Tbx1_004 Tbx1 Mouse TTTAGGGCCTGTAAAATGGTCTAGTCA

Tbx1_005 Tbx1 Mouse TTTGCGCACAGGGGTCCTGAGCTTACA

DGCR2_001 DGCR2 Mouse TTTCCTGCTAGCCCCGCCCTTGGCCCC

DGCR2_002 DGCR3 Mouse TTTGGTACCTCGCTGCCAAGGCTGCGT

SLC25A1_001 SLC25A1 Mouse TTTAGAGACACGTGCGTCTGGAGCGCG

SLC25A1_002 SLC25A1 Mouse TTTCCCGGCTGGCACGGGGCGTGGCGT

PRODH_001 PRODH Mouse TTTCCTGTCCCCAAGCTGACCAGGTGG

PRODH_002 PRODH Mouse TTTGGGCTGGGGAGGCGGGGTCAGCAA

PRODH_003 PRODH Mouse TTTGGCGTACTTCCCGTTGCTGACCCC

PRODH_004 PRODH Mouse TTTGTCCAGCACAGAAAGTAGCTCCAT

PRODH_005 PRODH Mouse TTTAAGAAGCTTTGTCCAGCACAGAAA

PRODH_006 PRODH Mouse TTTAGCTCCGGGATTTTCCTGTCCCCA

COMT_001 COMT Mouse TTTCCCCAGGTGTCTAAAACGTTGGCG

COMT_002 COMT Mouse TTTGTCCGTAATCCCACCCCCATGTAG

COMT_003 COMT Mouse TTTGTTTTTGTCCGTAATCCCACCCCC

COMT_004 COMT Mouse TTTAGACACCTGGGGAAAAAGCAGCCC

COMT_005 COMT Mouse TTTGTGTCCCCAATATTAATCGTAGCC

SEPT5_001 SEPT5 Mouse TTTATAGAATGGCCACTCGATGGAAGG

SEPT5_002 SEPT5 Mouse TTTGGTTCTCCCGGCCGCGCGAGTGCA

DGCR8_001 DGCR8 Mouse TTTGCAAGGGCCTTCGCGGGTTGTGGC

DGCR8_002 DGCR8 Mouse TTTGAGTTTGCGAATGACAATGGACCT

HIRA_001 HIRA Mouse TTTGCGGGCGTCCCGCCTTCTGTGGAT

HIRA_002 HIRA Mouse TTTCACGCCACCCGCTGGCGGGCAGCT

UFD1_001 UFD1 Mouse TTTCCAATAAGTTTCCAATACACGGTT

UFD1_002 UFD1 Mouse TTTAGATAGTACTCTCTTCCAAACAAC

UFD1_003 UFD1 Mouse TTTGGAAGAGAGTACTATCTAAACATT

UFD1_004 UFD1 Mouse TTTCCAATACACGGTTCGTCGAATTAG

UFD1_005 UFD1 Mouse TTTCTGTTTTTCCGCCGCTGACTTCAG

UFD1_006 UFD1 Mouse TTTCCGCCGCTGACTTCAGGCCTCCGT

CDC45_001 CDC45 Mouse TTTCCAATAAGTTTCCAATACACGGTT

CDC45_002 CDC45 Mouse TTTATAATGTTTAGATAGTACTCTCTT

CDC45_003 CDC45 Mouse TTTGGAAGAGAGTACTATCTAAACATT

CDC45_004 CDC45 Mouse TTTCCGGCGTTGATCCCGGCCATCATG

CDC45_005 CDC45 Mouse TTTCCAATACACGGTTCGTCGAATTAG

CDC45_006 CDC45 Mouse TTTGAATGTGTTTCCAATAAGTTTCCA

GNB1_001 GNB1 Mouse TTTCCGCCCCGCCCCTCCTTCCCTCTG

GNB1_002 GNB1 Mouse TTTCGGCCCTCCCGGGCTGGTCATTCA

GNB1_003 GNB1 Mouse TTTAAGCCTCTCGCGCACGCGCAGAGG

ARVCF_001 ARVCF Mouse TTTCCCATTGGTAGAGAGACGCGCCCC

ARVCF_002 ARVCF Mouse TTTGTATTCCGGGAGGCTGAACTGGGG

ARVCF_003 ARVCF Mouse TTTGAGGTGCGCCCCCCTGCTGTAGTC

ARVCF_004 ARVCF Mouse TTTCCCACCTCATCTCCTTAGCTTTGT

ARVCF_005 ARVCF Mouse TTTGCTCTAAGACATAGTTCTGGTATG
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annealed, and phosphorylated oligonucleotides were then diluted at 1:200 before being 

ligated into the SpaI digested dCas12a-VPR-sgRNA vector using T4 DNA Ligase (NEB). 

Successful insertion of the oligonucleotides containing the sgRNA sequence was 

confirmed via Sanger sequencing.   

Cell Transfection 

In order to screen the guides for the strongest potential activator for each gene, 

Neuro2A cells were transfected using Lipofectamine 3000, with subsequent RT-qPCR 

for relative gene mRNA levels. Neuro2A cells were maintained in DMEM media 

supplemented with 10% FBS and Penicillin/Streptomycin at 37C under 5% CO2. A total 

of 1 million cells at 60-70% confluency were transfected using Lipofectamine 3000 

following the manufacturer’s instructions. Transfections were performed in 12-well 

plates using 500ng of the dCas12a-VPR-sgRNA expressing plasmid. Cells were 

harvested for RNA extraction at day 3 post lipofection. RNA was harvested using 

Qiagen’s RNeasy kit. 

Quantitative PCR (qPCR) 

RNA was reverse transcribed using the AB high-capacity cDNA synthesis kit 

(ThermoFisher) according to the manufacturer’s instructions. Primers for quantitative 

PCR (qPCR) were designed using Primer3. qPCR was performed in triplicate using 

PowerUp SYBR Green Master Mix (ThermoFisher) with the CFX384 Real-Time System 

C1000 Touch system (Bio-Rad). Gene expression analysis was performed with gene 

specific primers using three biological replicates. Relative target gene expression was 

calculated as the difference between the target gene and the GAPDH reference gene 
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(dCq = Cq[target] − Cq[GAPDH]). Gene expression results are indicated as fold change 

to a reference sample (dCas12a combination without targeting gRNA), using the ddCq 

method. Results from the guide screen are shown in Figure 4.5. 

DISCUSSION 

 This chapter of the thesis accomplished the first step in developing an epigenetic 

therapy towards treating the cognitive/behavioral deficits in 22q11.2 DS: screening 

guide RNAs for their ability to upregulate 16 genes implicated in the disorder. From the 

results in Figure 4.5, the strongest activator for each gene can be utilized for a multiplex 

approach: Tbx1_003, DCGR2_002, SLC25A1_002, PRODH_003, COMT_004, 

SEPT5_002, DGCR8_002, HIRA_002, UFD1_006,CDC45_001, GNB1_001, 

ARVCF_004, TANGO_005, RANBP1_001, ZDHHC8_002, RTN4R_001. These 16 

guides can then be cloned into the vector shown in Figure 4.6. Each of these guides 

were the strongest activators for their respective genes. Although the therapeutic 

activation target is still an open question, starting the with the strongest activator makes 

sense as studies have shown that in vitro activation often overestimates in vivo 

activation.6 This single vector will express dCas12a, VPR, and each of these 16 guide 

RNAs. 

Once multiplex activation is achieved in vitro, the next step towards proof-of-

concept of a viable therapy is to assess multiplex gene activation and phenotypic 

correction in a 22q DS murine model in vivo. The dCas12a-VPR and validated 

multiplexed crRNA array can be packaged in AAV-PHP.eB, allowing widespread brain 

distribution upon systemic injection into WT and Df1/+ mice, a mouse model of the 
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disease.85 Biodistribution and gene activation can be assessed by RNA-seq, Western 

blot, and IHC. Df1/+ mice display many physical and behavioral phenotypes that are 

analogous to human symptoms. One robust and potentially rescuable phenotype is the 

prepulse inhibition (PPI) of the acoustic startle response.74 PPI is the phenomenon in 

which a weak prestimulus or “prepulse” suppresses the response to a subsequent 

startle stimulus. Reduced PPI of the startle response is indictive of impaired 

sensorimotor gating. Deficits in PPI have been observed in subjects with schizophrenia 

and other neuropsychiatric diseases.57  

One problem that may arise is that the 16 genes chosen are not sufficient for 

behavioral rescue the haploinsufficiency. A potential fix for this issue is to increase the 

number of guides in the multiplex array to target additional genes in the deleted region. 

If need be, multiple AAV vectors can be developed to potentially deliver guides for every 

deleted gene in the Df1 deletion region. Additionally, the therapeutic window chosen 

correlating to the 3–5-year age range for human development may not be early enough 

to see reversal of PPI. Further experimentation with dosing at different ages would need 

to be conducted to determine the ideal therapeutic window. 

The development of a multiplex vector that activates multiple genes and 

demonstration of phenotypic correction in a mouse model for 22qDS would be the first 

steps towards developing a viable therapy for the neurological and cognitive 

phenotypes of 22q DS. Additionally, the framework established by these aims would 

enable a better understanding of the genetics involved in 22qDS, helping unearth the 

gene-to-phenotype relationship for the disorder. Future steps should include refining the 
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therapeutic window for the CRISPR-based therapeutic. Better models of 22qDS are 

needed that allow assessment of the anxiety, autism spectrum disorders, ADHD and 

other prevalent symptoms involved in 22qDS. 
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Chapter 5- Conclusion 
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CONCLUSION 
 
 This thesis began by introducing the concepts of CRISPR/Cas9 genome 

engineering, it’s promise in treating genetic disease, and how it can be modified for 

epigenetic editing to expand the list of potentially treatable diseases. This dissertation 

provided preliminary results in the development of epigenetic therapies for three genetic 

disorders (Neurofibromatosis type 1, SYNGAP1-related intellectual disability, and 

22q11.2 deletion syndrome). NF1 utilized a CRISPR repression system, by designing 

guide RNAs for Map2k1 and Map2k2. SYNGAP1-related intellectual disability was 

addressed by utilizing a CRISPR activation system, for the Syngap1 gene itself. Finally, 

a multiplex CRISPR activation approach was explored for 22q11.2 deletion syndrome, 

targeting 16 different genes.  

 Every chapter followed a similar order of operations in developing epigenetic 

therapies. First, an analysis of the genetics of the disease of interest is essential. Do 

genes need to be upregulated or downregulated to rescue whatever genetic deficiency 

plagues patients? Next, guide RNAs are designed in silico. The exact sequence that is 

targeted is primarily dictated by a PAM sequence specific for the various Cas protein 

intended to be utilized. In this thesis, we explored epigenetic editing with multiple Cas 

variants (dCas9, dCas12f, dCas12a). Each required a unique PAM sequence, which 

limited or expanded the list of potential guides that could be developed. Once guides 

are designed in silico, they were empirically screened for either the strongest repressor 

or activator, depending on the disease investigated. Although in silico analysis identifies 

ideal guides, often the guide that empirically proved to be the most ideal wasn’t the one 

the algorithm identified. Therefore, this thesis shows that guides for downstream 
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applications must be tested empirically. I believe the ease in which the CRISPR/Cas9 

system can be adopted for different diseases is perfectly encapsulated in this thesis. 

Simply by finding the right guide RNA for the right loci, it’s possible to fine tune the 

expression of genes through activation or repression.   

 Overall, gene therapy and epigenetic therapies have the potential to be a 

promising medical treatment. While gene/epigenome therapy has shown some success 

in treating certain genetic disorders, there are still several challenges in implementing it 

to patients.  

Some of these challenges include delivery. One of the main challenges in gene 

therapy is delivering the therapeutic genes to the target cells in the body. The delivery 

method must be safe and effective, as well as capable of getting the therapeutic genes 

into the cells where they can work. Several delivery methods are currently being 

researched, including both viral and non-viral vectors. Modified viral vectors are used to 

delivery genes of interest to the brain, with vectors derived from adeno-associated 

viruses (AAVs) having been used almost exclusively in clinical trials for CNS 

disorders.1–5  

AAV gene therapy is a promising approach to treat genetic diseases, but it also 

faces several challenges, particularly related to its delivery. AAV vectors have a limited 

capacity to carry genetic material, which can be a significant challenge when trying to 

deliver larger genes or multiple genes.1,3,4 In chapter 3, we explored the potential of 

using a split-Cas9 system to bypass the packaging limitation of AAV vectors. Another 

challenge is that the immune system can recognize AAV vectors as foreign and mount 

an immune response, which can reduce the efficacy of the therapy.6 This can also limit 
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the ability to re-dose patients with AAV vectors in a clinical setting.7 Some individuals 

may have pre-existing immunity to AAV vectors, which can limit their efficacy in these 

patients.8 AAV vectors have limited tissue specificity, which can result in off-target 

effects or limited transduction in target tissues.9 The route of administration can also 

impact the efficacy of AAV gene therapy. For example, intravenous administration may 

result in liver transduction, while intramuscular administration may result in muscle 

transduction.9 Additionally, AAV vectors can be challenging to manufacture at scale, 

which can limit their availability for clinical use. Despite these challenges, researchers 

are actively working to overcome these challenges through the development of new 

AAV vectors, modifications to existing vectors, and improved manufacturing 

processes.10 Despite whatever advancements are made molecularly in terms of 

developing an epigenetic therapy, delivery remains a major bottleneck in taking these 

tools to the clinic. Non-viral delivery vehicles, such as the polymer nanoparticles 

discussed in Chapter 2 may provide an alternative to viral delivery of gene/epigenetic 

therapies.10  

It is my hope that the findings from this thesis ultimately make its way into pre-

clinical studies by testing the guides identified either in disease relevant cell lines, or 

disease relevant mouse models. Additionally, off-target effects of all the CRISPR 

systems (either activation or repression) need to be investigated. Preliminary mouse 

studies were conducted for SYNGAP1, but the effects in NF1 and 22q11.2 DS mouse 

models are still unexplored. Luckily each respective community has developed robust 

mouse models that mimic the haploinsufficiencies, so the pipeline for these epigenetic 

therapies seem to have a clear pre-clinical destination.  
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FUTURE STEPS 

Neurofibromatosis Type 1 

In Chapter 2, we showed preliminary evidence of the promise of using a CRISPR 

repression system to downregulate Map2k1 and Map2k2 in Neur2A cells. The 

immediate next steps are to complete similar work in Schwann cells, a more clinically 

relevant cell line for NF1. Efficient transfection protocols need to be developed using 

either lentiviral systems or polymer nanoparticles (PNPs) in order to deliver the CRISPR 

repression platform to Schwann cells, as lipofection has proven to be very inefficient for 

this cell type.11 

In cell lines, Phospho-ERK (Thr202/Tyr204) fluorescence assay is a phenotypic 

assay that could be done in conjunction with molecular assays that measure 

Map2k1/Map2k2 expression.12 The Phospho-ERK (Thr202/Tyr204) assay measures 

ERK when phosphorylated at Thr202/Tyr204. The Phospho-ERK (Thr202/Tyr204) 

assay uses 2 labeled antibodies: one with a donor fluorophore, the other one with an 

acceptor. The first antibody is selected for its specific binding to the phosphorylated 

motif on the protein, the second for its ability to recognize the protein independent of its 

phosphorylation state. Protein phosphorylation enables an immune-complex formation 

involving both labeled antibodies and which brings the donor fluorophore into close 

proximity to the acceptor, thereby generating a FRET signal. Its intensity is directly 

proportional to the concentration of phosphorylated protein present in the sample, and 

provides a means of assessing the protein phosphorylation state.12 If our epigenetic 

therapy is successful in repressing Map2k1/Map2k2, we would expect the Phospho-

ERK fluorescence assay to reduce ERK phosphorylation.     
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Next, evaluating the efficacy of such treatment in a clinically relevant animal model 

would be insightful. Mice models developed by the community have with the Nf1+/- 

genetic background develop malignant tumors and high grade malignant peripheral 

nerve sheath tumors that are histologically similar to their human counterparts.13,14 

Successfully delivery of a Schwann cell specific Map2k1/Map2k2 epigenetic therapy to 

this Nf1+/- may attenuate the severity of this tumor phenotype.        

 

SYNGAP1-related Intellectual Disability 

The results outlined in Chapter 3 is preliminary work in a large collaboration 

between the Fink, Silverman, and Segal labs. In the efforts towards creating an 

epigenetic therapy for the Syngap1 haploinsufficiency, this project was successful in 

identifying a promising dCas9 guide RNA that has shown to increase the expression of 

Syngap1 in vitro in Neuro2A cells. In wild-type mice, there is a slight trend, although not-

statistically significant, towards activation. Future work in the pipeline includes the 

testing this therapy in a Syngap1 deficient mouse, which will be done in collaboration 

with the Silverman lab. 

The experimental design for these future experiment include injecting 5-week-old 

Syngap1 deficient mice with the mouse-targeted AAV-B10/CRISPRa. 21 days post-

injection, rescue of motor skills and motor coordination will be assessed by rotarod for 

balance coordination, and the Digigait for temporal and spatial parameters of gait. To 

examine rescue of cognitive impairments relevant to SYNGAP1, treated mice will 

undergo a cognitive battery including a Y-maze assay, novel object recognition and the 

touchscreen assay. To examine rescue of behavioral seizures and EEG spiking using 
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continuous non-tethered recordings, treated mice will be implanted with a wireless 

device designed to collect EEG data in free-moving animals in their home cage. To 

examine sleep rescue, quality by sleep stages and quantity by time spent will be 

recorded using continuous non-tethered recording. EEG acquired from treated mice will 

also be analyzed for sleep including frequency and duration of all sleep stages and 

sleep spindle production. At the conclusion of this functional assessment, brain tissue 

will be isolated for either molecular or histological assessment to determine molecular 

mechanism of action for functional reactivation of SYNGAP1. 

 

22q11.2 Deletion Syndrome 

 Chapter 4 of the dissertation identified 16 strong dCas12a guides for CRISPR 

activation of 16 genes thought to be associated with the neurological/cognitive 

phenotype of 22q DS. Immediate next steps for this project involve packaging these 

guides into a single Cas12a array for multiplexing. The development of a multiplex 

vector that activates multiple genes and demonstration of phenotypic correction in a 

mouse model for 22qDS would be the first steps towards developing a viable therapy for 

the neurological and cognitive phenotypes of 22q DS.  

Once multiplex activation is achieved in vitro, the next step towards proof-of-

concept of a viable therapy is to assess multiplex gene activation and phenotypic 

correction in a 22q DS murine model in vivo. The dCas12a-VPR and validated 

multiplexed crRNA array can be packaged in AAV-PHP.eB, allowing widespread brain 

distribution upon systemic injection into wild-type and Df1/+ mice, a mouse model of the 

disease.15 Biodistribution and gene activation can be assessed by RNA-seq, Western 
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blot, and immunohistochemistry. Df1/+ mice display many physical and behavioral 

phenotypes that are analogous to human symptoms.15 One robust and potentially 

rescuable phenotype is the prepulse inhibition (PPI) of the acoustic startle response.15 

That being said, PPI is a non-specific phenotype, so better models are needed that 

allow assessment of the anxiety, autism spectrum disorders, ADHD and other prevalent 

symptoms involved in 22qDS. 
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