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LAY ABSTRACT  

Huntington’s Disease is a neurodegenerative disease caused by excessive CAG 

repeats in the HTT gene. Without a way of delaying or stopping symptoms, we 

need model systems to understand why some individuals develop disease later 

than others. We know that people develop symptoms earlier in life when they 

have more CAG repeats, but we don’t fully understand the contribution of their 

other genes. We explore this by attempting to edit the DNA of a clinically relevant 

cell line to change the CAG repeats. Once we establish this system, we can 

compare the cells before and after editing to see exactly what changes are 

caused by the CAG repeat length. While we were not able to develop the cell 

line, this work should be used by future researchers as a troubleshooting guide 

as they develop a representative model system.   
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ABSTRACT  

Huntington’s Disease (HD) is a neurodegenerative disease caused by a CAG 

expansion in exon 1 of the HTT gene. The age of symptom onset is inversely 

correlated with the length of the CAG tract. CAA interruptions in the CAG tract 

have a protective effect, delaying the onset of symptoms despite still coding for a 

glutamine residue. Evidence suggests that genes outside of the CAG expansion 

also contribute to differences in age of symptom onset. To improve our 

knowledge of disease, a clinically relevant model system is necessary. Here, we 

identify that many model systems use overexpressed protein that fails to adhere 

to the stoichiometry of an endogenous system. Many systems also use CAG 

expansions beyond what would be seen in a clinical case of HD or do not 

appropriately account for the influence of other genes. TruHD fibroblast cells 

immortalized with human telomerase reverse transcriptase are derived from 

patient samples and have a stable genome. Here, we discuss attempts to 

develop isogenic cell lines by editing TruHD cells to have different CAG repeats. 

While we were unsuccessful in isolating clones carrying the desired edit, future 

researchers can use this work as a guide to navigate the successful creation of 

isogenic cells. We can compare phenotypes between pre and post edited cells to 

see how they change with a new CAG length in an otherwise stable genetic 

background. We also discuss the successful editing of TruHD cells with a CAG to 

CAA base edit to introduce a CAA interruption in diseased cells. We discuss how 
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to propagate these cells for future research to compare pre and post edited cells 

to better understand the protective action of CAA interruptions.  
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CHAPTER 1.0 INTRODUCTION 

1.1 Huntington’s Disease 

Huntington’s Disease (HD) is a monogenic, dominant autosomal 

neurodegenerative disease that mainly targets the medium spiny neurons of the 

neostriatum for degeneration (1). HD develops in mid-life stages, with symptom 

onset establishing in individuals between 30-50 years of age (2). The prevalence 

of HD is 3-10 in 100 000 individuals (3). Juvenile cases of HD are very rare with 

one estimate of incidence at 0.7 per million in the United Kingdom (4). Juvenile 

cases present differently than the traditional development of HD with more severe 

degeneration observed (5). There are recognized sex-differences in HD, with 

women presenting with more severe disease than men (6). HD’s progressive 

brain cell loss manifests as progressive dementia, chorea, and behavioral 

changes (7). Currently, there is no known method of slowing progression of the 

disease. Rather than curative, current treatments focus on attempting to improve 

symptoms through physiotherapy and psychotherapy. To develop a reliable 

therapeutic, considerable research has focused on learning more information 

about the pathogenic mechanism.  

 

The monogenic nature of HD makes it a valuable research target. HD 

arises when an expansion of CAG is present in the 5’ region of exon 1 of the HTT 

gene coding for the huntingtin protein (8). The HTT gene is comprised of 67 

exons, and the corresponding protein is 3144 amino acids in length. A disease 
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phenotype arises when individuals possess above 40 CAG repeats (3). While 

records note a range of 40-121 repeats in patient cases, statistical outliers 

represent CAG expansions greater than 50 repeats, with 43 CAG repeats 

representing the clinical mean (3,9). Healthy individuals possess a limited 6-35 

CAG repeat tract, with an intermediate phenotype presence associated with tract 

lengths of 36-39 repeats (3). HD and several other similar polyglutamine 

expansion diseases exhibit a correlation whereby CAG tract length is inversely 

correlated to age of symptom onset (10–12). In other words, a longer CAG repeat 

length tends to correspond to earlier symptom development. Studies show that 

the uninterrupted CAG length is the measure of disease onset rather than the 

length of polyglutamine repeats (13). CAA interruptions have been shown to 

contribute to variance in symptom onset age, with loss of interruptions hastening 

onset and gain of interruptions delaying symptom development (13–16). The loss 

and gain of interruptions seems to impact CAG lengths of 36-39 most prominently 

(14–16). CAG expansions are subject to somatic expansion, where an 

individuals’ CAG lengths have the potential to expand over their lifetime and 

produce disease. Similarly, HD often arises or even progresses over generations 

during the process of genetic anticipation. This often leads to offspring 

developing more severe symptoms earlier than their ancestors (3,17). Though 

this is a useful tool for general predictive trends, this is not the only contributor to 

disease development. There is tremendous variation in age of symptom onset, 

with only 50-60% of symptomatic development attributable to CAG expansion 
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length (3,10). Findings have indicated that heritable components contribute 40-

60% of the non-CAG component of disease onset (3).  In 2015 a genome wide 

association study (GWAS) was used to unbiasedly study how genetic variations 

outside of the CAG expansion may impact symptom onset. By taking an 

unbiased approach and analyzing the entire genome, the GWAS identified DNA 

repair genes as potential modifiers of motor symptom onset (3,11).    

 

1.2 Protein Structure and the Stress Response   

Exploration into huntingtin’s structure was a primary achievement used to 

uncover protein interactions that have enabled very promising potential 

therapeutics. Huntingtin has been shown to have critical involvement in 

autophagy, endocytosis, regulation of transcription, transport of vesicles, the 

stress response and recently DNA repair (18–21). Huntingtin is composed of a 

series of HEAT (Huntingtin, Elongation Factor 3, protein phosphatase 2A, target 

of rapamycin 1) repeats, producing a solenoid structure to facilitate protein 

interactions (22,23). This structural configuration supports a scaffolding role for 

huntingtin to mediate its functions. The proline-rich domain of huntingtin has also 

been shown to support its interaction with other proteins (24). Huntingtin has a 

proline-tyrosine nuclear localization signal and nuclear export signal that allow its 

entry to and from the nucleus (25,26). Residues 1-17 of the N terminal region 

(N17)  of exon 1 mediate binding of huntingtin to peripheral surfaces and are 

evolutionarily conserved (27,28). Serine 13 and 16 of the N17 domain of 
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huntingtin are hypo-phosphorylated in HD, with restoration of phosphorylation 

shown to be protective (22,28,29). Also within the N17 domain, methionine 8 has 

been identified as a sensor for reactive oxygen species (ROS), implicating 

huntingtin’s role in the stress response (18). Methionine 8 oxidation prompts 

huntingtin’s release from the endoplasmic reticulum, promoting solubility and its 

availability to kinases for phosphorylation of N17 (18). Phosphorylation promotes 

nuclear retention at chromatin regions until oxidative stress is resolved. Upon 

resolution, huntingtin is released and returns to the endoplasmic reticulum (18). 

ROS is a by-product of mitochondrial respiration, but due to the high levels of 

oxygen and metabolic demands, it becomes increasingly problematic as it rapidly 

accumulates over time. Due to inefficiencies in metabolism with aging, ROS 

damage could explain the later onset typically seen in HD (19,30).  

 

1.3 Evaluating Model Systems  

To fully understand the progression of HD, it is necessary to have model 

systems that accurately reflect the disease as it presents in patients. Models of 

HD often involve parameters that fail to mimic endogenous conditions. Many 

models involve the expression of only exon 1 of huntingtin. This fails to 

contextualize the critical function of the rest of the huntingtin protein. Recent 

structural reconstructions of huntingtin show that exon 1 protein when 

investigated in the context of full length huntingtin, behaves differently than when 

in isolation (31). Current structural knowledge of huntingtin is largely focused on 
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its interaction with HTT – associated protein (HAP40). Isolated forms of huntingtin 

are more difficult to investigate due to higher aggregation levels, reduced 

stability, and less homogeneity than when in complex with HAP40 (31). It is not 

well understood if or how the behavior of huntingtin changes when in complex 

with HAP40. Furthermore, it is not clear if huntingtin functions endogenously in 

isolation or in complex with HAP40. Cryogenic electron microscopy (Cryo-EM) 

has not been able to uncover the full structure of huntingtin, in isolation or in 

complex. The structure of exon 1 and the intrinsically disordered region (IDR) 

(residues 400-660) of huntingtin are still unresolved by cryo-EM. Harding et al. 

were able to use complementary modeling software to reconstruct the structure 

of huntingtin when in complex with HAP40.  Harding et al., discovered that when 

exon 1 structure is investigated in the context of full-length huntingtin, expanded 

CAG lengths increase flexibility and movement of exon 1. This finding directly 

conflicts with past studies of isolated exon 1 that found expanded CAG lengths 

conferred a more compact exon 1 structure (32,33). Additionally, Harding et al. 

established that expanded exon 1 also changed the conformation of the IDR of 

huntingtin and seems to change its accessibility for binding interactions. The IDR 

has been raised as a target for many post-translation modifications and is thus a 

key area in protein function. The results by Harding et al. support the conclusion 

that expanded CAG lengths of exon 1 work synergistically across the entire 

protein to influence structure and function. This limits the applicability of model 

systems relying on only expression of mutant exon 1.   
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Mouse models have been developed to allow full length or exon 1 

containing expanded CAG to be expressed in a living, full-body organism to study 

as the disease progresses. There have been several noted discrepancies 

between clinical cases and mouse models. The short lifespan of a mouse means 

this system cannot accurately model the slow progression of HD in humans 

(34,35). To combat the discrepancy in lifespan between mice and humans, CAG 

expansions that are far outside of the clinical window are used to quicken the 

disease progression (34). The R6/2 mouse line features 150 CAG repeats and 

the N171-82Q model features 82 CAG repeats (9,36,37). If these expansions 

were to be seen in clinical practice, it would represent a juvenile case of HD (4,9). 

Both the R6/2 and N171-82Q transgenic mouse models involve expression of 

segmented huntingtin, rather than expression of full-length huntingtin. Not only do 

these models neglect the function of the whole protein, but they also disregard 

the stoichiometry of a natural system. Yang et al. compared huntingtin protein 

levels of extracts from R6/2 mice, knock-in mice with varying huntingtin segment 

lengths and control mice (38). Knock-in mice were generated from an original 

HD140Q knock-in mouse strain of full-length huntingtin, and then gene editing 

tools were used to delete portions of the gene. Gene R6/2 mice show 

dramatically higher levels of exon 1 protein levels relative to knock-in models and 

much higher degree of soluble protein aggregation (38). The higher level of 

protein aggregation was not related to CAG length as the R6/2 mouse contains 
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150 CAG repeats, and the knock-in models contain 140 CAG repeats (38). 

Rather, it is hypothesized, that the degree of overexpression of mutant exon 1 in 

R6/2 mice may limit the ability for available chaperones to mediate misfolding 

events (38). This could further be used to explain the non-specific aggregation 

that is present in R6/2 mice compared to human HD (38). There is supporting 

evidence that overexpression of mutant exon 1 in these mouse models may be 

contributing to the rapid and extreme disease phenotype development (39,40). 

Additionally, mouse models such as the R6/2 model involve the development of 

disorders not correlated with human HD (epilepsy, diabetes, cardiac dysfunction) 

(40–44). While mouse models of full-length huntingtin tend to model disease 

more accurately, the progression of disease is slow (45,46). YAC128 and 

BACHD transgenic mouse models of full-length huntingtin show a weight gain 

phenotype, whereas weight loss is typically seen in human HD (47–49).  

Extending beyond mouse models of disease, pig models have been 

generated to model the response of a large animal to CAG expansions (50). 

Similar to the mouse models, this had CAG expansions that were beyond clinical 

cases at around 140-150 CAG repeats (50). HD pig models displayed more 

severe phenotypes as compared to HD mouse models at the same CAG 

expansions (50–53). This could mean that mouse models show a greater 

tolerability to handle CAG expansions than larger animal models and humans 

(50). As such, this presents another confounding variable to the use of mice, 

where they again fail to represent the experience of a human patient.  
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Another widely used system is transformed cells. Cells are transformed 

from both human and animal models to have a high proliferative capacity and 

ease the practicality of culturing these cells. To extend the proliferative capacity, 

the genome integrity is compromised and the tumor suppressor p53 protein is 

inhibited (54–56). P53 is a transcription factor activated in response to cell stress 

events like DNA damage, ROS elevation, and hypoxia (57–60). Not only are 

these stress events implicated in HD, huntingtin directly interacts with p53 (57). In 

response to events of cell stress, p53 is activated and interacts with huntingtin to 

increase its transcription (57). The close regulation of huntingtin levels in 

response to cellular conditions present another limitation of many model systems. 

As described in mouse models, cellular models of HD also fail to recognize the 

importance of endogenous protein level and full-length huntingtin function. 

Cellular models of HD often employ the used of transformed human embryonic 

kidney (HEK) cells for their rapid growth rates (61), high transfection efficiency 

(62), and high level of protein production (63). For these practical reasons, 

researchers have transfected mutant exon 1 into HEK cells to answer questions 

related to HD. Researchers have studied the influence of various compounds on 

cell toxicity and aggregate formation (64,65) to identify a state of increased 

glycolysis (66), reduced levels of adenosine triphosphate (ATP) (67), and 

increased membrane fluidity with mutant exon 1 (68), A model system that is not 

reflective of clinical disease severely limits the conclusively of these results.  
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This dramatically limits the knowledge that can be gained from this model 

system as p53 is not only an important regulator of the stress response, DNA 

damage, and DNA repair, but has also been shown to directly influence 

huntingtin’s transcription levels (57,69–71). In response to cellular stress 

Appropriate levels of huntingtin reflective of an endogenous system are a 

significant limitation to most model systems of HD. Stochastic levels of huntingtin 

expression represent an important caveat to most model systems of HD.  

 

Cultured patient fibroblasts derived from skin biopsies overcome many of 

the difficulties of transformed and mouse models. Derived from patients, these 

cell lines represent a clinically accurate model system with CAG expansions that 

are seen in a clinical setting. These models are not widely used due to their 

limited reproducibility as they undergo normal cell division and are subject to 

telomere-controlled senescence (72,73). 

 

The next breakthrough in model systems came with the development of 

TruHD immortalized patient fibroblasts (74). Derived from biopsies of 3 different 

patients, the primary fibroblasts were immortalized with human telomerase 

reverse transcriptase (hTERT) (74). Immortalization with hTERT extends their 

proliferative capacity while maintaining genome stability without impairment to 

p53 function (75,76). This enables strong reproducibility with an accurate method 

of observing huntingtin’s response to cell stress and DNA damage. hTERT 
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immortalization was employed in the generation of the frequently used human 

retinal pigment epithelial (RPE1) cell line (ATCC). RPE1 cells were derived from 

a healthy female and are often used to for their practical ease in culture and their 

maintained genomic stability. The individuals used for derivation of TruHD cells 

were a control female (TruHD-Q21Q18) sampled at age 52, heterozygous male 

(TruHD-Q43Q17) sampled at age 54 with disease onset at age 50, and 

homozygous female (TruHD-Q50Q40) sampled at age 23 with disease onset at 

age 28 (74). Information beyond these attributes was very limited due to ethical 

concerns regarding confidentiality.  

 

These cells were subject to several validation assays before their use as a 

representative model of HD (74). One method of validation was huntingtin’s 

response to cellular stress. Mutant huntingtin in HD increases the cell’s 

susceptibility to death during stress (22,28,74). This was demonstrated with a 

lower cell viability in response to oxidizing agent KBrO3 in the diseased TruHD-

Q43Q17 and TruHD-Q50Q40 cells compared to healthy TruHD-Q21Q18 cells 

(74). Past findings have also indicated an energy deficit in HD that was validated 

in TruHD cells with an adenosine diphosphate (ADP)/ATP ratio (54,74,77). 

Consistent with past results, the TruHD-Q43Q17 and TruHD-Q50Q40 show a 

high ADP/ATP ratio indicative of energy deficit as compared to healthy TruHD-

Q21Q18 cells (54,74,77). TruHD cells have also been used to investigate the 

relationship between HD and DNA damage. An alkaline comet assay, a 
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technique used to measure DNA damage through the presence of a longer “tail” 

moment was used to measure the relative amount of DNA damage in the 

presence of KBrO3 in TruHD-Q43Q17 and TruHD-Q21Q18 (19). The TruHD-

Q43Q17 exhibited more DNA damage indicated by a longer tail moment (19). 

One critical limitation of TruHD cells is the different genetic background between 

cell lines. The GWAS in 2015 emphasizes the impact of genetic background 

aside from CAG length to onset of disease. This brings some uncertainty to how 

different genetic backgrounds are influencing results from these cells (11). 

Specifically, it cannot be concluded that differences between TruHD cells are only 

due to the length of the CAG expansion.  

 

To isolate the contribution of the CAG expansion, it is necessary to derive 

cells from patients that are genetically identical except for the CAG expansion 

length. This is termed the development of isogenic cells. The cells would be 

directly comparable, with any changes in phenotype or results being directly due 

to a different CAG expansion. Various techniques in genetic editing would allow 

for the TruHD immortalized patient fibroblasts to be edited to a custom CAG 

expansion. We could attribute any changes in results to the length of the CAG 

expansion rather than confounding genetic differences between the patients’ 

genetics.  
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1.4 Genetic Editing Tools  

Zinc-Finger Nucleases (ZFNs) are one method of making a precise 

change to the genome. They consist of a domain of DNA binding sequences that 

are adapted from zinc-finger transcription factors, and a FokI restriction enzyme 

endonuclease domain (78). They work in a paired system where the DNA 

targeted for cleavage is surrounded by a ZFN on the forward and reverse strand 

of the DNA (78). When both ZFNs flank the DNA, the FokI enzymes dimerize and 

create a double stranded break (DSB) in the DNA sequence (78). The DSB can 

be handled through nonhomologous end joining (NHEJ) or homology-directed 

repair (HDR) (78,79). While HDR is only available for the cell to use when there is 

a sister chromatid available during late S phase or G2, NHEJ can be used at any 

point of the cell cycle (80). NHEJ is very error-prone and often leads to frameshift 

mutations that silence the target gene (78,79). When using ZFNs to adjust the 

CAG expansion to a custom length, a donor plasmid with a custom CAG 

expansion that is flanked by homologous sequences can be introduced into the 

cells. The cell can use the introduced plasmid to repair the DSB through HDR 

and introduce the desired CAG expansion. While ZFNs offer the potential for 

precise genome editing, there are several caveats that limit effective use. Off-

target effects have to be considered due to potential binding to other sequences 

in the genome (81). To limit off-target effects, small modifications can be made to 

the technique such as using FokI nucleases that are obligate heterodimers 

(82,83). This improves targeting accuracy by requiring both nucleases to be 
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present and flanking the target DNA region. The other difficulty with 

implementation of ZFNs is their practical application. Expertise is required to 

assemble ZFNs that stretch to longer target DNA sequences (80,84). To combat 

this, a consortium has been developed with ZFN sequences to match various 

DNA sequences (85,86). However, even with this addition, researchers are still 

limited in targeting any DNA sequence, thus making specific site changes to the 

DNA difficult (78,80). 

 

The discovery of transcription activator-like effector nucleases (TALENs) 

improved the foundation for precise genetic editing. TALENs function similarly to 

ZFNs in that they are composed of a DNA binding domain and a FokI nuclease 

that when dimerized create a DSB in the target DNA (80). The DNA binding 

domain of TALENs is composed of transcription activator-like effector repeats 

(80). These repeats contain a variable di-residue, or two amino acids in 

sequence, that match with a specific nucleotide base (80,87,88). Understanding 

the code that matches the adjacent amino acids to the DNA base has enabled 

precise gene editing. Unlike ZFNs, TALENs are far simpler to design, with 

repeats extending to whatever length is desired for targeting (89,90). TALEN 

specificity has been shown to be quite high in whole-genome sequencing, with an 

added layer of accuracy when FokI is modified to an obligate heterdimer (80,91). 

As with ZFNs, this means a DSB occurs only when both FokI are flanking the 

target DNA (80).  
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The current popular method for genetic editing is clustered regularly 

interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 

(Cas)9. The CRISPR-Cas9 system overtook the use of ZFNs and TALENs with 

its practical advantages. This system was first discovered as an adaptive immune 

response to invading pathogens in bacteria and archaea (92). The immune 

response has three stages: adaptation, expression and interference (93). During 

the adaptation stage, bacteria incorporate invading DNA into their genome into 

spacer sequences at the CRISPR locus (93). At the expression stage, these 

spacer sequences are transcribed with CRISPR RNA (crRNA) and activated by 

complementary sequences between crRNA and a separate molecule of trans-

activating crRNA (tracrRNA) (93). This complex combines with a Cas 

endonuclease expressed from an adjacent locus (94). At the interference stage, 

the spacer sequences in the complex act as a guide for the Cas enzyme to 

cleave and inactivate the target DNA (93). The CRISPR system is incredibly 

diverse, with a rapidly changing classification system. The current classification 

lists 2 classes, 6 subtypes and 33 subtypes (95). The Type II CRISPR system is 

the most widely used method for gene editing, with only Cas9 needed to 

recognize and cleave target DNA.  

 

Researchers were able to manipulate this system of defense to create a 

very practical gene editing technique for creating DSBs (96–99). Plasmids can be 
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developed carrying a sequence for Cas9 and a guide RNA (gRNA) that is 

composed of crRNA, tracrRNA and a sequence complementary to the target 

DNA (80). This plasmid can be transfected into mammalian cells and expressed. 

As in the adaptive immune defense system, the gRNA and Cas9 combine to form 

a complex. The gRNA targets the Cas9 to its target DNA sequence, and the 

Cas9 enzyme targets it for cleavage and introduces a DSB. As with ZFN and 

TALEN gene editing techniques, the DSB can be repaired with NHEJ or HDR 

(78,80,97). To change the DNA sequence, researchers can transfect a donor 

plasmid with the gRNA/Cas9 plasmid containing the desired DNA sequence to 

enable HDR at the target DNA. Unlike ZFNs and TALENs which require changing 

protein sequences, CRISPR-Cas9 only requires a change to a segment of the 

gRNA for DNA targeting (80). The Cas9 enzyme is expressed in the cell as 

protein but does not require recoding. This enables simple, and almost limitless 

changes to be made to the gRNA for DNA targeting without the expertise, time 

and cost required for ZFNs and TALENs.  

 

The most concerning limitation for CRISPR-Cas9 is the high rates of off-

target mutagenesis that have been reported in human cells (100–102). One 

method used to overcome this limitation is the use of a Cas9-nickase enzyme 

with paired single gRNAs (sgRNAs) (103). This modifies the Cas enzyme to 

produce nicks in the DNA rather than DSBs. The targeted DNA is flanked by two 

sgRNA each with their own Cas9-nickase in the DNA, that only when both are at 
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their target DNA will produce a DSB. Off-target nicks that would occur when one 

gRNA/Cas complex cleaves DNA would be repaired with high fidelity, and the 

addition of a second sgRNA extends the DNA sequence required for binding to 

further promote accuracy (103,104). Editing efficiency largely depends on the 

parameters of the experiment (knock-out, knock-in, substitution, length of 

substitution, delivery method, cell type), but is generally low for traditional 

plasmid-based delivery of CRISPR constructs. One approach to improving 

efficiency to 50-66% is genetically silencing the NHEJ pathway to promote HDR 

(105). Alternatively, the use of viral vectors is a highly efficient delivery method of 

constructs (106). Lentiviruses are a common approach for their ability to 

transduce non-dividing cells (107). Transduction results show editing efficiency of 

greater than 90% in certain cases (108). The major limitation of lentiviral based 

approaches is the long-term stable expression of Cas9 to introduce off-target 

cleavage events (109). There are methods of circumventing this long-term 

exposure, by pre-packing a Cas9 protein and gRNA into the viral vector for 

delivery (110). 

 

Similarly, the use of ribonucleoprotein complexes (RNPs) also involves the 

direct delivery of a packaged construct into cells. This method involves the direct 

transfection of a pre-packaged Cas9 protein and gRNA into cells (111). This 

direct delivery of protein promotes rapid clearance of Cas9 from cells and 
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subsequently limits the opportunity for off-target cleavage and cell toxicity 

(111,112).   

 

Another consideration for CRISPR-Cas9 is the required protospacer-

adjacent motif (PAM) downstream of the target DNA (97). A ternary complex is 

formed between the gRNA binding the target DNA, and the Cas9 binding the 

PAM sequence (97). The PAM sequence changes depending on the Cas variant, 

with Cas9 from S.pyrogenes requiring an NGG motif (99,113). This does 

introduce some limitations into the sequences available for targeting, but many 

variants of Cas have been developed with a focus on improving the flexibility of 

the PAM to increase the available DNA sequence for targeting (114). Chatterjee 

et al. were able to relax the PAM requirement by using ScCas9, an ortholog to 

SpCas9 (115). This Cas9 enzyme has a more flexible NNG PAM requirement. 

They were able to improve the specificity and efficiency of this Cas9 enzyme by 

replacing its critical positively charged loop structure with another positively 

charged loop carrying a flexible “SG” motif. They called this new Cas9 enzyme 

Sc++ (114,116). Similarly, Walton et al., were able to expand the PAM 

requirement by mutating the PAM-interacting domain (PID) of SpCas9 (117). This 

Cas9 enzyme was named SpRY and had PAM requirements that were specific to 

NRN and weakly specific to NYN sequences. As improvements continue towards 

improving the efficiency and targetability of CRISPR-Cas9, it becomes the 

leading gene editing tool. 
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1.5 Creating Isogenic Lines in HD  

CRISPR-Cas9 genetic editing has been used to generate isogenic lines in 

HD. Studies have used CRISPR-Cas9 to correct disease to a normal CAG 

expansion or cause disease from a healthy CAG repeat length. In 2014, An et al. 

used CRISPR-Cas9 to modify the CAG expansion in human induced pluripotent 

stem cells (hiPSCs) and transformed 293-F cells (118). They modified the 

hiPSCs and 293-F cells with a donor plasmid carrying a 97 CAG repeat 

expansion to develop an array of isogenic cells with CAG repeats of 21, 72 and 

97. In 2017, Xu et al. used CRISPR-Cas9 to correct a repeat length of 180 CAGs 

in hiPSCs with a donor plasmid containing 18 CAG repeats (119). Malankhanova 

et al. in 2020 established a protocol that was modeled in HEK293 cells to create 

an isogenic line using CRISPR-Cas9 technology that enables editing of any CAG 

expansion length (120). The technology has been extensively studied, with minor 

modifications to the CRISPR-Cas9 system to improve the efficiency and accuracy 

of the technique. These studies feature mostly iPSCs as their target for isogenic 

lines. While iPSCs are enticing for their reprogram-ability into neurons, there are 

significant concerns about the use of these cells as a model system for HD. 

Mainly, when iPSCs are reprogrammed into neurons, these cells lose their age-

specific profiles and are not representative of the mature cells that are lost in HD 

(121) Additionally, many studies use CAG expansions that are not representative 

of clinical cases that may give results that are not applicable for the vast majority 
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of HD cases (118–120). The creation of an isogenic line from immortalized 

TruHD cells would present a model of HD that is clinically representative and 

accurate without the limitations of most model systems.  

 

1.6 Project Rationale  

Aim 1: Generating an isogenic cell line  

Isolating the effect of the CAG expansion in HD is a critical component to 

better understanding the disease. The model systems currently available are 

limited by a failure to represent a clinical case of HD. The immortalization of 

TruHD fibroblasts derived from patients offer an accurate model of HD, but as 

highlighted by the 2015 GWAS study, they are confounded by other genetic 

differences between the patients (11). To isolate the effect of the CAG expansion, 

gene editing will be used to modify the CAG expansion of the TruHD cells. 

CRISPR-Cas9 gene editing offers the most ease in practice for an accurate and 

efficient cleavage system, with a modified Cas9-nickase and paired gRNA 

system used to minimize off-target events. To account for the patient’s genetics 

outside of the CAG expansion, we intended to use two systems of genetic 

editing. TruHD-Q21Q18 were to be modified from healthy to disease with the 

introduction of a 45 CAG donor plasmid, and TruHD-Q43Q17 were to be 

corrected from disease with a healthy 18 CAG repeat donor plasmid. The 

inclusion of separate modified CAG expansion lines adds an additional layer of 

consistency to ensure that phenotypes are not influenced by the patient’s 
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background and allows us to investigate the impact of sex differences in HD. 

After facing technical challenges with transfection and growth in TruHD cells we 

turned to an alternative cell line, RPE1 cells, with the intention of editing in a 

diseased level of CAG repeats in otherwise healthy cells. This would retain the 

same purpose of isolating the effect of a changing CAG expansion by comparing 

pre and post edited cells in a genetically stable cell line. We hoped to use these 

generated isogenic cells to identify differences in phenotypes before and after 

editing to directly identify how the CAG expansion influences phenotypes.  

 

Aim 2: Propagate TruHD-Q43Q17M cells with CAA interruption  

CAA interruptions are shown to have a protective effect in HD (15). I will 

establish a cell line with a CAA interruption in the polyglutamine tract of TruHD-

Q43Q17 cells using a novel, PAM-less Cas9 enzyme.  SpRYc was combined 

with a cytosine base editor to form SpRYc-BE4Max and targeted to the CAG 

repeat tract with a corresponding sgRNA. SpRYc-BE4Max was targeted to 

modify the 4th CAG repeat to CAA, reducing the number of CAG repeats below 

40, the threshold for development of disease. Propagating cells with this genetic 

modification would be useful as prior studies have already established that the 

length of the uninterrupted CAG expansion, rather than the length of glutamine 

residues, are associated with symptom onset (14–16). A stable cell line 

containing this CAA interruption would be useful as a comparison against TruHD-

Q43Q17 cells, to further investigate how CAA interruptions influence HD. In this 



M.Sc. Thesis – N. Savic; McMaster University – Biochemistry 
 

21 
 

case, TruHD-Q43Q17 cells and cells carrying the CAA interruption would again 

be genetically identical aside from the single mutation reducing the uninterrupted 

CAG length to 39 repeats.   

 

Aim 3: Expression of transfected exon 1 relative to endogenous huntingtin 

The levels of endogenous huntingtin are tightly controlled in a cell. Many 

models of HD rely on models of overexpressed wild type and mutant exon 1 to 

make conclusion about disease. It is important to recognize that experiments 

involve greatly overexpression exon 1 that is not reflective of the stoichiometric 

conditions of a human person with HD. We transfected wild type and mutant exon 

1 in increasing concentrations in the frequently used, HEK293 transformed cell 

line. We lysed cells and conducted a western blot to compare the difference 

between transfected exon 1 and endogenous huntingtin. If there is a large degree 

of difference between exogenous and endogenous huntingtin levels, it casts 

doubt on the use of transfected exon 1 as a model to assess HD.  

 

Chapter 2.0 Experimental Procedures   

 

2.1 Tissue Culture  

Human fibroblast cells immortalized with hTERT from heterozygous male 

TruHD-Q43Q17 and healthy female TruHD-Q21Q18 were cultured in MEM 

supplemented with 10% fetal bovine serum (FBS) and 1% Glutamax (74). Human 
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RPE1 cells immortalized with hTERT were acquired from American Type Culture 

Collection (122). RPE1 cells were cultured in DMEM/F12 1:1 supplemented with 

10% FBS and 0.01mg/mL hygromycin B. HEK 293 cells were cultured in 

DMEM/F12 1:1 supplemented with 10% FBS. All cells were maintained at 37℃ in 

5% CO2 incubator. 

 

2.2 Plasmid Constructs  

Oligos for sgRNA-a/nCas9 (Addgene, no. 87201) and sgRNA-b/nCas9 

(Addgene, no. 87200) in cloned Cas9-nickase expression vector pX335, and 

donor plasmids pJOP-HTT-HR45Q (45Q donor plasmid) (Addgene, no. 92248), 

and pJOP-HTT-HR18Q (18Q donor plasmid) (Addgene, no. 87228) were 

ordered. After seeing high toxicity levels, we developed new gRNA vectors: 

sgRNA-a and sgRNA-b oligos were designed according to Xu et al., 2017. Both 

oligos were PCR amplified and cloned into separate BPK1520 vectors (Addgene, 

no. 65777) using BsmBI restriction enzyme digestion and subsequent ligation. 

Colonies were confirmed as successful ligation products with Sanger sequencing. 

NLS-nCas9-NLS-P2A-EGFP (nCas9-EGFP) (Addgene, no. pRZ70) was ordered. 

To replace green fluorescent protein (GFP) selection marker with zeocin 

resistance, pJOP-HTT-HR45Q (Addgene, no. 92248) was digested with AsiSI 

and XhoI. For zeocin resistance, pFUSE-hIgG1-Fc1 (InvivoGen) was ordered. 

Zeocin resistance marker in pFUSE-hIgG1-Fc1 was PCR amplified with forward 

primer carrying AsiSI recognition site: 
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TTAGCGATCGCGTACAAGAATTAATTGGACG and reverse primer carrying 

XhoI recognition site: TAACCTCGAGAATAGGAGTCAGGACG. The PCR 

amplified DNA fragment with zeocin resistance at ~1700 base pairs was digested 

with AsiSI and XhoI. We attempted to ligate the digested PCR fragment into the 

pJOP-HTT-HR45Q donor plasmid, though no colonies were successfully isolated. 

For experiments with TALENs, downstream (DSPQ) vector pairs of TALENs were 

ordered: DSPQ-HTT-TALEN1 ZEO (TALEN1) (Addgene, no. 92245) and DSPQ-

HTT-TALEN 2 BSD (TALEN2) (Addgene, no. 92246). Plasmid constructs for HTT 

gRNA, SpRYc BE4Max, and SpCas9 BE4Max were provided by Koseki et al. 

 

2.3 Transfection of TruHD-Q43Q17 cells for development of isogenic cells 

TruHD-Q43Q17 cells at 95-100% confluency were transfected with varying 

concentration of sgRNA-a/nCas9, sgRNA-b/nCas9 and pJOP-hTT-HR18Q 

(concentration ranged from 0-12µg depending on experimental conditions) 

according to Amaxa 4D Lonza Nucleofection protocol with SG solution. Samples 

were pulsed with program EN-158 and remained undisturbed for 45 minutes and 

then plated with fresh growth media. Growth media was replaced after 24hours 

(h) and cells were imaged 24-48h after transfection to assess GFP expression.  

 

2.4 Transfection of RPE1 cells with Amaxa 4D Lonza Nucleofector   

RPE1 cells were transfected according to 3 separate methods. In method 

1, RPE1 cells at 90-100% confluency were transfected with varying concentration 
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of Method 1 constructs : sgRNA-a/nCas9, sgRNA-b/nCas9 and pJOP-HTT-

HR45Q (concentration ranged from 0-5µg depending on experimental 

conditions); Method 2 constructs : sgRNA-a/BPK1520, sgRNA-b/BPK1520, 

pJOP-hTT-HR18Q and NLS-nCas9-NLS-P2A-EGFP (concentrations ranged from 

0-5µg); Method 3 constructs: DSPQ-HTT-TALEN1 ZEO, DSPQ-HTT-TALEN 2 

BSD and pJOP-HTT-HR45Q (concentrations ranged from 0-5µg) . RPE1 cells 

were transfected with constructs according to Amaxa 4D Lonza Nucleofection 

protocol with SF solution. Samples were pulsed with either DN-100 or EA-104 

programs depending on experiment. Following pulsing, cells remained 

undisturbed for 45 minutes and then plated with fresh growth media. Growth 

media was replaced after 24h and cells were imaged 24-48h after transfection to 

assess GFP expression. Transfections were also attempted using Lipofectamine 

3000 Transfection Reagent (Invitrogen) protocol and TransIT-X2 (Mirus). RPE1 

cells at 90-100% confluency were transfected according to Lipofectamine 3000 

Transfection Reagent (Invitrogen) protocol and TransIT-X2 (Mirus) into serum 

free media. Serum free media was replaced with fresh growth media 2h after 

transfection and cells were imaged 24-48h after transfection to assess GFP 

expression.  

 

2.5 Transfection of HEK 293 cells for development of isogenic cells  

HEK293 cells at 70-90% confluency were transfected according to 

Lipofectamine 3000 Transfection Reagent (Invitrogen) protocol and TransIT-X2 



M.Sc. Thesis – N. Savic; McMaster University – Biochemistry 
 

25 
 

(Mirus) into serum free media. Serum free media was replaced with fresh growth 

media 2h after transfection and cells were imaged 24-48h after transfection to 

assess GFP expression.  

 

2.6 Transfection of TruHD-Q43Q17 cells for SpRYc base editor  

TruHD-Q43Q17 cells at 95-100% confluency were transfected with (1) 

500ng sgRNA, (2) 250ng SpCas9-BE4Max and 250ng sgRNA or (3) 250ng 

SpRYc-BE4Max and 250ng sgRNA according to Amaxa 4D Lonza Nucleofection 

protocol with SG solution. Samples were pulsed with program EN-158 and 

remained undisturbed for 45 minutes and then plated with growth media. Growth 

media was replaced after 24h. Cells were allowed to grow for 5 days, and then 

DNA was extracted with PureLink Genomic DNA Mini Kit (Invitrogen).  

 

2.7 Fluorescence Activated Cell Sorting  

McMaster Core Flow Facility was used for sorting. Depending on 

experimental conditions, 1-3 days following transfection, cells were prepared for 

sorting. Cells were sorted during log phase. Ideally, cells are sorted during log 

phase to promote cell survival and reduce cell adhesion. Cells were prepped 

directly before sorting. Ethylenediaminetetraacetic acid (EDTA) will be added to 

cells prior to sorting to reduce cell adhesion. For sorting of cells with GFP 

expression of pJOP-HTT-HR45Q/pJOP-HTT-HR18Q in development of isogenic 

cells, preps included: (1) sorting sample, cells transfected with gene editing 
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constructs, stained with eBioscience 7-AAD Viability Staining Solution 

(Invitrogen); (2) GFP control, sorting sample of cells transfected with gene editing 

constructs, unstained for eBioscience 7-AAD Viability Staining Solution; (3) 

unstained control, cells transfected with sonicated salmon sperm DNA at equal 

concentration to gene editing construct, unstained for eBioscience 7-AAD 

Viability Staining Solution. For sorting of cells with SpRYc-BE4Max base editor, 

prepared samples included: (1) sorting sample, sample transfected with SpRYc-

BE4Max and sgRNA, stained with eBioScience 7-AAD Viability Staining Solution 

(2) GFP control, cells transfected with 0.5µg pmaxGFP Vector (Lonza) and 

brought to DNA concentration levels of gene editing sample with sonicated 

salmon sperm DNA, one population stained for eBioscience 7-AAD Viability 

Staining Solution, and one population unstained; (3) unstained control, cells 

transfected with sonicated salmon sperm DNA at equal concentration to gene 

editing construct, unstained for eBioscience 7-AAD Viability Staining Solution. 

Prior to sorting, cells were centrifuged at 20℃ at ~700rpm for 5 minutes, washed 

in flow buffer (PBS with 2.5 mM EDTA and 0.5% bovine serum albumin) and 

resuspended in flow buffer. Cells were sorted into a 96-well plate with fresh 

growth media and grown from individual cell populations. When sorting TruHD-

Q43Q17 cells, conditioned media from a fully confluent plate of TruHD-Q43Q17 

cells was used to support growth.  
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2.8 Microscopy 

Cells were stained with NucBlue Live ReadyProbes Reagent (Hoechst 

33342) (Invitrogen) for live cell imaging. Images were acquired with the EVOS FL 

Auto 2 inverted widefield microscope (Thermofisher Scientific).  

 

2.9 Transfection Efficiency Calculation  

To estimate transfection efficiency, CellProfiler was used to compare 5µg 

pJOP-HTT-HR18Q with 1µg sgRNA-a/nCas9 and 1µg sgRNA-b/nCas9 to GFP 

Control (0.5µg pmaxGFP Vector with 6.5µg of sonicated salmon sperm DNA) in 

TruHD-Q43Q17 cells. Transfected efficiency was calculated as GFP-positive 

cells above threshold background fluorescence/nuclei identified with Hoechst 

stain across 10 images for each condition.  

 

2.10 Antibodies  

Antibodies against N-terminal domain of huntingtin (anti-N17) were 

previously characterized and validated (29). For secondary, goat anti-rabbit IgG, 

HRP (Invitrogen) was used.  

 

2.11 Transfection of HEK293 cells for analyzed exon 1 expression  

HEK293 cells at 70-90% confluency were transfected with mCerulean 

(mCer) – Q17 Exon1- Yellow Fluorescent Protein (YFP) vector at 250ng, 500ng, 

1000ng, 2000ng, and Q138 Exon1 -YFP plasmid at 250ng, 500ng, 1000ng, 
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2000ng, and control YFP vector according to Lipofectamine 3000 Transfection 

Reagent (Invitrogen) protocol into serum free media. DNA concentrations at 

transfection were balanced with sonicated salmon sperm DNA to be 2000ng per 

condition. Serum free media was replaced with fresh growth media 2h after 

transfection.  

 

2.12 Western Blot analysis  

24-48h after transfection, cells were scaped and lysed with lysis buffer 

(200µl of RIPA (Radio Immuno Precipitation Assay) buffer (50mM Tris HCl pH 

7.4, 50mM NaCl, 2mM EDTA, 0.1% Sodium dodecyl-sulfate (SDS)) with 10% 

phosphatase and protease inhibitors (Roche). Cells were centrifuged at 10 000 x 

g for 12 minutes. The supernatant was collected and prepared for loading in 4-

20% polyacrylamide gradient gels (Biorad) for SDS-polyacrylamide gel 

electrophoresis (PAGE). Gel was blotted on polyvinylidene difluoride (PVDF) 

membrane (Millipore). Membrane was treated with blocking buffer (5% skim milk 

powder in 1X TBS-T (1ml of TWEEN 20 (Millipore) in 1L of 1X TBS)) overnight at 

4℃ or for 1 hour at room temperature. Membrane was treated with anti-N17 

primary diluted at 1:1000 in blocking buffer for 1h at room temperature. 

Membrane was washed 3 times in TBS-T, and 3 times in TBS-T/Blocking Buffer 

for 5 minutes. Membrane was incubated with secondary antibody diluted at 1:50 

000 in blocking buffer for 30 minutes at room temperature. Membrane was 

washed 3 times in TBS-T, and 3 times in TBS-T/Blocking Buffer for 5 min each. 
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Finally, membrane was treated with enhanced chemiluminescence (ECL) 

(Millipore) and visualized using Microchemi (DNR Bio-Imaging Systems). mCer – 

Q17 Exon1- YFP appeared at approximately 70 kDa, Q138 Exon1- YFP 

appeared at 45 kDa, endogenous huntingtin appears at 348 kDa. Levels of exon 

1 were quantified using ImageJ relative to endogenous huntingtin as loading 

control.  

 

CHAPTER 3.0 RESULTS   

 

3.1 Developing stable isogenic cells 

Our goal was to develop an isogenic cell line only differing in the length of 

the CAG expansion. Due to practical concerns, we resorted to various strategies 

and cell types to attempt to achieve this goal (Fig. 1).  
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Figure 1 – Workflow for the generation of isogenic cells using gene editing  

Outline of 3 attempted methods in the development of isogenic cells. 

Pathway A describes the original workflow to generate isogenic cells using 

CRISPR gene editing in TruHD cells sorted by the presence of GFP expression 

through FACS. When transfection efficiency proved to be too low for efficient 

sorting, we turned to two alternative solutions. Pathway B involves using drug 

resistance for selection of donor plasmids. Pathway C overcomes issues of 

transfection efficiency/toxicity by using RPE1 cells. We first attempted to again 

use GFP from the donor plasmid as a selection marker, but transfection efficiency 

remained too low. We then analyzed the presence of any editing events by 

optimizing the transfection of gRNA/Cas9 plasmids and identifying the presence 

of insertions or deletions (indels). We then considered the use of lentiviruses, a 

redesign of our CRISPR constructs, a transition to TALEN constructs, or a 

transition to RNPs. We validated that GFP expression was functional by 

expressing system constructs in HEK293 with subsequent GFP expression that 

allowed us to perform FACS. We again, attempted experiments in RPE1s, though 

the GFP expression remained too low for FACS.  

 

3.2 Developing Isogenic Cells, Pathway A: FACS selection of pJOP-HTT-

HR18Q donor plasmid in TruHD-Q43Q17 cells 

We aimed to reduce the CAG repeat length to 18 repeats in TruHD-

Q43Q17 cells prior to gene editing TruHD-Q21Q18 cells. We followed the 
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experimental framework as presented in Xu et al. 2017. Several optimization 

experiments to determine the optimal DNA concentration of the 18Q donor 

plasmid were conducted in TruHD-Q43Q17 cells (Table 1). We established the 

brightest GFP signal 48h post transfection of 5μg of 18Q donor plasmid (Fig. 

2).  Following transfection, we attempted to use Fluorescence Activated Cell 

Sorting (FACS) to select for cells expressing the GFP signal from the 18Q donor 

plasmid. We attempted to sort GFP-positive cells individually into a single well in 

a 96-well plate and incubated for growth into more cells (Fig. 1, Pathway A). After 

cell growth, we planned to sequence cells to ensure they carried the intended 18 

CAG repeat modification. To assess transfection efficiency prior to sorting, we 

imaged cells 48h following transfection of CRISPR constructs and control GFP 

vector (Fig. 3A). To estimate transfection efficiency, 10 images were taken of 

each condition and analyzed through CellProfiler to identify nuclei and GFP 

signal. Transfection efficiency was calculated as GFP signal beyond threshold 

background signal/number of nuclei stained with Hoechst. We found that cells 

transfected with CRISPR constructs had a transfection efficiency of 2% 

compared to the 16% transfection efficiency of cells transfected with control GFP 

vector (Fig. 3B).  When we attempted to sort TruHD-Q43Q17 cells through 

FACS, we confirmed that transfection efficiency was too low for sorting (Fig. 4A). 

During sorting, cell events are progressively grouped into categories to sort for 

GFP-positive cells. We found a high degree of cell death with only 3.9% of cells 

assessed as viable through 7-AAD viability stain. Of these viable cells, cells were 



M.Sc. Thesis – N. Savic; McMaster University – Biochemistry 
 

33 
 

compared to a GFP-threshold identified by a transfected GFP-control vector to 

identify GFP-positive cells. Very few GFP-positive events were found, indicated 

by 1 event appearing in GFP-A 103 to 104 (Fig. 4A). Since there were too few 

GFP-positive cells, we sorted for GFP-negative, viable cells to assess how 

TruHD-Q43Q17 cells would grow from a single cell. The population of GFP-

negative, 7-AAD positive cells used for sorting is represented by group P5 (Fig. 

4A). Without any intervention, cells were not able to grow from a single-cell, and 

no living cells were visualized 1 week following sorting. Transfection efficiency 

may be improved with higher DNA concentrations at transfection, but will also 

increase cell toxicity (123,124). After encountering low transfection efficiency and 

high toxicity, we modified the plan to include alternative strategies (Fig. 1).  

 

Table 1 – Attempted parameters during optimization of GFP expression 

from donor plasmid using original constructs from Xu et al., 2017  

Cell type  Transfection 

Method 

Concentrations of each 

gRNA/Cas9 vector 

(sgRNA-a/Cas9, sgRNA-

b/Cas9) 

Concentrations of Donor 

Plasmid (pJOP-HTT-

HR18Q/pJOP-HTT-

HR45Q) 

TruHD-

Q43Q17 

Lonza 4D- 

Nucleofector 

0.5-1μg 0.5-12μg 



M.Sc. Thesis – N. Savic; McMaster University – Biochemistry 
 

34 
 

RPE1  TransIT-X2 1μg 4μg  

0.5-1μg 0.5-5μg 

0.5-5μg 0 

Lonza 4D- 

Nucleofector 

0.5-1μg 0.5-5μg 

0.5-3μg 0 

1.5-5.5μg 0 

HEK293  

TransIT-X2 1-2μg  2-5μg 

Lipofectamine 

3000 

1-2μg 2-5μg 
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Figure 2 - Expression of pJOP-HTT-HR18Q donor plasmid in TruHD-Q43Q17 

cells 

TruHD-Q43Q17M cells were transfected with 5µg of pJOP-HTT-HR18Q 

alongside 1 µg sgRNA-a/nCas9 and sgRNA-b/nCas9 CRISPR constructs. GFP 

signal indicates successful expression of pJOP-HTT-HR18Q donor plasmid.  
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Figure 3 – Toxicity and low transfection efficiency of CRISPR constructs in 

TruHD-Q43Q17 cells  

(A) Transfection of 5µg pJOP-HTT-HR18Q with 1µg sgRNA-a/nCas9 and 1µg 

sgRNA-b/nCas9 in TruHD-Q43Q17 cells. (B) Control transfection of 0.5µg 

pmaxGFP Vector with 6.5µg of sonicated salmon sperm DNA in TruHD-Q43Q17 

cells. Images were acquired 48h after transfection. (C) Transfection efficiency of 

sample transfection (5µg pJOP-HTT-HR18Q with 1µg sgRNA-a/nCas9 and 1µg 

sgRNA-b/nCas9) compared to GFP Control (0.5µg pmaxGFP Vector with 6.5µg 

of sonicated salmon sperm DNA) in TruHD-Q43Q17 cells. Transfected efficiency 

was estimated as GFP-positive cells/nuclei identified with Hoechst stain across 

10 images for each condition. N=1.  
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Figure 4 – FACS Data of TruHD-Q43Q17, HEK293 and RPE1 cells of 

transfected CRISPR constructs   

All cell types were sorted 48-72h following transfection with 5µg pJOP-HTT-

HR18Q (in TruHD-Q43Q17 cells (A)) or 5µg pJOP-HTT-HR45Q (in RPE1 (B) and 

HEK293 cells (C)) with 1µg sgRNA-a/nCas9 and 1µg sgRNA-b/nCas9. Cells 

were stained with 7-AAD viability dye as a marker for living cells. GFP positive 

cells indicated successfully transfected cells, expressing donor plasmid. Cells 

were grouped into P1 by size and viability. P1 was sorted into group P2 based on 

cell size and granularity. Specimen graph P4 indicates separation between GFP-

positive cells and GFP-negative cells against cells stained with 7-AAD viability 

dye. (A) and (B) carried too few GFP-positive cells, and we selected to sort for 

non-GFP expressing, viable cells represented by P5 grouping (C) had adequate 

cell numbers for sorting GFP-positive cells, and thus P5 indicates GFP-positive, 

7-AAD stained cells.  

 

3.3 Developing Isogenic Cells, Pathway B: Drug Selection of pJOP-HTT-

HR18Q donor plasmid in TruHD-Q43Q17 cells  

As an alternative approach, we turned to drug resistance of the donor 

plasmid as a method of selection (Fig. 1 Pathway B). We used the same protocol 

and constructs as described in Method 1, where the 18Q donor plasmid is 

transfected with sgRNA-a/nCas9 and sgRNA-b/nCas9 plasmids in TruHD-

Q43Q17 cells. Both the 18Q donor plasmid and the 45Q donor plasmid 



M.Sc. Thesis – N. Savic; McMaster University – Biochemistry 
 

39 
 

constructs contain puromycin resistance, as this was the method of selection in 

Xu et al, 2017. TruHD cells also possess puromycin resistance, as this was used 

for the selection marker for successful transduction of hTERT during the 

development of the TruHD cells (74). We attempted to see if puromycin could still 

be a viable method of selection of CRISPR constructs, where cells expressing 

the 18Q donor plasmid carried additional puromycin resistance. We determined 

that puromycin resistance was not additive after finding comparable cell survival 

in TruHD-Q43Q17 cells transfected at up to 7µg of 18Q donor plasmid and 

control TruHD-Q43Q17 cells with puromycin concentration between 0.5-5 µg/ml 

(Table 2). To ensure our results were not influenced by the stress of transfection, 

we conducted a control transfection with pmaxGFP and single-stranded 

sonicated salmon sperm DNA balanced to 18Q donor plasmid transfected 

concentration. All trials included application of intended puromycin concentrations 

every 48h for up to 2 weeks. No difference was noted between any of the 

conditions, so we were not able to use puromycin resistance as a method of 

selection for CRISPR constructs.  

 

Table 2 - TruHD-Q4317M transfected with pJOP-HTT-HR18Q do not gain 

additional puromycin resistance compared to resistance conferred during 

hTERT immortalization  
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Trial DNA 

Concentration of 

pJOP-HTT-HR18Q 

Control Condition Puromycin 

Concentration 

(µg/ml) 

1 5µg  TruHD-Q43Q17 cells 

untransfected 

0, 0.5, 1, 2, 3, 4 

2 5µg  TruHD-Q43Q17 cells 

untransfected 

0, 1, 2, 3, 4, 5 

3 5µg, 7µg  TruHD-Q43Q17 cells 

transfected with 

pmaxGFP (500ng) with 

sonicated salmon sperm 

DNA (6.5µg)   

2,3,4  

 

We attempted to replace puromycin with zeocin drug resistance from 

pFUSE-hIgG1-Fc plasmid. We successfully digested the 18Q donor plasmid with 

AsiSI and XhoI, removing puromycin resistance and GFP tag sequences. We 

designed primers targeting 1700 base pairs around the zeocin resistance 

sequence in pFUSE-hIgG1-Fc, adding restriction enzyme sites for AsiSI and 

XhoI. The zeocin resistance sequence was PCR amplified and digested with 
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AsiSI and XhoI. We attempted several ligation experiments, though these were 

unsuccessful, and no colonies were isolated afterwards.  

  

3.4 Developing Isogenic Cells, Pathway C: Establishing an isogenic line in 

RPE1 cells  

After experiencing very low transfection efficiency and high toxicity while 

troubleshooting FACS in TruHD-Q43Q17 cells, we questioned if the plasmids 

may be causing an unusually toxic effect in TruHD cells. We shifted our focus to 

using the established CRISPR constructs in RPE1 cells immortalized with hTERT 

(Fig. 1 Pathway C).  

 

We attempted to optimize the transfection in RPE1 cells using various 

transfection methods, nucleofection protocols, and DNA concentrations (Table 1). 

Over 3 transfections into RPE1 cells at 0.5-5µg using TransIT-X2, transfection 

efficiency was very poor. We attempted transfections using Lonza Nucleofector to 

improve transfection efficiency, which again yielded a poor transfection efficiency. 

We attempted FACS on transfected RPE1 cells, but transfection efficiency was 

still too low for sorting (Fig. 4B). RPE1 cells did have a higher population of viable 

cells compared to TruHD-Q43Q17 cells. During the first population of grouping by 

cell size and viability stain, 27.8% of cells were assessed as viable in RPE1s, 

compared to 3.9% in TruHD-Q43Q17 cells. To assess for GFP-positive cells, 

GFP-control vector was transfected with RPE1 cells to establish a threshold 
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fluorescence level. There is a sparse number of approximately 4 GFP-positive 

cells expressing donor construct in the range of 103 to 104 GFP (Fig. 4B). Like 

with TruHD-Q43Q17 cells, since we could not select for cells expressing GFP, we 

selected for GFP-negative cells and instead assessed growth from an individual 

cell population. The cells sorted for FACS are present in population P5 (Fig. 4B). 

Unlike TruHD-Q43Q17 cells, we were able to grow RPE1 cells from a single cell 

population. Transitioning to RPE1 cells alleviate many other practical concerns. 

The toxic effect in TruHD-Q43Q17 cells was resolved, and we did see a minor 

increase in GFP expression from the 45Q donor plasmid as seen by increase in 

events in FACS (Fig. 4A, Fig. 4B). Still, we grew concerned over the repeated low 

GFP-positive events across cell types, and again repeated quality control 

measures of plasmids. All CRISPR constructs were validated using gel 

electrophoresis and Sanger sequencing showing clean, high quality DNA 

samples.  

 

We shifted our focus to analyzing editing efficiency rather than optimizing 

the expression of GFP expression. To assess the editing efficiency in RPE1 cells, 

we focused on optimizing the transfection of sgRNA/nCas9 plasmids without 

transfection of the 45Q donor plasmid. If the sgRNA/nCas9 plasmids are working 

efficiently, they should be producing indels at the target DNA. We transfected 

each sgRNA/nCas9 plasmid at 0.5-5µg in RPE1s over multiple trials using 

TransIT-X2 and Lonza Nucleofector protocols to determine if we can optimize the 
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presence of indels (Table 1). We extracted the genomic DNA of transfected cells 

1-5 days following transfection and performed Sanger sequencing. We used the 

ICE (Inference of CRISPR edits) software that identifies the presence of indels by 

comparing Sanger sequencing data of transfected cells against untransfected 

cells (125). Using the sequence of gRNA, this software uses an algorithm to align 

edited vs unedited chromatograms looking for any base differences around the 

target DNA (125). Across various experiments of nucleofection involving altered 

method of transfection, DNA concentration and timing of extraction, there is 

consistently between 0-5% indels in the transfected RPE1 cells. In response to 

the consistently low level of transfection efficiency in combination with the low 

editing efficiency, we felt it was necessary to revisit the plasmid design. We 

considered 4 different alternative solutions to overcome the low transfection 

efficiency: lentiviral transduction, new gRNA/Cas9 constructs, TALENs 

constructs, and Cas9/gRNA RNPs (Fig. 1).  

 

3.5 The redesign of smaller CRISPR constructs 

To combat the consistently low transfection efficiency, we constructed 

new, smaller CRISPR constructs (123,124). BPK1520 gRNA expression vector 

was used for both newly designed sgRNAs. BPK1520 was digested with BsmBI 

restriction enzyme. Oligos for sgRNA-a and sgRNA-b sequences designed by Xu 

et al,, 2017 were ordered and digested with BsmBI restriction enzyme. Digest 
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sgRNAs were separately cloned into digested BPK1520 for a total of 2, 2kb 

sgRNA vectors. Separately, a Cas9-nickase, NLS-nCas9-NLS-P2A-EGFP 

(nCas9-EGFP) carrying a GFP signal was ordered that totalled 8kb in size. This 

system relies on the expression of 45Q donor plasmid for HDR of the CAG tract. 

Both gRNA plasmids did not contain a selection marker, and as such we were not 

able to assess for their expression in transfection. We were able to assess for 

GFP expression of nCas9-EGFP. To assess the expression of Cas9 expression 

vector, RPE1 and HEK293 cells were transfected according to TransIT-X2 and 

lipofectamine 3000 protocols. High GFP expression was consistently observed at 

DNA concentrations of Cas9 expression vector at 3-5μg in RPE1 cells and 

HEK293 cells. 

 

3.6 TALENs gene editing 

 A transition to TALENs may address the low editing efficiency that we 

have experienced in our CRISPR constructs. We acquired TALENs: DSPQ-HTT-

TALEN1 ZEO (TALEN1) and DSPQ-HTT-TALEN 2 (TALEN2) designed by Ooi et 

al. to develop isogenic hiPSC models of HD (126). The use of this system still 

relies on the 45Q donor plasmid and 18Q donor plasmid constructed by Xu et al., 

2017, and as such is still a barrier when we consider the low expression of GFP 

in our system. We conducted transfection of RPE1 cells and HEK293 cells 

according to TransIT-X2 protocols with TALEN1 and TALEN2 at 1-4μg and 45Q 
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donor plasmid at 3-5μg. Expression of GFP from 45Q donor plasmid was very 

low in RPE1 cells, but high in HEK293 cells. Transfections in HEK293 cells 

showed high levels of GFP expression of 45Q donor plasmid, consistent across 

all construct systems: original constructs sgRNA-a/nCas9, sgRNA-b/nCas9; 

newly designed sgRNA-a/BPK1520, sgRNA-b/BPK1520, nCas9-EGFP; TALEN1 

and TALEN2. Since transfected RPE1 cells were considered inadequate for 

FACS, we attempted FACS in HEK293 cells. Transfected HEK293 cells with 45Q 

donor plasmid, sgRNA-a/nCas9, sgRNA-b/nCas9 had adequate cell populations 

positive for GFP, and were successfully sorted for GFP-positive, viable cells (Fig. 

4C). Transfection efficiency in HEK293 cells was still very low, with only 63 

events identified across a population of 4139 parent cells. This was not pursued 

as transformed cell lines are unsuitable for a stable cell line investigating HD 

dynamics.  

 

3.7 Propagate TruHD-Q43Q17 cells with CAA interruption  

I used the novel, PAM-less, SpRYc Cas9 enzyme to introduce a CAA 

interruption in TruHD-Q43Q17 cells (127). SpRYc was modified with a cytosine 

base editor to generate a CAG to CAA base modification in the fourth CAG 

repeat in the CAG repeat tract in TruHD-Q43Q17 cells. Successfully editing this 

base reduces the uninterrupted CAG repeat length to fewer than 40 CAG repeats 

while maintaining a polyglutamine expansion beyond 40 repeats.  
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I used the Amaxa 4D Lonza Nucleofector to transfect a sgRNA construct 

targeting the fourth CAG repeat with SpRYc-BE4Max. I extracted the genomic 

DNA for PCR and Sanger sequencing. Sequencing results were analyzed using 

Base Editing Evaluation Program to reveal a 35% efficiency in base editing of 

CAG to CAA (Fig. 5).  

 

Figure 5 - SpRYc-BE4Max has 30% efficiency in conversion of fourth CAG 

repeat to CAA in TruHD-Q43Q17 cells  

sgRNA and SpRYc enzyme with APOBEC base editor were transfected 

into TruHD-Q43Q17 cells in triplicate (n=3). Genomic DNA was extracted with 

expansion of the target region through PCR. Editing efficiency was calculated 
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using mean values from a Base Editing Evaluation Program that evaluates the 

level of intended modification in edited compared to unedited cells (115). 

Reproduced with permission from Koseki et al. unpublished. 

 

To generate a stable cell line carrying this genetic mutation, we repeated 

transfection in TruHD-Q43Q17 cells and performed FACS using 7-AAD viability 

stain to individually sort for viable cells (Fig. 6). Cells were grouped according to 

cells stained with 7-AAD viability stain, cell size and complexity, and GFP-

negative cells as this signal was not present in the CRISPR vector. The final 

grouping for to sorting to individual cells is represented by group P5 (Fig. 6). The 

35% editing rate establishes a likely chance that one of the single cells will carry 

the CAA base edit. We intended to grow cells from the single cell population, 

extract genomic DNA and conduct Sanger sequencing to determine which cell 

populations carry the CAA edit. FACS was originally conducted with fresh growth 

media, and all isolated single cells died following sorting. To promote cell growth 

from a single colony we used conditioned media, the use of media from a fully 

confluent plate of TruHD-Q43Q17 cells. With the use of conditioned media, we 

were able to grow colonies from a single cell.  
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Figure 6- FACS sorting of living TruHD-Q43Q17 cells transfected with 

CRISPR base editor  

TruHD-Q43Q17 cells were transfected with SpRYc-BE4Max enzyme and gRNA 

targeting a single base edit of CAG to CAA in the HTT gene. All cells expressing 

7-AAD viability stain were sorted to P1, then grouped by size and complexity, and 

then further sorted to GFP-negative cells. P5 indicates GFP-negative, 7-AAD 

stained TruHD-Q43Q17 cells that were sorted to single cells.   

 

3.8 Transfected exon 1 expression relative to endogenous huntingtin  

To assess how increasing levels of transfected exon 1 compare to 

endogenous huntingtin levels, we performed a western blot analysis in HEK293 

cells (Fig. 7A). We used increasing DNA concentrations of 250ng, 500ng, 
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1000ng, 2000ng of exon 1. Transfections were balanced to 2000ng with inactive 

DNA to ensure overall DNA concentration was not a contributing factor. To 

assess if there was a difference in non-expanded vs expanded exon 1, both 

healthy mCer-Q17Exon1-YFP, and diseased, Q138 Exon1-YFP were assessed 

in increasing concentrations. Additionally, an empty YFP backbone vector without 

exon 1 was transfected to act as a control. Protein extracts of cells were analyzed 

by western blot with anti-huntingtin specific to the N-terminal region of protein 

(Fig. 7A). mCer-Q17Exon1-YFP appears at a larger size than Q138 Exon1-YFP, 

despite the larger size of the expanded polyglutamine length due to having two 

fluorescent tags. Levels of exon 1 were quantified relative to endogenous 

huntingtin which acted as a loading control (Fig. 7B). Results indicate that in a 

typical transfection experiment of 1000ng, exon 1 has a density of 3-4 relative to 

endogenous huntingtin. This represents a problem in data that use transfected 

exon 1 to analyze the function of huntingtin. Results with this level of exon 1 do 

not represent the stochastic conditions of endogenous huntingtin. According to 

this data, to achieve stochastic conditions, less than 500ng of transfected exon 1 

should be used.  
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Figure 7 – Overexpression of transfected exon 1 relative to endogenous 

huntingtin  

(A) Representative western blot with anti-huntingtin of transfected HEK293 cells 

with increasing concentration of indicated constructs.  (B) Indicated exon 1 levels 

were quantified relative to endogenous huntingtin as loading control. The mean 

relative density of exon 1 was calculated with standard deviation depicted over 4 

trials. N=4.  

 

CHAPTER 4.0 DISCUSSION 
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4.1 Development of an isogenic cell line of HD  

The development of a clinically relevant isogenic cell line would be an 

invaluable tool in understanding the role of the CAG expansion in HD. We 

attempted the development of an isogenic cell line in the clinically relevant, 

genome stable, TruHD cellular model of HD. We used a CRISPR system with 

paired sgRNAs and a Cas9-nickase to reduce off-target effects. The Cas9-

nickase works in a paired system where both sgRNA/nCas9 pairs are necessary 

for a DSB to occur, where the presence of a single sgRNA/nCas9 complex only 

creates a nick. We planned to use FACS to sort cells for the expression of the 

18Q donor and 45Q donor plasmids by GFP expression and conduct sequencing 

to ensure the intended edit occurred (Fig. 1). Our experiments originally focused 

on TruHD-Q43Q17 cells, as TruHD-Q21Q18 cells are more difficult to grow and 

may present a challenge after selection where cells are grown from sparse 

environments. We planned to complete the editing TruHD-Q43Q17 cells fully to 

overcome basic troubleshooting steps, before transitioning to the more sensitive 

TruHD-Q21Q18 cells. We felt it was important to conduct editing on both cell 

lines as a control experiment to ensure any observed effects are directly due to 

the CAG length, and not due to the specific genetics of the TruHD-Q43Q17 cells. 

Since these cell lines are derived from patients with different genetic 

backgrounds, we are not certain that changes to the CAG length of one cell type 

are uninfluenced by their other genetics. If we see similar results with changing 

CAG lengths in both cell types, we can be certain it is the direct consequence of 
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the CAG repeats. The 18Q donor plasmid serves as the donor in TruHD-Q43Q17 

cells for its intended use to substitute the 43 CAG tract with 18 CAG repeats by 

HDR. In healthy TruHD-Q21Q18 cells, the 45Q donor plasmid serves as the 

substitution construct. Both donor plasmids are the largest CRISPR constructs in 

size, both approximately 12kb. They are followed closely, by sgRNA-a/nCas9 and 

sgRNA-b/nCas9 plasmids each at 8kb. The donor plasmids both carry a GFP 

selection marker; we used expression of fluorescence as an estimate for the 

transfection efficiency of the donor plasmid. We optimized the expression of GFP 

the 18Q donor plasmid in TruHD-Q43Q17 cells (Fig. 2) and compared relative 

levels of GFP expression to a control GFP vector (Fig.3). We found that 

compared to a control GFP vector, there were very few cells expressing GFP 

from the 18Q donor plasmid (Fig. 3). Our attempt at FACS for 18Q donor plasmid 

in TruHD-Q43Q17 cells show too few GFP-positive events for successful sorting 

(Fig. 4A). Our attempt at sorting also showed a high degree of unviable cells. To 

combat the cells lost during sample preparation prior to FACS, we added EDTA 

to flow buffer and aimed to sort cells during log phase. Both factors were used 

with the intention of reducing cell adhesion and promoting cell growth. Still, even 

with these considerations, there were not enough cells expressing GFP for 

successful sorting.  We were unsure if this level of death was abnormal for 

TruHD-Q43Q17 cells. It may be that death was a result of general stress from 

transfection, specific toxicity from this set of CRISPR constructs, or over 

confluency due to the timing of sorting. Future research should further investigate 
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this phenotype by performing a sorting experiment with a control non-toxic 

construct and modifying the timing of sorting. While we did have a control GFP 

construct in this sorting experiment to establish a baseline threshold to identify 

GFP-positive cells, data was not available for cell viability. In this FACS attempt, 

we sorted for viable, GFP-negative cells to assess how TruHD-Q43Q17 cells 

would grow in a single cell environment. While cells were not able to grow from 

this environment, we were unsure if this was due to the toxicity of this construct, 

general transfection stress, or a result of the sensitive growth patterns of the 

TruHD-Q43Q17 cells.  

 

Several alternative pathways were attempted to achieve expression of 

gene editing constructs (Fig.1). Drug resistance was pursued as an alternative 

selection marker to avoid the need for high cell density following transfection. 

After several experiments, we determined that puromycin resistance in the 18Q 

and 45Q donor plasmids was not additive to overcome the inherent resistance in 

cells immortalized with hTERT (Table 2). Puromycin was applied at 0.5-5 µg/ml to 

transfected TruHD-Q43Q17 cells with up to 7µg of donor plasmid every 48 for 2 

weeks without any notable difference to control untransfected TruHD-Q43Q17 

cells (Table 2). In response to puromycin as a non-viable selection method, we 

turned to substituting zeocin resistance as an alternative source of drug 

resistance. While we believed that this method would be more fruitful, I would 
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consider returning to puromycin resistance, as I believe we did not test for 

additive resistance extensively. Our main barrier has been a low transfection 

efficiency, this means even in a drug resistance selection method, there will be 

very few cells expressing resistance. It is possible transfected vs control cells 

appeared to have a similar cell death pattern, but perhaps if we had continued to 

apply puromycin, differences would have emerged. Puromycin resistance affects 

mammalian cells at concentrations between 0.5-10μg/ml, and thus I would also 

consider greatly increasing the levels of puromycin to see if there is eventually a 

toxicity difference between transfected and untransfected cells. While there may 

have been a difference in phenotype eventually, we still considered it beneficial to 

pursue another method of drug resistance. We conducted preliminary cloning of 

zeocin drug resistance into 18Q and 45Q donor plasmids. Cloning zeocin to 

substitute puromycin resistance allowed us to also remove the GFP tag that was 

no longer needed for selection. Cloning zeocin resistance has the added benefit 

of reducing the size of the plasmid to improve transfection efficiency and reduce 

toxicity (124). Future work should consider revisiting puromycin drug resistance 

and conclude preliminary cloning of zeocin drug resistance into the 18Q and 45Q 

donor plasmids.  

 

 The issue of low transfection efficiency in TruHD-Q43Q17 cells meant that 

we were unable to successfully isolate clones expressing CRISPR constructs 

(Fig. 4A). We transitioned to the use of hTERT immortalized RPE1 cells derived 
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from a healthy patient harboring a CAG length under 40 repeats (122). These 

cells were chosen because they retained the value of hTERT immortalization in 

TruHD cells, but without the relatively low transfection efficiency associated with 

fibroblast cells. Additionally, RPE1 cells are more resistant to growth from single 

cell populations, and thus are practically easier to use for selection of CRISPR 

constructs. We prioritized experiments conducted in RPE1 cells as we can 

troubleshoot and generate edited cells faster while still determining the isolated 

effect of the CAG expansion.  

 

Several transfection experiments were conducted in RPE1 cells with 

limited success (Table 1). When FACS was attempted in RPE1 cells, we saw 

small improvements compared to TruHD-Q43Q17 cells (Fig. 4). We saw an 

increase in the first grouping of viability, with 27.8% viable in RPE1 cells 

compared to 3.9% in TruHD-Q43Q17 cells. We also saw a mild increase in the 

number of GFP-positive events with an estimate of 4 GFP-positive cells 

compared to 1 event seen in TruHD-Q43Q17 cells. While these were mild 

improvements, they were not enough for successful sorting of GFP-positive cells. 

As with TruHD-Q43Q17 cells, we sorted for living, GFP-negative cells to 

determine how RPE1 cells grow from individual populations. Unlike the TruHD-

Q43Q17 cells, RPE1 cells were able to successfully grow from individual cells 

when left on their own. This gave us confidence, that if we were able to improve 
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the transfection efficiency, we would be able to grow cells from individual 

populations to produce an identical colony. The transition to RPE1 cells also 

brought several limitations. The development of isogenic cells in TruHD cells 

would allow us to study both the expansion and reduction of the CAG tract in 

different genetic backgrounds to confirm that any changes are directly related to 

CAG length. Since TruHD cells are derived from both male and female 

individuals, identifying common changes related to the length of the CAG 

expansion would eliminate sex-related differences and other background genes 

that may influence phenotypes (6,11). RPE1 cells were derived from a single 

healthy 1-year old female meaning isogenic RPE1 cells would not allow for the 

same level of analysis as in TruHD cells. Despite these limitations, an isogenic 

RPE1 cell line differing only in CAG lengths would still allow us to compare pre 

and post edited cells for differences related to CAG expansion length. After 

encountering consistently low GFP expression, we considered the possibility that 

this may not be a valid method of assessing the occurrence of editing events. 

This system only assesses the presence of the 45Q donor plasmid and does not 

consider the expression of the sgRNA/nCas9 vectors. The assessment of 

sgRNA/nCas9 vectors is limited by the lack of any selectable marker in the 

vectors. Additionally, GFP expression may be quickly diminishing, and thus while 

we may not be seeing GFP expression, editing events may still be occurring. We 

calculated editing efficiency using the presence of indels to be 0-5% using the 

Synthego ICE tool. After troubleshooting this process, we determined that 
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presence of indels may not necessarily reflect the editing efficiency of our 

system. Our system is composed of a Cas9-nickase meaning, any generated 

nicks at the targeted site may be repaired more efficiently than with a 

conventional Cas9 enzyme. Without this as a guide for editing efficiency, we 

returned to GFP expression as a substitute for assessing editing efficiency. 

 

While we attempted various strategies to achieve editing, the most 

consistent hurdle we were not able to overcome was the low transfection 

efficiency of the 18Q and 45Q donor plasmids. We were not able to employ 

protocol differences to improve the transfection efficiency of the constructs we 

had prepared in the desired cell types. After confirming by Sanger sequencing 

that there was not an issue with the constructs themselves, we felt it was 

necessary to consider new constructs.  

 

We pursued a re-design of our current CRISPR constructs. We 

successfully cloned sgRNA-a and sgRNA-b into separate BPK1520 empty gRNA 

vector and ordered a separate nCas9-EGFP. In doing so, we replaced the 2 

vectors: sgRNA-a/nCas9 and sgRNA-b/nCas9 with 3 vectors: sgRNA-

a/BPK1520, sgRNA-b/BPK1520 and nCas9-EGFP. While this increases the 

number of plasmids, we are reducing the redundancy of each gRNA plasmid 

carrying a copy of Cas9 as in the current method. In the original system, we were 

only able to assess GFP expression from the 18Q or 45Q donor plasmids. We 
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hoped that the large size of the donor plasmids meant they would be the only 

problematic construct for expression. This new system allows us to assess GFP 

expression from the nCas9-EGFP plasmid. This allows slightly more certainty 

that each construct is being expressed. In the original constructs, the donor 

plasmid was 12kb, and each gRNA/Cas9 vector was 8kb. In this system, each 

sgRNA/BPK1520 vector is 2kb, and the nCas9-EGFP plasmid is 8kb. While this 

new design still requires the expression of 45Q donor plasmid, we can optimize 

the transfection conditions based on GFP expression from the nCas9-EGFP and 

45Q donor plasmids separately. We successfully transfected nCas9-EGFP into 

RPE1 cells. There was no notable toxicity associated with any newly designed 

plasmids. Still, without completion of zeocin drug resistance cloning or sufficient 

GFP expression from the 45Q donor plasmid in RPE1 cells, we were not able to 

move towards selecting for clones with the desired edit. Future experiments 

should conclude zeocin resistance cloning into the 45Q donor plasmid. This 

system would enable FACS of the Cas9 expression vector and zeocin drug 

resistance selection for 45Q donor plasmid. 

 

In moving towards a new construct system, we also pursued TALEN gene 

editing with 45Q donor plasmid in RPE1 cells. One advantage of the TALEN 

constructs over both systems of CRISPR constructs, is each TALEN vector 

carries selectable drug resistance. TALEN1 contains zeocin resistance, and 

TALEN2 contains blasticidin resistance. This system ensures that each 
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component can be optimized to achieve highest editing efficiency. If 45Q donor 

plasmid is successfully modified to contain zeocin resistance to replace GFP 

selection, it would be necessary to optimize these transfections separately before 

performing a combined transfection. TALEN constructs were transfected at 1-4μg 

each and 45Q donor plasmid at 3-5μg. Increasing DNA concentrations of TALEN 

vectors did not confer a notable toxic effect. 

 

In these alternative approaches, are greatest barrier remained the low 

transfection efficiency of the 18Q and 45Q donor plasmids which were still 

necessary to achieve CAG substitution. To increase transfection efficiency, we 

considered the use of lentiviral transduction as a delivery method (106,107). This 

system was not used for implementation as most systems of lentiviral 

transduction involve stable expression of Cas9, which would increase off-target 

effects and would not be suitable for a stable cell line (109). Additionally, our 

constructs were not compatible with lentiviral vectors and would require a new 

design. Lentiviral transduction could be conducted on gRNA and Cas9 vectors 

with separate delivery of 18Q or 45Q donor plasmids, but this would still not 

overcome the issue of low expression of donor plasmid.  

 

Another alternative solution to overcoming the consistently low transfection 

efficiency was an RNP delivery method (128). An RNP method would involve 

direct nucleofection of a prepared complex of Cas9 protein with gRNA directly 
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into RPE1 or TruHD-Q43Q17 cells. This method would improve transfection 

efficiency of the gRNA/Cas9 complex but would still require expression of 

the 45Q donor plasmid or 18Q donor plasmid to substitute CAG length. This 

introduced a significant limitation, as transfection efficiency has mainly been 

limited by donor plasmid expression. To increase the efficiency of 18Q donor 

plasmid and 45Q donor plasmid in an RNP system, future work should consider 

the design of single stranded donor DNA. The use of single stranded DNA would 

involve redesigning the current homology arms in the 18Q and 45Q donor 

plasmids, but is shown to have increased editing efficiency (129).  

 

To ensure the lack of GFP expression was not due to an issue with the 

constructs, control experiments were conducted in HEK293 cells to compare to 

transfection efficiency RPE1 cells. RPE1 cells retained consistently low GFP 

expression, with HEK 293 cells showing GFP expression from 45Q donor 

plasmid across all system constructs: original constructs sgRNA-a/nCas9, 

sgRNA-b/nCas9; newly designed sgRNA-a/BPK1520, sgRNA-b/BPK1520, 

nCas9-EGFP; TALEN1 and TALEN 2. HEK293 cells were a suitable cell type for 

a control experiment because of their high transfection efficiency (62). HEK293 

cells were assessed for FACS to determine if there was an adequate number of 

GFP-positive cells (Fig. 4C). While HEK293 cells expressed GFP at levels 

suitable for FACS, HEK293 cells are not a valid system to study HD dynamics 

(Fig. 4C). As a transformed cell line, their p53 function is interrupted and their 
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genome is unstable (54–56). Huntingtin’s involvement with p53 in the stress 

response and DNA damage would limit the usefulness of any resulting findings 

from HEK293 cells (57,58). The FACS data of HEK293 cells shows a high degree 

of cell death, like FACS results in RPE1 and TruHD-Q43Q17 cells. In HEK293 

cells, 43.9% of cells were identified as 7-AAD viability stained in the first 

grouping, compared to 27.8% in RPE1 and 3.9% in TruHD-Q43Q17 cells. In 

HEK293 cells, only 63 events were considered GFP positive, out of a parent cell 

population of 4139 events, with a transfection efficiency of 1.5%. The results of 

this data confirm the integrity of the 45Q donor plasmid, but still present a very 

challenging transfection efficiency in a highly expressive cell type. Comparing the 

results of FACS across the three cell types provided some perspective for next 

steps. One differing factor between the unsuccessful sorting events, and 

successful sorting samples is the total population of events. 10 000 total events 

were investigated in HEK293 cells, 4335 events were investigated in RPE1 cells, 

and 5924 events in TruHD-Q43Q17 cells. While this population of cells includes 

unviable cells, one method of overcoming the high cell death is simply using a 

larger starting number. It may be that we are not investigating as many events in 

TruHD-Q43Q17 and RPE1 cells, and by increasing the population of cells by a 

large factor we will see enough GFP-positive cells for sorting. Future work should 

consider increasing the pool of cells analyzed for FACS to identify if this provides 

a large enough population of GFP-positive cells. Another method of increasing 

the population of GFP-positive cells, is identifying the source of cell death. Future 
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work should address if this is an issue with the constructs, timing of sorting or 

general stress from transfection. The amount of cell death seen in the TruHD-

Q43Q17 cells is much higher than that of the RPE1 and HEK293 cell data. This 

may indicate a specific toxicity of this construct to this cell type, but the 

experiment would need to be repeated to provide more confidence. Future 

researchers can transfect a control non-toxic GFP vector and perform sorting to 

obtain viability data. It is also important to consider that our results use a highly 

expressive control GFP vector in establishing a baseline level for events to be 

considered GFP-positive. Future researchers may consider using a control 

construct with low transfection efficiency to represent a more comparable GFP 

level to the CRISPR constructs. It may be that our GFP vector is expressing such 

high levels of GFP compared to any GFP-events from the CRISPR constructs, 

that some GFP-events from the CRISPR constructs are being missed. Once the 

issue of low transfection efficiency of the 18Q donor plasmid and 45Q donor 

plasmid are overcome, the development of an isogenic cell line of HD would be 

an incredible resource to investigating the direct impact of CAG length.  

 

4.2 CAA base editing interruption in TruHD-Q43Q17 cells   

Currently, CRISPR is limited to targeting DNA regions that satisfy the 

specific PAM of the Cas enzyme. Koseki et al. have developed a novel Cas9 

enzyme termed, SpRYc that is not limited by a PAM requirement (127). By 

modifying SpRYc to form a base editor, SpRYc-BE4Max, we were able to test the 
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efficiency of this enzyme to introduce base modifications. SpRYc-BE4Max was 

able to edit TruHD-Q43Q17 cells at approximately 35% efficiency to introduce a 

CAG to CAA modification (Fig. 4). The ability to target any DNA region effectively 

greatly expands the value of CRISPR in biological systems.  

 

The CAG to CAA base edit is a key modification that would be beneficial 

for future investigations. The generation of a stable cell line that carries a CAA 

interruption in the polyglutamine expansion is a valuable phenotype for 

investigating variation in the age of symptom onset. Past studies have shown it is 

the length of the CAG expansion, rather than the length of the polyglutamine tract 

that contributes to disease development (14). Additionally, CAA interruptions 

have shown to be protective in delaying disease development (14,15). This base 

modification represents a shift from a disease cell line to a healthy cell line. 

Stable propagation of these cells would allow future work into differences 

between cell lines to better uncover the mechanism of protection.  

 

We were able to conduct FACS to sort for TruHD-Q43Q17 cells stained 

with 7-AAD viability dye for future work to establish a stable cell line. Following 

the first attempt of sorting TruHD-Q43Q17 cells, all single cells in a 96-well plate 

were monitored for growth for 3 weeks. All TruHD-Q43Q17 cells appeared to die 

at the single-cell stage. We were not surprised by this result, as cells sorting 

during the attempt in TruHD-Q43Q17 cells with 18Q donor plasmid, sg-RNA-
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a/nCas9, sg-RNA-b/nCas9 also did not grow. With this result, we knew that the 

resistance to grow from a single cell would be a consistent issue that was likely 

not specific to the transfected construct. We conducted a second attempt of 

sorting TruHD-Q43Q17 cells and replaced fresh growth media with conditioned 

media (Fig. 6). Conditioned media, or media from a confluent plate, provides 

additional growth factors from healthy cells to promote proliferation from a single 

cell (130). Sorting TruHD-Q43Q17 cells into conditioned media was successful in 

promoting growth of cells. The use of conditioned media should be used in future 

experiments for sorting of TruHD-Q43Q17 cells to establish isogenic cells. When 

this FACS result is compared to the attempts of CRISPR constructs in TruHD-

Q43Q17, RPE1 and HEK293 cells there is a continued issue of high cell death. In 

this set of FACS data, the first grouping of viable cells represents 32.4% of all 

events. This is a much higher percentage of viable cells compared to the TruHD-

Q43Q17 cell data of the previous CRISPR constructs that had the first grouping 

at 3.9% of all events. This supports the idea of a specific toxicity of these 

constructs in TruHD-Q43Q17 cells but would require further investigation to be 

conclusive. As previously discussed, it is important to use a control construct that 

was previously validated to not possess abnormal toxicity. Using this method of 

sorting a non-toxic construct we can establish a baseline level of cell death to 

interpret if these constructs are toxic.    
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4.3 Exon 1 overexpression relative to endogenous huntingtin 

The results of the western blot assessing transfected exon 1 levels reveal 

that experiments using over 500ng of transfected exon 1 do not reflect stochastic 

conditions of the cell (Fig. 7). We assessed how increasing levels of exon 1 

change relative to endogenous huntingtin in both unexpanded (mCer-Q17 Exon 

1-YFP) and expanded (Q138 Exon 1 YFP) exon 1 DNA. We found a similar 

phenotype where mCer-Q17 Exon 1-YFP at 1000ng represents a 3.8-fold mean 

increase, and Q138 Exon 1 YFP represents a 3.0-fold increase. These results 

show that there is a similar level of overexpressed exon 1 regardless of the 

length of the polyQ expansion. Since Q17 exon 1 is flanked by two fluorescent 

tags, and Q138 contains only one fluorescent tag at its C-terminal domain, we 

can also control for a changing vector. Since the patterns of exon 1 

overexpression are similar between both sets of exon 1, and are not apparent in 

the empty vector control, we can feel confident that our results are not 

confounded by the vector backbone.  

 

As previously discussed, we cannot trust results that do not represent the 

stochastic conditions of a cell. While results from transfected exon 1 studies are 

already problematic for their overly segmented approach that neglects the full 

function of huntingtin, the results of this analysis show they also do not reflect 

appropriate protein levels in the cell. We chose this range of DNA concentration 

to represent a typical concentration for transfection of 1-5µg depending on 
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manufacturer’s instructions (131–133). Here we show that careful consideration 

is necessary when evaluating findings based on transfected exon 1 concentration 

at these levels. Future work should consider a very conservative approach to 

DNA concentration at transfection to ensure findings are reflective of the 

endogenous environment.  

 

CHAPTER 5.0 CONCLUSIONS AND FUTURE DIRECTIONS  

 

In this study we explore the importance of developing a clinically relevant 

model system of disease. Successful creation of isogenic cells from TruHD or 

RPE1 cells would improve the knowledge gained about HD by improving the 

accuracy of our model system and isolating the role of the CAG length in future 

experiments. These isogenic cells would be derived from stable human cells, with 

clinically representative alleles, differing only by CAG expansion length. Once 

these cells have been established, future research can be conducted on pre and 

post edited cells to determine the effect of a changing CAG expansion.  

 

Here we describe the various troubleshooting attempts to establish a 

clinically relevant isogenic cell line of HD. This should be used by future 

researchers as a baseline framework to accompany their own optimization 

experiments in developing isogenic cells. We discuss the significant barrier of low 

transfection efficiency in our current system and propose the development of a 
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new set of constructs according to an RNP delivery method. RNPs largely 

overcome the low editing efficiency and transfection efficiency of plasmid-based 

approaches (128). RNPs involve a direct delivery of Cas9 protein and gRNA as a 

complex. To further increase the low transfection efficiency of the donor plasmid, 

a single stranded DNA donor with shorter homology arms should be designed 

(129,134). While we largely focused on the use of FACS to select for expression 

of the donor plasmid, it may have been more beneficial to focus our efforts on 

drug resistance. With concerns of low confluency and low transfection efficiency, 

it is easier to select for positive cells from a drug selection method, rather than 

through FACS. 

 

Once an isogenic cell line is established in TruHD or RPE1 cells, key 

experiments will be analyzing differences in DNA damage and repair in pre and 

post edited cells. Since this isogenic model uses a genomically stable, clinically 

relevant cell line, an isogenic line will allow us to study huntingtin’s role in the 

stress response while identifying the effect of the CAG expansion. 

 

Here, we use the SpRYc-BE4Max base editing enzyme to introduce a 

CAG to CAA base interruption in TruHD-Q43Q17 cells. We discuss how to 

improve growth conditions of TruHD-Q43Q17 cells to conduct FACS in future 

work. The development of a stable cell line carrying this interruption will allow us 
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to investigate the mechanism behind the protective actions of CAA in delaying 

disease development in HD.  

 

Our work with transfected exon 1 levels in HEK293 cells identifies a 

problem in many models using this system to represent HD. We show that at 

typical concentrations of DNA at transfection, exon 1 levels are greatly 

overexpressed relative to what is seen in an endogenous system. These models 

do not reflect the tightly controlled levels of huntingtin present in clinical HD. By 

departing from a stoichiometric model system of huntingtin, we cannot trust 

results from systems relying on exon 1 overexpression in transformed cells.  
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Tomás Rodŕıguez,3 Christian Kramme,6,7 Manvitha R. Ponnapati,1,2

George M. Church,6,7 Ray Truant,4 Martin Jinek,5

Erik J. Sontheimer,3 Joseph M. Jacobson,1,2 Pranam Chatterjee,1,2,6,7,†

1Center for Bits and Atoms, 2Media Lab, Massachusetts Institute of Technology
3RNA Therapeutics Institute, University of Massachusetts Medical School

4Department of Biochemistry and Biomedical Sciences, McMaster University
5Department of Biochemistry, University of Zurich
6Department of Genetics, Harvard Medical School

7Wyss Institute for Biologically Inspired Engineering, Harvard University
∗These authors contributed equally.

†Corresponding author: pranam@mit.edu

3

CRISPR enzymes require a specified protospacer adjacent motif4

(PAM) flanking a guide RNA-programmed target site, limiting their5

sequence accessibility for robust genome editing applications. In this6

study, we recombine the PAM-interacting domain of SpRY, a broad-7

targeting Cas9 possessing a 5’-NRN-3’ PAM, with the N-terminus8

of Sc++, a Cas9 with simultaneously broad, efficient, and accurate9

editing capabilities, to generate an enzyme with no distinct PAM10

preference: SpRYc. We demonstrate that SpRYc leverages struc-11

tural properties of both enzymes to be highly active and accurate12

1



on diverse 5’-NNN-3’ PAM sequences and disease-related loci for13

potential therapeutic applications.14

Introduction15

To conduct programmable genome editing, CRISPR-associated (Cas) endonucleases re-16

quire a protospacer adjacent motif (PAM) to immediately follow the target DNA sequence17

specified by the single guide RNA (sgRNA) (1–3). PAM binding triggers DNA strand18

separation, enabling base pairing between the sgRNA and the target DNA strand for19

subsequent nucleolytic cleavage and editing events (4, 5). The widely-utilized Cas9 from20

Streptococcus pyogenes bacteria (SpCas9), for example, requires a 5’-NGG-3’ PAM (1,6,7),21

imposing severe accessibility constraints for therapeutically-relevant editing applications22

requiring precise genomic positioning, such as base editing (8, 9) and homology-directed23

repair (10–12).24

25

To expand the targetable sequence space of CRISPR, we previously engineered Sc++,26

a variant of ScCas9 which employs a positive-charged loop that relaxes the base require-27

ment at the second PAM position, thus enabling a 5’-NNG-3’ preference, rather than the28

canonical 5’-NGG-3’ (13, 14). Concurrent with the development of Sc++, Walton, et al.29

engineered a near-PAMless Cas9, termed SpRY, which contains mutations in the PAM-30

interacting domain (PID) of SpCas9 that enable strong 5’-NRN-3’ specificity, alongside31

weaker 5’-NYN-3’ targeting (15). Both Sc++ and SpRY thus represent exciting advances32

in CRISPR-based genome editing due to their robust editing characteristics and unprece-33

dented genomic accessibility, respectively (16).34

35

In this study, we combine Sc++ and SpRY to engineer an fully-optimized Cas9 enzyme36
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that can induce edits with no discernible PAM requirement. To do this, we employ37

computational modeling and experimental enzyme engineering to graft the PID of SpRY38

to the N-terminus of Sc++, generating the chimeric SpRYcCas9 (herein referred to as39

SpRYc). We demonstrate that SpRYc integrates the loop structure of Sc++ and the PID40

mutations of SpRY to obtain 5’-NNN-3’ PAM preference, efficient editing capability in41

human cells, and reduced off-targeting propensity for diverse genome editing applications,42

including the targeting and editing of disease-related loci.43

Results44

Engineering of SpRYc45

SpRY harbors ten substitutions in the PID of SpCas9 (L1111R, D1135L, S1136W, G1218K,46

E1219Q, A1322R, R1333P, R1335Q, and T1337R) which help reduce its specificity from47

the canonical 5’-NGG-3’ to the more minimal 5’-NRN-3’ PAM (15). Alternatively, ScCas948

and Sc++ both employ positive-charged, flexible loop-like structures in their N-terminus49

(residues 367 to 376) that do not exist in SpCas9 or SpRY, and relax the need for the50

second PAM base, enabling 5’-NNG-3’ PAM preference rather than 5’-NGG-3’ (13,14).51

52

Previously, we grafted the GC-independent PID of Streptococcus macacae Cas9 to the N-53

terminus of its ortholog, SpCas9, to generate iSpyMac, an efficient 5’-NAA-3’ editor (17).54

Motivated by our previous domain grafting results, we engineered a single variant pos-55

sessing the critical properties of SpRY and Sc++ by rationally exchanging the PID of56

Sc++ with that of SpRY to generate a chimeric hybrid Cas9: SpRYc. SpRYc consists57

of the N-terminus (residues 1-1119) of Sc++, including the flexible loop, followed by the58

region of SpRY (residues 1111-1368) spanning its PID mutations (Figure 1A).59
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In silico Modeling of SpRYc60

We hypothesized that the optimized loop of Sc++ may improve the targeting breadth61

and efficiency of SpRY by generating sequence-nonspecific interactions with the PAM to62

relax the need for an A or G at position 2. Owing to the nearly 90% sequence similarity63

between ScCas9 and SpCas9, we conducted homology modeling of SpRYc in the DNA64

substrate bound-state using the SWISS-MODEL server (Figure 1A-B) (18). Our simula-65

tions indicate that the engineered positive-charged loop inserted into the REC1 domain66

points towards the PAM region of the target DNA strands and establishes new interac-67

tions with the phosphate backbone of the target strand (Figure 1Bi). In addition, the68

combination of ScCas9 and SpRY mutations results in several new non-specific backbone69

interactions with the non-target strand, thereby suggesting a relaxed PAM selectivity of70

SpRYc (Figure 1Bii-iii). Of note is a putative van der Waals interaction of the aromatic71

side chain of W1145 with the ribose moieties of the proximal non-target strand residues72

(Supplemental Figure 1Biv) (19). The new interactions resulting from the engineered73

mutations may thus energetically compensate for lack of PAM-specific recognition and fa-74

cilitate local unwinding of double stranded DNA necessary for efficient R-loop formation75

in the absence of canonical PAM interactions.76

PAM Characterization of SpRYc77

To experimentally validate the relaxed PAM specificity of SpRYc in comparison to SpCas9,78

Sc++, and SpRY, we adapted a positive selection bacterial screen based on green fluores-79

cent protein (GFP) expression conditioned on PAM binding, termed PAM-SCANR (20).80

Following transformation of the PAM-SCANR plasmid, harboring a fully randomized 5’-81

NNNNNNNN-3’ (8N) PAM library, an sgRNA plasmid targeting the fixed PAM-SCANR82

protospacer, and a corresponding dCas9 plasmid, we conducted FACS analysis to isolate83
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GFP-positive cells in each population for subsequent library amplification and sequencing84

(Supplementary Figure 1). Our results demonstrate that while SpRY preferentially binds85

to an A or G at position 2 in the PAM, as expected, SpRYc does not bias against any86

specific base at any PAM position, further supporting our structural analyses (Figure 1C).87

Human Genome Editing Capabilities of SpRYc88

We compared the PAM specificities and DNA cleavage capabilities of SpRYc to SpCas989

and SpRY by transfecting HEK293T cells with plasmids expressing each Cas9 along-90

side one of sixteen sgRNAs which were directed to various genomic loci representing91

every two-base PAM combination (5’-NNN-3’) (Supplementary Table 1). After five days92

post-transfection, indel formation was quantified following PCR amplification of the tar-93

get genomic regions and subsequent sequencing analysis. Our results demonstrate that94

SpRYc generates indels at all tested genomic loci, compared to SpRY, which possesses95

minimal activity on select 5’-NYN-3’ PAM sequences (Figure 2A). We similarly tested96

the performance of SpRYc in comparison to SpCas9 and SpRY for base editing applica-97

tions by fusing each variant to ABE8e, a rapid, high-activity adenine base editor (21,22).98

We quantified editing efficiency of the base with the highest conversion percentage in the99

editing window by utilizing the previously described Base Editing Evaluation Program100

(BEEP) following PCR amplification of the target genomic regions (13). Our results101

reveal that SpRYc-ABE8e can efficiently base edit at all tested genomic sequences, as102

compared to SpCas9-ABE8e and the slightly more restrictive SpRY-ABE8e (Figure 2B).103

Taken together, these results suggest that SpRYc is able to target, cleave, and base edit104

at genomic sites with minimal dependence on a specific PAM sequence.105
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Reduced Off-Target Propensity of SpRYc106

Previously, we demonstrated that Sc++ is an intrinsically high-fidelity enzyme, with far107

reduced off-targeting as compared to the standard SpCas9 (14). We thus hypothesized108

that SpRYc may possess lower off-target propensity than its SpCas9-like counterpart,109

SpRY. To investigate this hypothesis, we employed the genome-wide, unbiased GUIDE-110

Seq method (23), by utilizing sgRNA sequences targeting two previously analyzed genomic111

loci (VEGFA and EMX1 ). From this analysis, we observe that SpRYc has nearly four-fold112

fewer off-targets on the more “difficult” VEGFA site, and two-fold reduction of off-targets113

on the EMX1 site (Figure 2C, Supplementary Figures 2-3). We corroborated this data114

via a mismatch tolerance assay (24), in which we employed sgRNAs harboring double115

or single mismatches to a fixed protospacer for an endogenous DNMT1 locus. SpRYc116

exhibited decreased activity on mismatched sequences, as compared to SpRY, with no117

detectable loss of on-target activity (Figure 2D).118

SpRYc Base Editors Mediate Therapeutically-Relevant Edits119

Having established SpRYc’s broad, efficient, and accurate editing capabilities in human120

cells, we sought to investigate its utility as a potential therapeutic modality for the treat-121

ment of genetic diseases. Rett syndrome (RTT) is a progressive neurological disorder that122

predominantly affects young females. A majority of patients carry one of eight mutations123

in the MECP2 gene (C316T, C397T, C473T, C502T, C763T, C808T, C880T, C916T),124

all of which are caused by C-to-T substitution mutations and can thus be potentially125

ameliorated by CRISPR adenine base editors, such as ABE8e (9,21,25). Notably, one of126

the eight mutations, C502T, can only be accessed at target sites consisting of a 5’-NCN-127

3’ or 5’-NTN-3’ PAM, preventing its correction by previous adenine base editors. To128

test whether SpRYc-ABE8e can effectively edit at all eight sites, we generated a universal129
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RTT HEK293T cell line via piggyBac transposase-mediated integration of a synthetic gene130

fragment encoding MECP2 installed with all eight of the aforementioned RTT mutations.131

After puromycin-based clonal selection, we transfected the SpRYc-ABE8e plasmid along-132

side the appropriate sgRNAs for each site (Supplementary Table 1). After subsequent133

DNA extraction, loci amplification, and sequencing, we demonstrate that SpRYc-ABE8e134

can effectively edit all eight targets, including over 20% editing efficiency at the C502T135

mutation (Figure 3A).136

137

Huntington’s Disease (HD) is a fully-penetrant neurological disorder affecting over 1 in138

10000 adults (26). It is caused by an expanded CAG repeat on chromosome 4 of the HTT139

gene, which encodes an extended polyglutamine (polyQ) tract in the resulting huntingtin140

protein (26). Recent studies have shown that there is an inverse relationship between141

the age of disease onset and the number of CAG repeats (rather than the length of the142

resulting polyQ tract) (27). We therefore assessed SpRYc’s ability to introduce silent143

CAA interruptions in the CAG repeat region of HTT. To do this, we transfected patient-144

derived TruHD cells, possessing a clinically-relevant CAG repeat length of 43 (28), with a145

cytosine base editor SpRYc-BE4Max alongside an sgRNA targeting the antisense strand146

of the HTT repeat region (29) (Supplementary Table 1). Our sequencing results show147

that SpRYc can install a CAA interruption at the fourth CAG repeat, with an editing148

efficiency of over 30%, thus reducing the uninterrupted repeat length by 4 (Figure 3B).149

Taken together, these results illustrate SpRYc’s potential utility for clinically-relevant150

applications and motivate its development as a therapeutic platform.151
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Discussion152

While PAMs play a critical role in self-nonself discrimination by prokaryotic CRISPR-Cas9153

immune systems, they limit the accessible sequence space for genome editing applications.154

Recent engineering and discovery efforts have yielded a host of Cas9 variants with altered155

or relaxed PAM sequences (13–15,17,30–36). In this study, we engineer an optimized Cas9156

by harnessing the structural properties of SpRY and Sc++ to generate SpRYc, a Cas9157

with undetectable PAM preference. SpRYc may thus increase the targetable sequence158

space for expanded base editing capabilites, more efficient homology-directed repair, and159

multiplexed screening platforms. We further show that SpRYc has reduced off-target ef-160

fects as compared to SpRY, and due to high sequence homology of ScCas9 and SpCas9,161

we anticipate that high-fidelity mutations (24, 37, 38) can easily be ported into SpRYc162

for improved specificity, as has been shown previously for both Sc++ and SpRY (14,15).163

Finally, we demonstrate that SpRYc can be integrated within base editing architectures164

to edit disease-related loci for potential therapeutic purposes.165

166

Recently, Collias and Beisel highlighted the implications of a PAM-free nuclease, indi-167

cating that though powerful, such a tool would have severe drawbacks (39). For example,168

a PAM-free enzyme may edit its own sgRNA-expressing DNA construct and/or force inter-169

rogation of all target sequences in the genome, yielding hampered editing rates on-target170

while increasing accessibility to off-target sequences (39). During our genome editing ex-171

periments, we regularly amplified and sequenced the sgRNA plasmid cassette from various172

cell lysate samples and observed no detectable editing (Supplementary Figure 4), suggest-173

ing that SpRYc may have impaired targeting at the 5’-GTTTAGAG-3’ PAM within the174

canonical SpCas9 and ScCas9 sgRNA scaffold. Furthermore, we observed editing rates175
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similar to SpCas9 and SpRY on overlapping PAM sequences, indicating no discernable176

trade-off between editing and accessibility. Finally, we showed that SpRYc has reduced177

off-targeting and mismatch tolerance than SpRY. Thus, SpRYc may overcome many of178

the limitations associated with a PAM-free CRISPR tool, though more investigation is179

needed.180

181

While SpRYc serves as a step forward towards unrestricted, fully programmable genome182

editing, its development, more importantly, represents a culmination of a variety of state-183

of-the-art in silico and in vitro PAM engineering methods. ScCas9 was first identified184

via a high-throughput bioinformatics algorithm for ortholog discovery, dubbed SPA-185

MALOT (13). Its derivative, Sc++, was engineered by computationally identifying and186

extracting motifs from Streptococcus orthologs, and splicing them into ScCas9 for im-187

proved functionality (14). Concurrently, SpRY was the result of a multi-year effort of188

SpCas9-based directed evolution and rational mutagenesis (15, 30). Finally, a combina-189

tion of structure-based homology modeling and domain grafting methods, those that were190

instrumental in engineering other PAM variants such as iSpyMac (17) and cCas9 (36),191

enabled the fusion of SpRY and Sc++ into our final SpRYc variant. Together, these stud-192

ies emphasize the power of integrating diverse engineering modalities to generate new and193

useful proteins and open the door for future integrative protein design.194

Materials and Methods195

Homology Modeling196

Structural models of SpRYc were generated using the SWISS-MODEL server (18), using197

the PDB 4UN3 DNA substrate bound Cas9 model as template (6). Modelled sidechains198

and loop were curated and adjusted manually using COOT software (40).199
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Generation of Plasmids200

To generate SpRYc, the N-terminal ORF of Sc++ (Addgene Plasmid #155011), corre-201

sponding to residues (1-1119) was PCR amplified and assembled using Gibson Assembly202

into the pCMV-T7-SpRY-P2A-EGFP backbone (Addgene Plasmid #139989), preserving203

residues 1111-1368 of SpRY’s ORF. pCMV-T7-SpCas9-P2A-EGFP (Addgene Plasmid204

#139987) was used for SpCas9, and Sc++ was similarly integrated within the backbone.205

Analogously, the ORFs of SpCas9, SpRY, and SpRYc were integrated within the ABE8e206

(Addgene Plasmid #138489) and AncBE4Max (Addgene Plasmid #112094) backbones.207

sgRNA plasmids were constructed by annealing oligonucleotides coding for crRNA se-208

quences (Table S1) as well as 4 bp overhangs, and subsequently performing a T4 DNA209

Ligase-mediated ligation reaction into a plasmid backbone immediately downstream of210

the human U6 promoter sequence. Assembled constructs were transformed into 50 µL211

NEB Turbo Competent E. coli cells, and plated onto LB agar supplemented with the212

appropriate antibiotic for subsequent sequence verification of colonies and plasmid purifi-213

cation.214

PAM-SCANR Assay215

Plasmids for the SpCas9 sgRNA and PAM-SCANR genetic circuit, as well as BW25113216

∆lacI cells, were generously provided by the Beisel Lab (North Carolina State Uni-217

versity). Plasmid libraries containing the target sequence followed by either a fully-218

randomized 8-bp 5’-NNNNNNNN-3’ library or fixed PAM sequences were constructed by219

conducting site-directed mutagenesis, utilizing the KLD enzyme mix (NEB) after plas-220

mid amplification, on the PAM-SCANR plasmid flanking the protospacer sequence (5’-221

CGAAAGGTTTTGCACTCGAC-3’). Nuclease-deficient mutations (D10A and H850A)222

were introduced to the ScCas9 variants using Gibson Assembly as previously described.223
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The provided BW25113 cells were made electrocompetent using standard glycerol wash224

and resuspension protocols. The PAM library and sgRNA plasmids, with resistance to225

kanamycin (Kan) and carbenicillin (Crb) respectively, were co-electroporated into the226

electrocompetent cells at 2.4 kV, outgrown, and recovered in Kan+Crb Luria Broth (LB)227

media overnight. The outgrowth was diluted 1:100, grown to ABS600 of 0.6 in Kan+Crb228

LB liquid media, and made electrocompetent. Indicated dCas9 plasmids, with resistance229

to chloramphenicol (Chl), were electroporated in duplicates into the electrocompetent230

cells harboring both the PAM library and sgRNA plasmids, outgrown, and collected in 5231

mL Kan+Crb+Chl LB media. Overnight cultures were diluted to an ABS600 of 0.01 and232

cultured to an OD600 of 0.2. Cultures were analyzed and sorted on a FACSAria machine233

(Becton Dickinson). Events were gated based on forward scatter and side scatter and flu-234

orescence was measured in the FITC channel (488 nm laser for excitation, 530/30 filter for235

detection), with at least 10,000 gated events for data analysis. Sorted GFP-positive cells236

were grown to sufficient density, plasmids from the pre-sorted and sorted populations were237

isolated, and the region flanking the nucleotide library was then PCR amplified and sub-238

mitted for Sanger sequencing or Amplicon-EZ NGS analysis (Genewiz). FCS files were an-239

alyzed using FCSalyzer (https://sourceforge.net/projects/fcsalyzer/)), and gat-240

ing strategy is described in Supplementary Figure 1.241

Cell Culture and DNA Modification Analysis242

HEK293T cells were maintained in DMEM supplemented with 100 units/ml penicillin, 100243

mg/ml streptomycin, and 10% fetal bovine serum (FBS). sgRNA plasmids (100 ng) and244

nuclease plasmids (100 ng) were transfected into cells as duplicates (2 x 104/well in a 96-245

well plate) with Lipofectamine 3000 (Invitrogen) in Opti-MEM (Gibco). After 5 days post-246

transfection, genomic DNA was extracted using QuickExtract Solution (Lucigen), and247
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genomic loci were amplified by PCR utilizing the Phusion Hot Start Flex DNA Polymerase248

(NEB). Amplicons were enzymatically purified and submitted for Sanger sequencing or249

Amplicon-EZ NGS sequencing (Genewiz). Sanger sequencing ab1 files were analyzed250

using the ICE web tool for batch analysis (ice.synthego.com) (41) in comparison to an251

unedited control to calculate indel frequencies via the ICE-D score. Select samples were252

further verified using the TIDE algorithm (tide.deskgen.com) to ascertain consistency253

of editing rates between replicates (42). NGS FASTQ files were analysed using a batch254

version of the software CRISPResso2 (https://github.com/pinellolab/CRISPResso2)255

(43). Base editing files were analyzed via the Based Editing Evaluation Program (BEEP)256

(https://github.com/mitmedialab/BEEP) in comparison to an unedited control. All257

samples were performed in independent duplicates or triplicates, as indicated.258

GUIDE-Seq259

We performed GUIDE-Seq as described previously (23). Briefly, HEK293T cells were260

electroporated in a 24-well plate with 500 ng of Cas9, 500 ng of sgRNA, 10 ng of mCherry261

plasmids, and 7.5 pmol of annealed GUIDE-Seq oligonucleotide using the Neon nucle-262

ofection system (Thermo Fisher Scientific). After 72 hours post-nucleofection, genomic263

DNA was extracted with a DNeasy Blood and Tissue kit (Qiagen 69504) according to264

the manufacturer’s protocol. DNA libraries were prepared using custom oligonucleotides265

described in Tsai, et al. (23). Library preparations were done with original adaptors266

with each library barcoded for pooled sequencing. The barcoded, purified libraries were267

sequenced on a MiniSeq platform in a paired-end (150/150) run.268

269

Raw sequencer output (BCL) was demultiplexed and aligned to hg38 using GS-Preprocess270

(github.com/umasstr/GS-Preprocess) (44). This software also constructed a reference271
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of UMIs unique to each read and merged technical replicate BAM files. Off-target anal-272

ysis of this input was performed using the GUIDEseq Bioconductor package (45). Only273

sites that harbored a sequence with ≤6 mismatches relative to the gRNA were consid-274

ered potential off-target sites. GUIDE-Seq read count data is indicated in Supplementary275

Figures 2-3.276

Rett Syndrome Cell Line Generation277

The MECP2 editing locus containing all common Rett syndrome mutations was synthe-278

sized as a gBlock from IDT and inserted via Gateway cloning to a promoter-less piggyBac279

pMVP destination vector (Addgene 121874) harboring puromycin resistance. The RTT280

vector was then integrated into the HEK293T cell line via lipofection. Briefly, 600,000281

cells were seeded in D10 media (DMEM + 10% FBS) to a six well plate 24 hours prior282

to lipofection. 2.5 ug of the RTT plasmid and 0.5 ug of a CMV-super PiggyBac trans-283

posase (System Biosciences) were then lipofected using Lipofectamine 3000 according to284

the manufacturer’s protocol. Media was changed six hours post-transfection and cells285

were subjected to 1 ug/ml puromycin selection 48 hours post-transfection for 3 days.286

Cells were then expanded under no drug selection for three days to allow non-integrated287

plasmid loss, then again selected for 3 additional days to isolate a pure population.288

TruHD Cell Culture289

TruHD-Q43Q17M cells (28) were cultured in MEM supplemented with 15% FBS and290

1% Glutamax and grown under 3% O2 and 5% CO2 at 37 degrees C in a 10 cm plate.291

At 95% confluence, cells were transfected through Lonza nucleofection using the SG Cell292

Line 4D-Nucleofector Kit. Growth media was replaced 24 hours post-nucleofection. 5293

days post-nucleofection genomic DNA was extracted with PureLink Genomic DNA Mini294

13



Kit (Invitrogen).295

Statistical Analysis296

Data are shown as mean of duplicate values. Data was plotted using Matplotlib and the297

Prism GraphPad software.298

Supplementary Materials299

Supplementary Table 1. Curated dataset of indel and base editing efficiencies at each300

site (annotated by target sequence, genomic locus and PAM), including relevant DNA301

and protein sequences related to this study.302

Supplementary Figure 1. Gating Strategy for PAM-SCANR FACS analysis.303

Supplementary Figure 2. GUIDE-Seq data including counts at each detected off-304

target with ≤6 mismatches for each nuclease tested.305

Supplementary Figure 3. GUIDE-Seq data represented graphically of detected off-306

target read counts for each nuclease tested.307

Supplementary Figure 4. Sequencing of select SpRYc sgRNA DNA constructs from308

genomic DNA extracts.309
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Figure 1: Engineering, Modeling, and PAM Characterization of SpRYc A) Homology model
of SpRYc generated in SWISS-MODEL from PDB 4UN3 and visualized in PyMol. Original domain
coordinates are indicated in parentheses above while SpRYc coordinates are indicated below. PAM is
indicated in yellow, loop in purple, Sc++ N-terminus in red, and SpRY PID in blue. B) i. Interaction
of the engineered Sc++ loop (purple) with the backbone of the target strand (TS) PAM region. The
REC1 loop from wild type SpCas9 is indicated in green. ii. Potential interaction of residue R1331 with
the non-target strand (NTS) backbone. iii. Multiple mutations within the PAM interaction loop allow
for a more flexible PAM readout. iv. The potential van der Waals interaction of W1145 with the ribose
moieties of non-target strand residues could further stabilize the PAM interaction. C) PAM enrichment
for indicated dCas9 enzymes. Each dCas9 plasmid was electroporated in duplicates, subjected to FACS
analysis, and gated for GFP expression based on a negative “No Cas9” control and a positive dSpCas9
control. All samples were performed in independent transformation duplicates (n=2), and the PAMs of
the GFP-positive cells were sequenced via Sanger sequencing.
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Figure 2: Broad, Efficient, and Specific Genome Editing Capabilities of SpRYc. A) Quan-
titative analysis of indel formation with indicated Cas9 variants. Indel frequencies were determined via
batch analysis following PCR amplification of indicated genomic loci, in comparison to unedited controls
for each gene target. All samples were performed in independent transfection duplicates (n=2) and the
mean of the quantified indel formation values was calculated. B) Quantitative analysis of A-to-G with
indicated ABE8e variants. Base editing conversion rates were determined via BEEP following PCR am-
plification of indicated genomic loci, in comparison to unedited controls for each gene target. All samples
were performed in independent transfection duplicates (n=2) and the mean of the quantified base editing
formation values was calculated. C) Off-targets as identified by GUIDE-seq genome-wide for SpCas9,
Sc++, SpRY, and SpRYc each paired with two sgRNAs targeting either EMX1 or VEGFA. Only sites
that harbored a sequence with ≤6 mismatches relative to the gRNA were considered potential off-target
sites. D) Efficiency heatmap of mismatch tolerance assay on genomic targets. Quantified indel frequen-
cies are exhibited for each labeled single or double mismatch (number of bases 5’ upstream of the PAM)
in the sgRNA sequence for the indicated Cas9 variant and indicated PAM sequence. All samples were
performed in independent transfection duplicates (n=2) and the mean of the quantified indel formation
values was calculated.
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Figure 3: Targeting Disease-Associated Loci with SpRYc. A) Schematic of SpRYc RTT Experi-
ment. Briefly, a synthetic MECP2 gene fragment encoding eight specified RTT mutations was integrated
into HEK293T cells, followed by transfection of SpRYc-ABE8e and sgRNAs targeting each mutation.
Base editing conversion rates were determined via BEEP following PCR amplification of indicated ge-
nomic loci, in comparison to unedited controls for each mutation. All samples were performed in inde-
pendent transfection duplicates (n=2) and the mean of the quantified base editing formation values was
calculated. B) Schematic of SpRYc HTT Experiment. SpRYc-BE4Max was nucleofected into TruHD
cells alongside an sgRNA targeting the HTT repeat. Base editing conversion rate was determined via
BEEP following PCR amplification of indicated genomic loci, in comparison to an unedited control. Sam-
ples were performed in independent nucleofection triplicates (n=3) and the mean of the quantified base
editing formation values was calculated.
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