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NEURONAL DNA REPAIR REVEALS STRATEGIES TO INFLUENCE CRISPR EDITING 

OUTCOMES 

 

Gokul N. Ramadoss  

 

ABSTRACT 

 

Genome editing is poised to revolutionize treatment of genetic diseases, but poor understanding 

and control of DNA repair outcomes hinders its therapeutic potential. DNA repair is especially 

understudied in nondividing cells like neurons, which must withstand decades of DNA damage 

without replicating. This lack of knowledge limits the efficiency and precision of genome editing 

in clinically relevant cells. To address this, we used induced pluripotent stem cells (iPSCs) and 

iPSC-derived neurons to examine how postmitotic human neurons repair Cas9-induced DNA 

damage. We discovered that neurons can take weeks to fully resolve this damage, compared to 

just days in isogenic iPSCs. Furthermore, Cas9-treated neurons upregulated unexpected DNA 

repair genes, including factors canonically associated with replication. Manipulating this 

response with chemical or genetic perturbations allowed us to direct neuronal repair toward 

desired editing outcomes. By studying DNA repair in postmitotic human cells, we uncovered 

unforeseen challenges and opportunities for precise therapeutic editing. 
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INTRODUCTION 

 

In the past two decades, advances in biotechnology have revolutionized disease modeling and 

treatment. My thesis work lies at the intersection of two of these transformative, Nobel Prize 

winning technologies: induced pluripotent stem cells (iPSCs) and CRISPR genome editing. 

 

With iPSCs, adult cells from healthy or patient donors can be converted into pluripotent stem 

cells, which can then be differentiated into virtually any specialized cell type of interest1. 

Generating functional and clinically relevant cells—which carry the same genetics as their 

donors—has transformed our ability to model diseases, and to test potential treatments to cure 

those diseases.  

 

By combining these iPSC-derived cell models with CRISPR-based genome editing, we are able 

to study biology by perturbing genes of interest in clinically relevant cell types2. CRISPR allows 

us to screen for potential therapeutic targets in these cell types, and also serves as a potential 

treatment itself: treating genetic diseases via therapeutic genome editing3.  

 

In my dissertation, I used these tools (iPSCs and CRISPR) to tackle multiple diseases in various 

cell types of interest. First, I helped model diseases in iPSC-derived neurons4 and 

cardiomyocytes5,6—both to characterize disease pathology, and to identify potential treatments. 

Second, I helped test the effectiveness of new genome editing strategies at correcting genetic 

diseases in patient iPSC-derived neurons4,7. Third, I investigated how the rules of genome 

editing differ in neurons compared to dividing cells which most of the field has studied so far8. 

 

Through these contributions, I helped identify new treatment options for previously incurable 

diseases, and helped improve our understanding of therapeutic genome editing in neurons.  
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CHAPTER 1: USING STEM CELL DERIVED TISSUES TO STUDY DISEASES 

 

Pluripotent stem cells have long allowed scientists to produce various mature cell types of 

interest, such as neurons and cardiomyocytes, and use these tissues for disease modeling, 

drug screening, cell therapies, and more1,2. Historically, most of these studies were conducted 

using embryonic stem cells, as those were the only pluripotent cells available. While they were 

undoubtedly useful for advancing science, embryonic stem cells came with significant 

drawbacks in practical and ethical concerns about their sourcing9. These issues were solved 

with the advent of induced pluripotent stem cells (iPSCs). With a simple cocktail of 4 specific 

factors, adult cells such as skin or blood cells can now be reprogrammed into a pluripotent 

state, thereby allowing the sustainable generation of pluripotent cells from any human donor10. 

iPSCs have the additional advantage of being sourced from – and genetically identical to – 

living human donors with known genotypes and phenotypes. Therefore, iPSCs derived from 

patients with genetic diseases can recapitulate key phenotypes of those diseases, once they 

are differentiated into clinically relevant cell types1. On the other hand, iPSCs derived from 

phenotypically healthy donors can serve as a well-characterized healthy control.  

 

In this chapter, I will describe two projects in which I used stem cell derived tissues to model 

disease pathology. First, I optimized methods to use human iPSC-derived motor neurons to 

model Charcot-Marie-Tooth disease, a genetic neurodegenerative disorder4. Second, I used 

human iPSC-derived cardiomyocytes to help investigate the cardiac effects of SARS-CoV-25,6. 

 

 

 

 

 



 

 3 

RESULTS 

 

Modeling Charcot-Marie-Tooth disease in iPSC-derived neurons 

 

Charcot-Marie-Tooth disease (CMT) is the most common genetic neuropathy, and is typically 

characterized by progressively worsening paralysis11. CMT Type 2E (CMT2E) is caused by 

dominant negative mutations in the gene NEFL. These mutations cause neurofilament light 

chain (NF-L) protein to mislocalize and aggregate near the cell body, instead of being 

distributed along the length of the axons12.  

 

We possessed several iPSC lines derived from CMT2E patients, which were engineered with a 

cassette enabling doxycycline-inducible differentiation into motor neurons13. However, these 

induced motor neurons typically became unviable beyond 7-10 days of differentiation, due to 

poor health and excessive cell death. This made it difficult to study and phenotype our wild type 

and patient motor neurons. To address this issue, I supplemented our differentiation protocol 

with the neurotrophic factors BDNF, GDNF, and NT3. This allowed us to culture iPSC-derived 

motor neurons for long enough to capture phenotypic differences between wild type and patient 

cells. In order to phenotype wild type and patient motor neurons, I devised an automated image 

analysis pipeline which quantifies the proportion of NF-L protein accumulated near the cell body. 
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Figure 1.1: CMT2E patient iPSC-derived motor neurons recapitulate NF-L mislocalization 
phenotype. 
a-b) Representative images of day-7 WT (a) and N98S (b) i3LMNs stained with anti-NF-L (green) and 
anti-HB9 (blue) antibodies. Boxed regions are shown in larger scale to the right of each image with 
manual cell body segmentation superimposed. Scale bars = 25 μm. c) Distribution of NF-L fluorescence 
intensity in individual HB9+ cell bodies after manual segmentation. Individual data points are shown with 
horizontal lines representing median and interquartile range. d) Quantification of mean NF-L fluorescence 
intensity from four biological replicates per cell line, demonstrating significantly increased intensity in 
N98S neurons. Points represent mean of >160 neurons quantified in each sample population, bars 
represent mean of all replicates ± S.E.M., ***p < 0.001 by t-test. Figure and legend from Feliciano et al, 
Front Cell Dev Biol, 2021. 
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Compared to neurons from wild type iPSCs, neurons from CMT2E patient iPSCs exhibited more 

aggregation of NF-L in the cell body, recapitulating the mislocalization phenotype (Fig. 1.1a-d). 

As an additional control, we used CRISPR genome editing to correct the single-base mutation in 

the patient cell line to the wild type sequence, and differentiated these “corrected” iPSCs into 

neurons as well. Comparing the patient-derived neurons to these isogenic corrected neurons 

showed the same phenotypic differences (Fig. 2.1d). This confirmed that the NF-L aggregation 

phenotype was due to the genetic mutation itself, and not due to underlying differences in 

genetic background. This combination of iPSCs and CRISPR genome editing allowed us to 

prove that the NF-L aggregation phenotype in our patient-derived cells was directly linked to the 

dominant negative mutation, solidifying our understanding of CMT2E. 

 

Modeling COVID-19 in iPSC-derived cardiomyocytes 

 

In 2020, iPSC-derived cells also allowed me to investigate the pathology of a very different, non-

genetic disease: COVID-19. The COVID-19 pandemic, caused by the novel coronavirus SARS-

CoV-2, has infected hundreds of millions of people worldwide and resulted in millions of 

deaths14. Intriguingly, SARS-CoV-2 infection has been associated with myocardial injury15–17. 

We therefore hypothesized that the SARS-CoV-2 virus could infect not only human lung cells 

but also human cardiomyocytes. 

 

To investigate this, we infected human iPSC-derived cardiomyocytes with live SARS-CoV-2 

virus, and characterized how cardiomyocytes responded to the viral infection. My predominant 

contributions to this work included generating the iPSC-derived cardiomyocytes for infection, 

and using quantitative PCR (qPCR) to evaluate the infection of cardiomyocytes relative to other 

cardiac cells. We found that SARS-CoV-2 productively infected cardiomyocytes but not cardiac 

fibroblasts or endothelial cells, even though all cell types exhibited cytoxicity (Fig. 1.2a-c).  
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Figure 1.2: Human iPSC-derived cardiomyocytes model cardiac effects of SARS-CoV-2. 
a) RT-qPCR quantification of viral RNA [Fold change (FC) of SARS-CoV-2 nucleocapsid (N) gene, N5, 
over housekeeping gene transcript, RPP30] in cell cultures exposed to SARS-CoV-2. CF: iPSC-derived 
cardiac fibroblasts; EC: iPSC-derived endothelial cells; CM: iPSC-derived cardiomyocytes; Mixed: 
60:30:10 CM:EC:CF. Bars: mean. Error bars: SEM. **P < 0.01, one-way ANOVA with Tukey’s multiple 
comparisons. technical replicates: 3; N = 3. b) Representative images of immunostaining of cardiac cells 
exposed to SARS-CoV-2. PECAM-1 (CD31) was used as an EC marker, and cTnT as a CM marker. CFs 
expressed GFP constitutively. Viral signal was detected by staining for SARS-CoV-2 spike protein or viral 
double stranded RNA (dsRNA), as noted. White boxes represent regions magnified in rightmost panels. 
Orange arrowheads indicate seemingly apoptotic bodies and white arrowheads denote clusters of dsRNA 
signal. Images are selected from a total of 30 images across 3 replicates. c) Toxicity of SARS-CoV-2 to 
cardiac cell types, quantified by nuclear retention. Y-axis depicts the % of nuclei counted (relative to 
mock). Nuclei were counted automatically at 10x magnification (10 images/condition). Light gray: Vehicle 
treatment (mock), Dark gray: Heat inactivated SARS-CoV-2 (MOI = 0.1), Magenta: SARS-CoV-2 (MOI = 
0.006). Bars: mean. Error bars: SEM. **P < 0.01. n.s.: nonsignificant (P > 0.05). n = >500 cells per group. 
N = 3. d) RT-qPCR quantification of viral RNA (N5) in CM samples exposed to SARS-CoV-2 for 48h (MOI 
= 0.1) after 2h pretreatment with the indicated reagents to block viral infection. Bars: mean. Error bars: 
SEM. *P < 0.05,**P < 0.01, one-way ANOVA with Tukey’s multiple comparisons. Technical replicates: 3; 
N = 3. e) RT-qPCR quantification of viral RNA (N5) in CM samples exposed to SARS-CoV-2 for 48h (MOI 
= 0.006) after 2h pretreatment with the indicated reagents to block viral entry. Dots represent separate 
replicates. Bars: mean. Error bars: SEM. *P < 0.05, **P < 0.01, one-way ANOVA with Tukey’s multiple 
comparisons. Technical replicates: 3; N ≥ 3 for all conditions. Figure and legend from Perez-Bermejo et 
al, Sci Transl Med, 2021. 
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Next, to characterize the mechanism of viral entry, we screened several pharmacological 

interventions for their ability to reduce viral detection in cardiomyocytes. Pre-treating 

cardiomyocytes with ACE2-blocking antibody, cathepsin inhibitor E-64d, and RNA-dependent 

RNA polymerase (RdRp) inhibitor remdesivir significantly reduced viral detection (Fig. 1.2d). 

Specific inhibition of CTSL (but not CTSB) also reduced viral detection, as did inhibitors of 

endosomal trafficking and lysosome acidification (Fig. 1.2e). 

 

These findings showed that SARS-CoV-2 entry into cardiomyocytes is dependent on the ACE2 

receptor and CTSL-dependent endolysosomal trafficking. Our results also identified multiple 

small molecule drugs which reduced SARS-CoV-2 viral detection in cardiomyocytes. 

 

Furthermore, we discovered that infected cardiomyocytes displayed striking myofibrillar 

fragmentation, with sarcomeres broken into small fragments composed of two bands of cardiac 

troponin T (cTnT) flanking a band of α-actinin 2 (Fig. 1.3a-d). These patterns of myofibrillar 

disruption may contribute to the cardiac damage seen in some SARS-CoV-2 patients. 
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Figure 1.3: Human iPSC-derived cardiomyocytes reflect cytopathic features in postmortem heart 
tissue of COVID-19 patients. 
a) Representative immunofluorescence images of myofibrillar fragmentation in CMs at different timepoints 
after exposure to SARS-CoV-2. White arrowheads indicate fragments consisting of two bands of cTnT+ 
staining. Images are selected from a total of 30 images across 3 replicates. (Figure caption continued on 
the next page.) 
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(Figure caption continued from the previous page.) b) Quantification of number of cells presenting 
myofibrillar fragmentation at 48h post-exposure (defined as cells presenting at least one event of a cTnT 
doublet unaligned and dissociated from other myofibrils, divided by total nuclei count). Each dot 
represents a separate infected sample, each one being the sum of 9 randomly acquired fields of view. **P 
< 0.01. Two-tailed t test after checking for normality. c) Representative immunostaining showing a cell 
with viral dsRNA, adjacent to cells with different degrees of myofibrillar fragmentation. White squares 
indicate areas magnified in right panels, with labels corresponding to insets. White arrowheads point to 
examples of cTnT doublets (myofibrillar fragments). Images are selected from a total of 55 images across 
3 different cells. d) cTnT and ACTN2 double-staining of CMs displaying myofibrillar fragmentation. White 
arrowheads indicate cTnT-ACTN2-cTnT myofibrillar fragments. e-g) Representative images of 
Hematoxylin and Eosin (H&E) staining of myocardial tissues from patients without COVID-19 (e), and 
patients with COVID-19 without cardiac involvement (f) or with diagnosed myocarditis (g). Red 
arrowheads indicate cardiomyocytes lacking chromatin staining. Dark blue arrowheads indicate the 
presence of immune cells. h-j) Representative immunofluorescence staining of myocardial tissue from 
patients without COVID-19 (h), compared to patients with COVID-19 without cardiac involvement (i) and 
with diagnosed myocarditis (j). Cardiomyocytes show signs of damage in the form of diffuse and 
disorganized actinin (ACTN2) staining. For all patient biopsies, images are selected from 2-3 heart 
regions (right and left ventricles and interventricular septum) per sample, 5-15 images per section/region, 
for a total of 7 patients (two control, two with COVID and diagnosed myocarditis, and three with COVID 
and no diagnosed myocarditis). Figure and legend from Perez-Bermejo et al, Sci Transl Med, 2021. 
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After identifying this unexpected myofibrillar phenotype in iPSC-derived cardiomyocytes, we 

analyzed postmortem tissue samples from five COVID-19 patients. Compared to samples from 

two age-matched patients without COVID-19, the COVID-19 patients’ cardiac myocytes 

exhibited aberrantly diffuse or absent staining of sarcomeric proteins cTnT and α-actinin 2 (Fig. 

1.3h-j). Importantly, this myofibrillar damage was not revealed by conventional hematoxylin and 

eosin (H&E) staining (Fig. 1.3e-g). Therefore, our initial observations in iPSC-derived 

cardiomyocytes were crucial for uncovering this COVID-19 pathology in human cardiac tissue.  

 

As before, combining this iPSC-derived disease model with CRISPR genome editing enabled 

even deeper understanding of disease pathology. In a subsequent study, we conducted a 

CRISPRi screen for druggable pathways regulating SARS-CoV-2 Spike protein binding to 

human cells. This screen uncovered that inhibiting the protein BRD2 blocked SARS-CoV-2 

infection by decreasing transcription of ACE2, the host cell receptor for SARS-CoV-2 (Fig. 1.4a-

d). Applying my aforementioned COVID-19 modeling experience, I contributed by testing key 

findings in human iPSC-derived cardiomyocytes.  

 

We showed that treating iPSC-derived cardiomyocytes with two different BRD2 inhibitors 

significantly and dose-dependently reduced ACE2 expression (Fig. 1.4e). This matched results 

observed in primary human lung epithelial cells (Fig. 1.4f).  

 

Finally, we found that treatment with a BRD2 inhibitor successfully reduced SARS-CoV-2 

infection in primary human nasal epithelia, and in golden Syrian hamsters (Fig. 1.4g-j).  Future 

studies could explore this further, by testing whether BRD2 inhibition can prevent SARS-CoV-2 

from infecting cardiomyocytes and causing myofibrillar damage.  

 



 

 11 

 

Figure 1.4: CRISPRi screening reveals BRD2 as a druggable target to block SARS-CoV-2 infection. 
a) Rank-order plot of hit genes from a CRISPRi screen for regulators of SARS-CoV-2 Spike protein 
binding to the cell membrane. b) BRD2 knockdown reduces ACE2 protein expression. Quantification of 
ACE2 protein levels relative to GAPDH. Average normalized ACE2 intensity as a fraction of no sgRNA 
and standard deviation for three biological replicates are shown. c) BRD2 knockdown reduces ACE2 
mRNA expression. Relative amounts of ACE2 transcript levels measured by qPCR in Calu-3 CRISPRi 
cells expressing sgRNAs targeting different hit genes, compared to cells without sgRNA. Average relative 
gene expression of three technical replicates are shown from a single experiment. d) BRD2 knockdown 
reduces SARS-CoV-2 infection by multiple orders of magnitude. Calu-3 CRISPRi cells expressing 
different sgRNAs targeting hit genes were infected with SARS-CoV-2 and viral RNA in the supernatant 
measured by RT-qPCR as a function of time post-infection. Average SARS-CoV-2 load and standard 
deviation of three biological replicates are shown. e) BRD2 inhibition reduces ACE2 expression in primary 
human lung epithelial cells. Transcript levels of ACE2 relative to ACTB in primary human bronchial 
epithelial cells treated (NHBE) with BRD2 inhibitors (JQ1 at 10 μM, dBET-6 at 20 nM, ABBV744 at 0.01–
10 μM) were quantified at 72 hours post-treatment. Average ACE2 mRNA levels relative to vehicle and 
standard deviation of n=3 except for the vehicle treated where n=6 biological replicates. f) BRD2 inhibition 
reduces ACE2 expression in human iPSC-derived cardiomyocytes. (Figure caption continued on the next 
page.) 
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(Figure caption continued from the previous page.) Transcript levels of ACE2 relative to 18S rRNA in 
human iPSC-derived cardiomyocytes treated with the indicated concentrations of BRD2 inhibitors were 
quantified at 72 hours post-treatment. Average ACE2 mRNA levels relative to vehicle treated and 
standard deviation of n=3 biological replicates for each condition except for the vehicle treated sample 
where n=6 biological replicates are shown. g) Design for reconstructed human nasal epithelia 
experiments. h) BRD2 inhibition significantly reduces SARS-CoV-2 infection in reconstructed human 
nasal epithelia. Intracellular SARS-CoV-2 gene expression (N) relative to the average of GAPDH, TFRC, 
RPL13, and ACTB as a function of ABBV-744 concentration and/or SARS-CoV-2 infection (right). The 
average of n = 3 biological replicates with error bars representing the standard deviation are shown. P-
value was determined using Student’s unpaired two tailed t-test. SARS-Cov-2 gene expression relative to 
mock infection and vehicle treated are shown. i) Experimental design for Syrian hamster experiments. j) 
BRD2 inhibition significantly reduces SARS-CoV-2 infection in Syrian hamsters. Normalized viral RNA 
counts for Syrian hamsters infected with SARS-CoV-2 and treated with vehicle or ABBV-744 at 100 nM. 
The average of n = 8 biological replicates with error bars representing the standard deviation are shown. 
P-value was determined using Student’s unpaired two tailed t-test. Figure and legend from Samelson et 
al, Nat Cell Biol, 2022. 
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DISCUSSION 

 

Overall, using iPSC-derived cells and CRISPR genome editing allowed us to better understand 

multiple diseases (both genetic and non-genetic). These tools enabled us to characterize 

disease pathology in clinically relevant cell types, and to deeply investigate mechanisms. 

Importantly, these tools also allowed us to identify potential therapeutic targets for treating those 

diseases. In the case of COVID-19, we screened for small molecule drugs that reduced SARS-

CoV-2 infection. In the case of CMT2E, we used CRISPR itself as the potential therapy, by 

treating the genetic disease at the genetic level.  

 

In the next chapter, I explore this latter approach more deeply. I will describe using patient 

iPSC-derived neurons not only to model genetic neurodegenerative diseases, but also to test 

genome editing therapies for curing those diseases. 
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CHAPTER 2: MODELING GENOME EDITING THERAPIES IN STEM CELL DERIVED 

NEURONS 

 

Neurodegenerative diseases are projected to become the second-leading cause of death 

worldwide18. Many of these diseases are genetic, meaning they are caused by a specific known 

mutation in the genome. Yet most neurodegenerative diseases remain untreatable, with no 

interventions capable of halting or reversing disease progression. Therapeutic genome editing 

provides hope for these currently incurable diseases. By targeting genetic diseases at the 

genetic level, genome editing could address the root cause of the disease instead of solely the 

downstream symptoms19.  

 

In this chapter, I will describe two projects using iPSC-derived neurons to investigate the 

effectiveness of genome editing therapies for curing neurodegenerative diseases. First, in the 

CMT2E study, we found that Cas9-based inactivation of the mutant allele reduced disease 

phenotypes in motor neurons derived from a CMT2E patient4. Second, in a separate study, we 

demonstrated that using epigenome editing to silence the gene MAPT reduced levels of the 

disease-relevant protein tau in human iPSC-derived cortical neurons7. 
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RESULTS 

 

Allele-specific inactivation of mutant NEFL reduces CMT2E disease phenotypes  

 

In the CMT2E study, the patient’s disease was caused by a heterozygous, dominant negative 

point mutation (N98S) in NEFL. Since Cas9 cutting depends on the target DNA sequence 

matching the single guide RNA (sgRNA) sequence, we hypothesized that a sgRNA which spans 

the mutation and targets the mutant NEFL sequence could inactivate the mutant allele 

specifically, while leaving the wild type allele intact.  

 

By nucleofecting CMT2E patient iPSCs with Cas9 ribonucleoproteins (RNPs), we identified a 

sgRNA that successfully induced allele-specific inactivation of NEFL (Fig. 2.1a-b). This genomic 

edit significantly and specifically reduced expression of the mutant allele (Fig. 2.1c). Next, using 

the differentiation protocol I optimized and the phenotyping pipeline I helped develop, we 

differentiated edited and unedited patient iPSCs into motor neurons, and assessed the NEFL 

aggregation phenotype in each condition. 

 

Excitingly, our allele-specific inactivation approach significantly reduced CMT2E disease 

phenotypes (Fig. 2.1d-f). In fact, the NEFL aggregation was reduced to almost the same levels 

as the isogenic corrected and wild type neurons. This demonstrated that patient motor neurons 

with the edited genotype had a healthier phenotype, suggesting that the same allele-specific 

edit could potentially be therapeutic for CMT2E patients with this mutation. 
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Figure 2.1: Allele-specific inactivation of mutant NEFL eliminates disease phenotypes in patient 
iPSC-derived motor neurons. 
a) NEFL target sequence with N98S mutation in red and gRNAs for Sp.HiFi and Sa.KKH Cas9 targeting 
the antisense strand. The canonical PAM recognition sequences for Sp.HiFi and Sa.KKH are shown in 
black and gray, respectively. b) Efficiency and specificity of indel generation in control and CMT2E patient 
lines after transfection with Cas9/gRNA ribonucleoprotein (RNP), measured by ICE analysis, ****p < 
0.0001 by t-test. c) Relative expression of NEFL alleles in iPSC-derived motor neurons derived from 
CMT2E patient line and edited subclones. Allele-specific RT-ddPCR targeting a heterozygous SNP in the 
3′ UTR was used to genotype transcripts using linkage shown in the schematic. Bar graphs represent 
mean ± S.E.M. d) Representative images of day-7 i3LMNs stained with anti-NF-L (green) and anti-HB9 
(blue) antibodies. Scale bars = 25 μm. e) Quantification of NF-L relative fluorescence intensity (R.F.I.) in 
HB9+ cell bodies using automated image analysis pipeline. Data points represent mean values from 
independent differentiations, bars indicate mean of six biological replicates ± S.E.M. f) ELISA for NF-L 
protein in media from day-14 i3LMNs. NF-L levels were normalized to neurite density measurements to 
correct for well-to-well variability in cell seeding. Individual data points shown, bars indicate mean of five 
biological replicates ± S.E.M. For all graphs ****p < 0.0001 by one-way ANOVA with Šídák’s test for 
multiple comparisons. Figure and legend from Feliciano et al, Front Cell Dev Biol, 2021. 
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Epigenetic editing of MAPT reduces tau protein levels in neurons 

 

For applications where therapeutic gene inactivation does not need to be allele-specific, 

epigenome editing is a promising alternative option. Recent epigenome editors such as 

CRISPRoff, a programmable DNA methylase, can silence disease genes without cleaving DNA. 

I contributed to the CRISPRoff study by demonstrating that CRISPRoff can induce targeted 

gene knockdown in human neurons.  

 

First, we showed that silencing of an endogenous gene CD81 by CRISPRoff (but not CRISPRi) 

was maintained in human iPSCs even 30 days after transient transfection (Fig. 2.2a). Next we 

sorted these for CD81-off iPSCs, and differentiated some into human iPSC-derived cortical 

neurons, while maintaining some as iPSCs. After 11 days of neuronal differentiation, 90% of 

neurons remained CD81-off (Fig. 2.2b). This is equivalent to the percentage of iPSCs which 

remained CD81-off during this period, suggesting that any loss of silencing was not due to the 

differentiation process. Bisulfite PCR confirmed heavy CpG methylation of the promoter in 

neuronal DNA, in neurons treated with CRISPRoff and a CD81-targeting sgRNA but not a non-

targeting sgRNA (Fig. 2.2c). Having demonstrated that CRISPRoff could durably methylate and 

silence target genes in neurons, we next targeted the disease gene MAPT. 

 

MAPT, encoding the protein tau, has been implicated in Alzheimer’s disease as well as many 

neurodegenerative diseases known as tauopathies20. For example, reducing tau levels has 

been shown to protect cognitive function in animal models of Alzheimer’s disease21. Therefore, 

we tested whether CRISPRoff could reduce MAPT expression in human iPSC-derived cortical 

neurons. 
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Figure 2.2: CRISPRoff epigenome editing of MAPT durably silences tau in human iPSC-derived 
cortical neurons. 
a) Quantification of iPSCs with CD81 silenced by CRISPRi or CRISPRoff with CD81-targeting or NT 
sgRNAs, measured at 30 days post transfection. The error bars represent SD from three independent 
experiments. b) Quantification of cells with CD81 silenced. The gray bars indicate the percent of iPSC-
edited cells with CD81 silenced that were not differentiated during the experiment. The red bars represent 
cells that were carried through the neuronal differentiation protocol. The error bars represent SD from 
three independent experiments. c) Bisulfite PCR of a 140 bp region of the CD81 promoter in cells 
transfected with CRISPRoff and NT or CD81-targeting sgRNA. d) Quantification of cells with Tau-off in 
cells transfected with CRISPRoff and NT or MAPT-targeting sgRNA, measured at 10 days post-
differentiation. Figure and legend from Nuñez et al, Cell, 2021. 
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We transiently transfected iPSCs with CRISPRoff alongside either a MAPT-targeting sgRNA or 

a non-targeting sgRNA. After 10 days of neuronal differentiation, we measured tau expression 

by flow cytometry and determined that 30% of neurons were MAPT-off (Fig. 2.2d). Notably, 

iPSCs were not sorted for delivery prior to differentiation, so this 30% silencing is likely impacted 

by the efficiency of the initial transfection and silencing in iPSCs. Overall, these results establish 

that CRISPRoff epigenome editing is a potential therapeutic strategy to reduce tau levels, as an 

approach for treating tauopathies or Alzheimer’s disease. 

 

DISCUSSION 

 

These two studies, NEFL-targeted genome editing and MAPT-targeted epigenome editing, 

demonstrate how iPSC-derived neurons can help model the effectiveness of therapeutic editing 

strategies. In both cases, neurons derived from edited iPSCs showed decreased levels of the 

disease-associated protein. 

 

However, both studies have the same major caveat: the editing was done in iPSCs, and the 

edited iPSCs were then differentiated into neurons for phenotyping. In order for genome and 

epigenome editing therapies to be usable in human patients, they must be safe and effective 

when delivered to mature neurons directly. Therefore, translation of genome and epigenome 

editing therapies is hindered by two key barriers: poor delivery of CRISPR reagents to clinically 

relevant cell types, and incomplete understanding of how DNA repair influences editing 

outcomes in those cell types. In the next chapter, I will describe the bulk of my dissertation 

work—tackling these two barriers to improve the efficiency and precision of therapeutic editing 

in neurons. 
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CHAPTER 3: IMPROVING THE EFFICIENCY AND PRECISION OF GENOME EDITING IN 

NEURONS 

 

Thousands of genetic diseases could be corrected by precise genomic edits, using tools such 

as CRISPR-Cas9 to induce perturbations at targeted locations in the genome3,22. However, a 

fundamental roadblock is our inability to control how those perturbations are repaired23. CRISPR 

nucleases, base editors, and prime editors perturb DNA in different ways24–27, but in each case, 

the editing outcome is ultimately determined by how the cellular DNA repair machinery 

responds to that perturbation28–30. Repair that restores the original sequence instead of editing it 

is unproductive, and imprecise repair can cause harmful unintended changes23. To ensure that 

the desired edit occurs in each cell, therapeutic genome editing requires thorough 

understanding and control of DNA repair. 

 

Surprisingly little is known about DNA repair in postmitotic cells such as neurons, which cannot 

regenerate yet must withstand an entire lifetime’s worth of DNA damage. This gap in 

understanding hinders research into many diseases such as neurodegeneration and aging, and 

also limits our control over CRISPR editing outcomes. Many neurodegenerative diseases are 

caused by dominant genetic mutations, making them strong candidates for CRISPR-based 

gene inactivation4,31–35. Cas9-induced double strand breaks (DSBs) can disrupt these mutant 

alleles and reverse disease phenotypes. However, this requires specific DSB repair outcomes 

that produce the proper insertion/deletion mutations (indels) capable of frameshifting and 

eliminating the toxic gene product36. 

 

Whether the DSB results in a desired indel or not is determined by the competing DSB repair 

pathways active in the cell (Fig. 3.1a, Fig. S1). In fact, differential expression of even a single 

DNA repair gene can change a cell’s editing outcome28. DSB repair pathways in nondividing 
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cells likely differ drastically from those in the rapidly-proliferating and transformed cell lines used 

by most editing studies to date37–40. Pathways such as homology directed repair (HDR) for 

example, which are restricted to certain stages of the cell cycle, should be inactive in non-

cycling cells41. Furthermore, DSB repair may be particularly unique in neurons, where some 

early-response genes are activated by the presence of DSBs in their own promoters39, and 

DSBs have even been implicated in memory formation42. Therefore, we hypothesized that the 

rules of CRISPR editing outcomes may differ in postmitotic neurons compared to the dividing 

cells that have shaped the literature thus far. 

 

To test this hypothesis, we compared how human induced pluripotent stem cells (iPSCs) and 

iPSC-derived neurons respond to Cas9-induced DNA damage. We discovered that compared to 

these isogenic dividing cells, neurons accumulate indels over a longer time period, and 

upregulate unexpected DNA repair genes in response to Cas9 exposure. Furthermore, we 

showed that manipulating this repair response can influence the efficiency and precision of 

genome editing in neurons, adding important new tools to the genome modification toolkit.  
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RESULTS 

 

Virus-like particles efficiently deliver Cas9 to human iPSC-derived neurons 

 

To investigate how Cas9-induced DSBs are repaired in neurons, we first needed a platform to 

deliver controlled amounts of Cas9 into postmitotic human neurons. We used a well-

characterized protocol13,43 to differentiate human iPSCs into cortical-like excitatory neurons (Fig. 

3.1b). Immunocytochemistry (ICC) confirmed the purity of these iPSC-derived neurons. Over 

99% of cells were Ki67-negative by Day 7 of differentiation, and approximately 95% of cells 

were NeuN-positive from Day 4 onward (Fig. S2). These observations confirm that within one 

week our cells rapidly become postmitotic, and uniformly express key neuronal markers. 

 

While iPSCs and other dividing cells are amenable to electroporation and chemical transfection, 

transient Cas9 delivery to neurons remains challenging. Recently, virus-like particles (VLPs) 

inspired by Friend murine leukemia virus (FMLV) and human immunodeficiency virus (HIV) 

have been shown to successfully deliver CRISPR enzymes to many mouse tissues, including 

mouse brain44–47. Unlike viruses, which deliver genomic material into cells, VLPs are engineered 

to deliver protein cargo such as Cas9. Viruses pseudotyped with the glycoprotein VSVG are 

known to transduce LDLR-expressing cells including neurons48, and co-pseudotyping particles 

with the envelope protein BaEVRless (BRL) has been shown to improve transduction in multiple 

human cell types49. Therefore, we reasoned that VLPs pseudotyped with VSVG and/or BRL 

could efficiently transduce human neurons.  
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Figure 3.1: Modeling CRISPR repair outcomes in postmitotic human neurons. 
a) Schematic: Genome editing proteins can perturb DNA, but cellular DNA repair determines the editing 
outcome. b) Timeline of differentiating iPSCs (blue) into neurons (green). After at least 2 weeks of 
differentiation/maturation, postmitotic neurons are treated with VLPs delivering Cas9 protein (yellow) and 
sgRNA (orange). c) Cas9 VLPs induce DSBs in human iPSC-derived neurons. Representative ICC 
images of neurons 3 days post-transduction with B2Mg1 VLPs, and age-matched untransduced neurons. 
Scale bar is 20 µm. Arrows denote examples of DSB foci: yellow puncta co-labeled by γH2AX (red) and 
53BP1 (green). Dose: 1 µL FMLV VLP per 100 µL media. d) Genome editing outcomes differ between 
iPSCs and isogenic neurons. CRISPResso2 analysis of amplicon-NGS, from cells 4 days post-
transduction with B2Mg1 VLPs. Dose: 2 µL FMLV VLP per 100 µL media. Data are averaged across 6 
replicate wells per cell type transduced in parallel, and expressed as a percentage of total reads. Thick 
blue background bars are from iPSCs; thin green foreground bars are from neurons. 
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We produced VLPs containing Cas9 ribonucleoprotein (RNP) to induce DSBs, with or without 

an mNeonGreen transgene to track transduction. By flow cytometry, we found that multiple 

types of VLPs effectively delivered cargo to our neurons, with up to 97% efficiency (Fig. S3). 

For subsequent experiments, we proceeded with two particles interchangeably: VSVG 

pseudotyped HIV VLPs (also known as enveloped delivery vehicles45), or VSVG/BRL co-

pseudotyped FMLV VLPs. Furthermore, ICC confirmed that Cas9-VLPs successfully induced 

DSBs in our neurons, co-labeled by markers gamma-H2AX (γH2AX) and 53BP1 (Fig. 3.1c, Fig. 

S4). This platform to acutely perturb DNA in human neurons enables the study of DNA repair in 

clinically relevant postmitotic cells. 

 

CRISPR repair outcomes differ in neurons compared to dividing cells 

 

To examine how neurons repair DSBs, we used VLPs to deliver identical doses of Cas9 RNP 

into human iPSC-derived neurons and isogenic iPSCs. We selected a single-guide RNA 

(sgRNA), B2Mg1, that yields a variety of indel types in iPSCs, suggesting it is compatible with 

multiple DSB repair pathways. End resection-dependent DSB repair pathways such as 

microhomology-mediated end joining (MMEJ) are typically restricted to certain stages of the cell 

cycle (S/G2/M), while nonhomologous end joining (NHEJ) is not41,50,51. Since postmitotic cells 

have exited the cell cycle, they are predicted to predominantly utilize NHEJ when repairing 

DSBs.  

 

Indeed, while B2Mg1-edited iPSCs displayed a broad range of indels, neurons exhibited a much 

narrower distribution of outcomes (Fig. 3.1d). In iPSCs, the most prevalent indel outcomes were 

larger deletions typically associated with MMEJ, as expected for dividing cells51. In neurons, the 

most prevalent outcomes were those usually attributed to NHEJ: small indels associated with 

NHEJ processing, and unedited outcomes caused by either indel-free classical NHEJ (cNHEJ) 
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or lack of Cas9 cutting52,53. This was true for several different sgRNAs tested. Even though each 

sgRNA had a different intrinsic distribution of available indel types, in each case, the MMEJ-like 

larger deletions were predominant in iPSCs, and the NHEJ-like smaller indels were predominant 

in neurons (Fig. S5). These results suggest that postmitotic neurons employ different DSB 

repair pathways than isogenic dividing cells, yielding different CRISPR editing outcomes.  

 

Unresolved DSBs can be lethal to cycling cells, as DNA damage checkpoints trigger cell cycle 

arrest and/or apoptosis54,55. Therefore, for dividing cells, resolving a DSB mutagenically can be 

less harmful than leaving it unrepaired. For example, mitotic cells often utilize extremely indel-

prone MMEJ repair to avoid progressing through M phase with unresolved DSBs50,51. This is 

consistent with our observed editing outcomes in iPSCs. On the other hand, postmitotic cells do 

not face replication checkpoints, and thus might not be subjected to the same pressures. 

Therefore, we hypothesized that DSBs could be resolved over a longer time scale in postmitotic 

cells. 

 

Cas9-induced indels accumulate slowly in neurons 

 

In dividing cells, the repair half-life of Cas9-induced DSBs is reportedly between 1-10 hours; 

even in the slowest-repaired cut sites, the fraction of unresolved DSBs peaks within just over 

one day56. DSB repair in our iPSCs matched this expected timing, with indels plateauing within 

a few days. In contrast, indels in neurons continued to increase for up to two weeks post-

transduction (Fig. 3.2a, Fig. S6a). 
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Figure 3.2: Cas9-induced indels accumulate over a prolonged time span in neurons. 
a) Cas9-induced indels accumulate more slowly in neurons than in iPSCs. Dose: 2 µL B2Mg1 VLP (HIV) 
per 100 µL media. For a-b: points represent individual replicates (some obscured by overlap); curves 
connect means at each timepoint. For a-c: 6 replicate wells per condition transduced in parallel. 
CRISPResso2 analysis of amplicon-NGS. b) Several sgRNAs show weeks-long accumulation of indels in 
neurons. Dose: 1 µL VLP (FMLV) per 100 µL media. c) Insertions and deletions both increase over time 
in neurons. Dose: 2 µL B2Mg1 VLP (HIV) per 100 µL media. Histogram: thick gray background bars are 
from 4 d timepoint, and thin green foreground bars are from 30 d. d-e) Cas9-induced DSBs remain 
detectable in neurons at least 7 days post-transduction. Representative ICC images of neurons 1 day (d) 
and 7 days (e) post-transduction with B2Mg1 VLPs, and age-matched untransduced neurons. Dose: 2 µL 
B2Mg1 VLP (FMLV) per 100 µL media. Arrows denote examples of DSB foci. See Extended Data Figure 
S8 for unmerged/uncropped panels. f) MRE11 is bound near the cut site in neurons for at least 8 days 
post-transduction. Dose: 2 µL B2Mg1 VLP (FMLV) per 100 µL media. Binding events quantified by ChIP-
qPCR for each amplicon, normalized for amplification efficiency and input chromatin. Average of 3 
replicate ChIP-qPCR reactions, normalized to untransduced control for each amplicon. Error bars show 
SD. g) Schematic of two possible models for prolonged indel accumulation in neurons. 
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We tested multiple sgRNAs including disease-relevant targets. Surprisingly, for every sgRNA, 

neuron indels continued to increase for at least 16 days post-delivery of transient Cas9 RNP 

(Fig. 3.2b). Regardless of the intrinsic indel distribution, each available indel type for each 

sgRNA increased in frequency for weeks (Fig. 3.2c, Fig. S6b-d). Additionally, this extended 

time course of editing was replicated by both types of VLPs (Fig. S6e-h). 

 

We found no evidence that this prolonged indel accumulation in neurons was influenced by 

proliferating cells (Fig. S2), inefficient transduction (Fig. S3), or residual VLP in the media (Fig. 

S7a). Furthermore, to test whether this phenomenon was specific to DSB repair, we transduced 

neurons and iPSCs with VLPs delivering an adenine base editor (ABE) instead of Cas9. Using 

the same delivery particle but engaging a different DNA repair pathway than DSBs, ABE-VLP-

mediated editing in neurons was comparably efficient to iPSCs – and sometimes even more 

efficient – even within only three days post transduction (Fig. S7b). This result suggests that the 

slow indel accumulation is DSB repair-specific, and not caused by deficits in neuronal VLP 

delivery.  

 

Interestingly, we observed a similarly slow timeline of indel accumulation in postmitotic iPSC-

derived cardiomyocytes (Fig. S7c). Therefore, this prolonged indel accumulation might also 

apply to other clinically relevant postmitotic cells, not only neurons.  

 

This weeks-long timeline of editing could have major clinical implications. Gene inactivation 

therapies in nondividing tissues might take longer than anticipated to be effective, and both on-

target and off-target editing may accumulate over longer intervals. Additionally, persistent DSBs 

in neurons have been associated with genomic instability and even neurodegeneration57–59, so 

characterizing the duration of Cas9-induced damage and repair is critical. 
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DSB repair is detectable in neurons for more than one week post Cas9 delivery 

 

To assess the duration of this damage in neurons, we measured multiple signals of DSB repair 

over time after delivering transient Cas9 RNP via VLPs. DSB foci (γH2AX/53BP1) were strongly 

detectable by ICC as early as one day post-transduction, confirming efficient delivery and rapid 

induction of DSBs in neurons (Fig. 3.2d). Interestingly, DSB foci remained detectable in 

neurons for at least seven days post-transduction (Fig. 3.2e). Persistent DSB repair signal was 

observed for sgRNAs targeting both lowly-transcribed (B2M) and highly-transcribed (NEFL) 

genes (Fig. S8). This long-lived repair signal is consistent with the prolonged accumulation of 

indels in neurons. DSB foci in iPSCs cannot be compared over the same span, as proliferating 

cells replicate many times within a week, and any unresolved signal would be diluted.  

 

To more quantitatively measure this repair in neurons, we used chromatin immunoprecipitation 

with quantitative real-time PCR (ChIP-qPCR) to measure the binding of repair proteins Mre11 

and γH2AX near the cut site, at several timepoints post-transduction. Mre11 binding was 

strongly detected within a few hundred bases of the cut site, and only in transduced samples 

(Fig. 3.2f), matching patterns seen in other cell types60. But intriguingly, Mre11 binding near the 

cut site remained strongly detected in neurons even 8 days post-transduction, decreasing by 

only ~50% between days 2 and 8.  

 

As expected based on previous reports60,61, γH2AX binding was much broader, with maximal 

signal detected several kilobases away from the cut site. Interestingly, while γH2AX binding 

>100 bases from the cut site decreased to background levels between days 2 and 8, γH2AX 

binding near the cut site only decreased by ~50% during this interval (Fig. S9a).  
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Some binding at each timepoint can be attributed to DSBs that had already been resealed, as 

illustrated by an amplicon that spans across the cut site and thus should only amplify if the cut 

was resealed (Fig. S9b-d). Cut sites resealed without an indel can be repeatedly recut by any 

remaining Cas9 RNP, until an indel prevents subsequent Cas9 binding. This is consistent with 

the slow indel accumulation observed in neurons. These results cannot be compared to dividing 

cells like iPSCs, where one locus would become many due to replication, and Cas9 protein 

would get rapidly diluted within 2 days (Fig. S9e). 

 

Altogether, these findings suggest that postmitotic neurons either take longer to complete DSB 

repair, or undergo more cycles of indel-free repair and recutting until indels arise, or perhaps 

both (Fig. 3.2g). Either way, our results confirm that DSB repair signals at the target site 

persisted in neurons for more than one week post-delivery of Cas9 RNP – much longer than 

expected. 

 

Cas9-VLPs elicit a striking transcription-level response in neurons 

 

Based on this unexpectedly prolonged time scale of editing, we hypothesized that neuronal 

DNA repair could include transcription-level regulation, not only post-translational regulation. To 

test this, we used bulk RNA sequencing (RNA-seq) to characterize differentially expressed 

genes (DEGs) in iPSCs and neurons transduced with Cas9-VLP, relative to untransduced cells. 

Unlike transduced iPSCs, transduced neurons exhibited a skewed transcriptional response, with 

far more genes upregulated than downregulated (Fig. 3.3a-b). This neuron-specific response 

was replicated with 3 different sgRNA conditions: B2M-targeting (B2Mg1), NEFL-targeting 

(NEFLg1), or non-targeting (NTg1) sgRNAs (Fig. S10a-d). For every VLP condition, less than 

10% of neuron DEGs were shared with iPSCs (Fig. 3.3c), indicating a distinct difference 

between the cell types’ responses.  
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The neuronal response to Cas9-VLPs was remarkably consistent regardless of the sgRNA 

target. In fact, only two genes were differentially expressed between B2Mg1-edited and 

NEFLg1-edited neurons: B2M and NEFL, respectively (Fig. S10e). This confirms that the 

observed response is not locus-specific, and is not driven by loss-of-function of either targeted 

gene. Surprisingly, over 75% of the DEGs in B2Mg1-edited or NEFLg1-edited neurons, relative 

to untransduced, were also shared with NTg1-treated neurons (Fig. 3.3d, Fig. S10f). The top 50 

DEGs shared by all three transduced neuron conditions were highly enriched for DNA repair 

genes (Fig. 3.3e). This suggests that Cas9-VLP induces a strong transcription-level DNA repair 

response in neurons, some part of which may even be DSB-independent. 

 

Transduced neurons upregulate unexpected DNA repair genes 

 

The most-significantly upregulated repair genes included many pathways thought to be inactive 

in nondividing cells, such as end resection-related pathways41 (Fig. 3.3f). They also included 

factors known to influence prime editing and base editing29,30, suggesting this neuronal 

response could impact multiple types of editing. Additionally, transduced neurons significantly 

upregulated factors that respond to R-loops, single-stranded DNA, and topological stresses 

(Fig. 3.3f). This might explain why even NTg1-Cas9 induced a strong response: even if it does 

not cut, Cas9 still disrupts DNA: unwinding it, creating R-loops, and exposing single-stranded 

DNA62,63. Notably, this response was unique to neurons; DEGs were not enriched for DNA 

repair in any of the three transduced iPSC conditions (Fig. S11). These DNA repair genes were 

already expressed at baseline in untransduced iPSCs, whereas neurons only induced their 

expression upon Cas9-VLP transduction. 
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Figure 3.3: Neuronal response to Cas9-VLP reveals unexpected factors that influence editing 
outcomes. 
a-b) Neurons (b), but not iPSCs (a), dramatically upregulate transcription of DNA repair factors upon 
Cas9-VLP transduction. Volcano plots show differential expression transcriptome-wide in transduced cells 
relative to untransduced. Dashed lines show cutoffs for significance (padj<0.05) and effect size (fold-
change >2 or <0.5). For a-f: differential expression was calculated from bulk RNA-seq across 3 replicate 
samples per condition transduced in parallel. Dose: 1.25 µL VLP per 100 µL media. c) Transduced 
neurons consistently have more DEGs than transduced iPSCs for 3 different sgRNAs, and <10% of 
DEGs are shared between the cell types. d) Over 75% of the DEGs in either B2Mg1- or NEFLg1-
transduced neurons are shared with NTg1-transduced neurons. e) The most significantly altered DEGs in 
transduced neurons are highly enriched for DNA repair factors. f) Transduced neurons significantly 
upregulate many DNA repair genes, including factors canonically associated with replication. Top 40 DNA 
repair DEGs are shown, rank-ordered by averaging the adjusted p-values from each transduced 
condition. Bold denotes repair genes ranked in the top 50 DEGs genome-wide. g) Inhibiting RRM2 yields 
a 50% increase in neuron editing efficiency, within 4 days post-transduction. Error bars show SEM. One-
Factor ANOVA with Tukey’s multiple comparison test. Each condition vs No Drug, *** p<0.0005, ns = not 
significant. For g-h: CRISPResso2 analysis of amplicon-NGS, averaged across 6 wells per condition 
transduced in parallel. (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) Dose: 1 µL B2Mg1 VLP (FMLV) per 20,000 cells in 
100 µL media. h) RRM2 inhibition tripled frequency of 1-base deletions at 4 days post-transduction. Thick 
gray bars are DMSO; thin green bars are 3AP. 
 

Intriguingly, the most-upregulated genes in transduced neurons were particularly enriched for 

replication-related factors, such as cell cycle checkpoints and DNA synthesis during S phase 

(Fig. 3.3e-f). Neurons have long been postulated to partially re-enter cell cycle following DNA 

damage through a process called endocycling, which replicates DNA without necessarily 

completing mitosis64–67. Cas9-VLPs could have induced such a response in our neurons. It is 

also possible, however, that these repair factors are canonically annotated as replication-related 

because they have mostly been studied in dividing cells, where their role in repairing replication-

induced damage eclipses any others. In nondividing cells, these factors’ roles in responding to 

other types of DNA damage might be more visible. We investigated one of the strongest and 

most unexpected of these hits: RRM2. 

 

Transduced neurons non-canonically upregulate a subunit of ribonucleotide reductase  

  

RRM2 was one of the most-significantly upregulated repair genes transcriptome-wide in every 

transduced neuron condition (Fig. 3.3f). RRM2 encodes a subunit of ribonucleotide reductase 

(RNR), the enzyme that produces deoxyribonucleoside triphosphates (dNTPs). RNR is 

functional when the catalytic subunit RRM1 binds one of two tightly regulated smaller subunits: 

RRM2 or RRM2B68. RRM2 expression is canonically restricted to S phase to produce dNTPs for 

replication, while RRM2B is canonically upregulated by p53 upon DNA damage to facilitate 

repair69.  

 

In iPSCs, each RNR subunit responded as expected: RRM2B was upregulated by the VLPs that 

induced DSBs, and RRM2 was unaltered (Fig. S12a-c). In contrast, the response in neurons 
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was completely unexpected. RRM2B expression was not altered in any condition. Instead, the 

canonically S-phase-restricted RRM2 was one of the most upregulated genes transcriptome-

wide, in every transduced neuron condition (Fig. S12d-f).  

 

We reasoned that this unexpected shift in the DNA repair landscape could impact CRISPR 

editing. For example, in NHEJ processing where polymerase filling-in competes with other 

pathways52 (Fig. S1), this non-canonical RNR activation could bias the outcome by increasing 

nucleotide availability. 

 

Inhibiting these repair factors influences editing outcomes in neurons 

 

Based on these results, we tested whether inhibiting RNR affected Cas9 editing outcomes. We 

treated neurons with triapine (3AP), a small molecule inhibitor of RRM270–73, while delivering 

Cas9-VLPs targeting B2Mg1. Excitingly, 3AP treatment led to a ~50% increase in total indels, at 

only four days post-transduction (Fig. 3.3g). This increase in indels came almost exclusively 

from boosting deletions, at the expense of insertions and indel-free repair (Fig. 3.3h). In fact, 

3AP co-treatment led to a ~3-fold increase in single-base deletions specifically, tilting the 

distribution toward one predictable outcome. 

 

Two other RNR-inhibiting drugs had the same effect as 3AP on B2Mg1 editing in neurons: 

GW8510 which also inhibits RRM271,74,75, and gemcitabine which inhibits its obligate binding 

partner RRM176,77. Both drugs increased total indel frequency, and preferentially boosted 

deletions, affecting both the efficiency and precision of gene inactivation (Fig. S13). 3AP and 

gemcitabine have already been used in clinical trials for other applications78–81. Depending on 

the toxicity to dividing cells, future studies could explore their clinical relevance for enhancing 

therapeutic editing outcomes. 
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Figure 3.4: All-in-one particles deliver Cas9 and sgRNA while simultaneously manipulating DNA 
repair factors. 
a) Schematic illustrating all-in-one LNPs that encapsulate Cas9 mRNA (yellow) and sgRNA (orange), 
along with siRNAs (blue) against a repair gene of interest. b) Multiple sgRNAs show days-long 
accumulation of neuron indels following LNP transfection. Individual points represent 6 replicate wells per 
condition transfected in parallel (some obscured by overlap). Curves connect means at each timepoint. 
For b-e: CRISPResso2 analysis of amplicon-NGS from neurons. c) RNA inhibition of RRM1 during editing 
phenocopies small molecule inhibition of RRM1/2, shifting B2Mg1 editing outcomes toward deletions. 
Two weeks post-transfection. Thick gray background bars are from siNT condition; thin green foreground 
bars are from siRRM1. For c-d: averaged across 6 replicate wells per condition transfected in parallel.  d) 
Co-encapsulating siRRM1 increases total B2Mg1 editing at two weeks post-transfection. Error bars show 
SEM. One-Factor ANOVA, ** p<0.005. e) All-in-one LNPs reveal additional targets that increase B2Mg1 
editing efficiency at 4 days post-transfection. Averaged across 8 replicate wells per condition, transfected 
in parallel. Error bars show SEM. One-Factor ANOVA with Tukey’s multiple comparison test. Each 
condition vs siNT, * p<0.05, ns = not significant. f) A model for why the hits from e accelerated editing in 
neurons. Inhibiting indel-free repair may have directed outcomes toward indels instead of repeatedly 
resealing and recutting. 
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Expecting that different cut sites may differ in scission profiles and repair dependencies82–84, we 

also tested the effect of RNR inhibition on three other sgRNAs. Inhibiting RNR increased indels 

for B2Mg2 and NEFLg1, though without the same selectivity for single-base deletions (Fig. 

S14a-d). For HSPB1g2, RNR inhibition in fact decreased indels (Fig. S14e-f). This is consistent 

with the intrinsic indel distribution of HSPB1g2, which appears impermissible to the deletions 

that 3AP often boosts. Therefore, inhibiting RNR cannot be generalized as a method to increase 

indel efficiency for all sgRNAs. Rather, RNR inhibition influences editing outcomes in an 

sgRNA-dependent manner. 

 

Overall, deciphering how clinically relevant cells respond to Cas9 unveiled unexpected DNA 

repair factors that influence editing outcomes. Identifying these upregulated genes highlighted 

many potential targets for manipulating repair. Our RNR results demonstrate that modulating 

these factors can reveal which outcomes they affect, and can help optimize the editing outcome 

for a given sgRNA of interest. 

 

Prolonged editing window allows manipulation of repair factors at RNA level 

 

When modulating DNA repair factors to optimize editing outcomes, a major barrier is that not all 

factors are druggable. For example, in the NHEJ pathway alone, two-thirds of the factors53 do 

not have reliable small molecule inhibitors for protein-level targeting (Fig. S15). Since neurons 

activated DNA repair factors at the transcriptional level as well, and had a long window of days 

or weeks for completing repair, we reasoned that manipulating repair factors at the RNA level – 

rather than the protein level -- may also be sufficient to influence neuron indels. If true, this 

would enable modulation of any DNA repair factor, not only the druggable ones. 
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To test this idea, we used short interfering RNAs (siRNAs) inhibiting DNA repair genes of 

interest, co-encapsulated with Cas9 mRNA and sgRNA inside lipid nanoparticles (LNPs) – a 

delivery vehicle well-suited for all-RNA cargo (Fig. 3.4a, Fig. S16a-c). At baseline, LNP delivery 

of Cas9 and sgRNA to neurons induced a slow accumulation of indels over several days, 

though indel counts remained lower than with VLPs, plateauing earlier (Fig. 3.4b). To evaluate 

whether RNA-level inhibition could influence indel outcomes, we first targeted DNA-PKcs, a key 

NHEJ factor. PRKDC-targeting siRNAs reduced the frequency of neuron indels broadly, 

phenocopying small molecule inhibition of DNA-PKcs (Fig. S16d-h).  

 

Next, we tested whether siRNA knockdown of RNR subunits could phenocopy small molecule 

inhibition. Since RRM2 is not expressed in neurons until after Cas9 exposure – yet the siRNA is 

active before the Cas9 mRNA gets translated – we inhibited its obligate binding partner RRM1, 

which is more highly expressed at baseline. This siRNA treatment during B2Mg1 editing 

phenocopied small molecule inhibition of RRM1/2. Two weeks post-transfection, siRNA 

inhibition of RRM1 increased the frequency of single-base deletions by ~75%, and increased 

total indels by ~20% overall (Fig. 3.4c-d). Therefore, these all-in-one LNPs allowed us to deliver 

editing reagents to neurons while simultaneously influencing the repair outcome with RNA 

interference (RNAi). This co-packaging strategy might be safer than systemically delivering 

drugs that are toxic to dividing cells, and it also allows us to target repair factors even if they are 

not druggable.  

 

All-in-one particles enable screening for additional repair targets that accelerate editing 

 

To demonstrate using these tools to optimize editing, we transfected neurons with all-in-one 

particles targeting a small set of additional DSB repair factors – several of which are not reliably 

targetable by small molecule drugs. Aiming to identify perturbations that accelerate editing, we 



 

 37 

assessed editing at an earlier time point of 4 days post-transfection, before indels had 

plateaued. Knockdowns of RRM1, POLL, and XRCC5 significantly increased total B2Mg1 indels 

by ~80% relative to non-targeting siRNA (Fig. 3.4e). POLL encodes the polymerase that likely 

performs filling-in synthesis during NHEJ processing52, using the dNTPs produced by RNR. And 

XRCC5 (Ku80) is one of the key factors involved in end protection to promote indel-free 

cNHEJ52,53. Our model proposes that these interventions disrupted indel-free repair of the 

B2Mg1 cut site, and directed the repair outcome toward indels instead (Fig. 3.4f), thus 

accelerating gene inactivation. 

 

Such strategies for generating more indels at earlier timepoints could help minimize the danger 

of persistent DSBs. Additionally, controlling which repair pathways are utilized would improve 

the precision and predictability of genome editing. This platform could be repurposed to find 

optimal repair modifications for any sgRNA of interest, simply by encapsulating different 

sgRNAs and siRNAs inside the all-in-one particles. 

 

DISCUSSION 

 

Altogether, our results emphasize the importance of studying genome editing therapies in the 

appropriate cell type models. Neurons’ distinct response to Cas9-induced DNA damage led to 

dramatically different repair outcomes and weeks-long accumulation of edits, which could 

impact both the safety and efficacy of therapeutic editing.  

 

Investigating this response revealed that postmitotic neurons begin to express many DNA repair 

genes only after acute damage occurs – including unexpected factors like RNR which are 

canonically associated with cell replication. Therefore, expression levels of repair genes in 

unperturbed cells should not be used as a proxy for which repair pathways are accessible. By 
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inhibiting RNR, we boosted the frequency of desirable indel outcomes in neurons: namely 

single-base deletions that should reliably lead to gene knockout. We replicated this deletion-

boosting effect using four different methods of RNR inhibition including siRNA knockdown and 

three small molecule inhibitors – as well as two different modes of Cas9 delivery in VLPs and 

LNPs. Importantly, this effect was sgRNA-dependent, as different cut sites responded differently 

to the same repair modification.  

 

These insights helped turn neurons’ slow indel accumulation from a challenge into an 

opportunity. Since the neuronal repair response was detectable for many days and involved 

transcription-level upregulation, we created all-in-one particles that deliver Cas9 while 

simultaneously manipulating the repair process via RNAi. Compared to drug inhibition, this 

strategy greatly expands how many factors we can target. As a proof-of-concept, we used this 

all-in-one screening platform to find repair modifications that accelerate indels for a given 

sgRNA of interest. Overall, by studying how nondividing cells repair Cas9-induced DNA 

damage, we discovered multiple new strategies to influence genome editing outcomes.  

 

Several key strengths of our experimental approach enabled these findings. First, using iPSCs 

instead of transformed cell lines allowed us to model DNA repair in karyotypically normal cells. 

Second, comparing neurons to their isogenic iPSCs allowed us to evaluate CRISPR editing in 

dividing vs nondividing cells without confounding factors such as genetic background. Third, 

since iPSC-derived neurons share the genotypes and even some phenotypes of the human 

donors, this same platform could be used to test and optimize a genome editing therapy in a 

patient’s own iPSC-derived neurons. Fourth, we used nonviral particles to deliver transient Cas9 

RNP or mRNA, rather than viral vectors delivering genetically encoded Cas9. This avoided 

indefinite Cas9 expression that would have obscured the prolonged editing time course, and 

avoided exogenous DNA episomes that could be aberrantly integrated into long-lived DSBs. 
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Nonviral delivery to postmitotic human neurons has long been a challenge for the field; utilizing 

recent advances in VLP and LNP technology to overcome this barrier was crucial to studying 

neuronal DNA repair accurately. 

  

Our approach also had several limitations, which could be addressed with future follow-up 

studies. First, since the DSB detection assays available to us were endpoint assays, we could 

not definitively test whether multiple cycles of cutting and resealing occur within the same cell. 

Second, while certain siRNAs increased indel efficiency compared to NT siRNA, overall indel 

efficiency with LNPs was still fairly low and more variable batch-to-batch. We used this proof-of-

concept siRNA platform mainly as a genetic tool to investigate our hypotheses about DNA repair 

factors in neurons. Any groups aiming to advance these all-in-one LNPs as a therapeutic tool 

should optimize the lipid formulation, the species and ratios of siRNAs, and the timing of 

knockdown relative to editing. Third, while our studies were conducted in postmitotic human 

neurons, it is unknown how our findings will translate to aged/diseased neurons in patients, or 

nonhuman neurons in animal models. Future studies could investigate the timing and repair of 

edits in rodent/primate neurons, and potentially in ex vivo primary human neurons. Finally, it is 

very likely that other untested sgRNAs, and/or other nucleases, will have different DSB repair 

dependencies than the ones revealed by this study. In follow-up studies, we plan to pair our 

platform with higher-throughput methods such as CRISPR interference to find optimal repair 

modifications for particular sgRNAs of interest, and study neuronal responses to other genome 

editing enzymes. 

 

In summary, examining how postmitotic neurons respond to CRISPR perturbations uncovered 

new considerations for safety and efficacy, and new avenues for controlling CRISPR repair 

outcomes. The genome modification toolkit contains several tools to perturb DNA, but we are 
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just beginning to develop tools that ensure proper repair. Those tools will be crucial for 

unlocking the full potential of therapeutic genome editing. 

 

EXTENDED DATA 

 

 

 

Extended Data Figure S1: Schematic of how DSB repair pathways determine the CRISPR editing 
outcome. Cas9 induces a blunt or staggered DSB, depending on where the RuvC domain cleaves (Shou 
et al, Mol Cell, 2018. PMID: 30033371). The exposed DNA ends are then subjected to either end 
protection or end resection (or other processing). End protection generally leads to cNHEJ. If the 
protected ends are still chemically compatible for ligation, cNHEJ often ligates them fidelitously, yielding 
an unchanged sequence which can be re-cut by any remaining Cas9 RNP. If the protected ends are not 
compatible for ligation, or if end protection was outcompeted by processing machinery such as 
polymerases and nucleases, then NHEJ processing can occur (Stinson et al, Mol Cell, 2020. PMID: 
31862156). This processing sometimes introduces indels. In dividing cells, end resection often 
outcompetes end protection, leading to resection-dependent pathways such as MMEJ, HDR and SSA. 
Resection-dependent pathways can cause indels (MMEJ/SSA) or templated repair (HDR). 
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Extended Data Figure S2: Characterizing the purity of the neuronal differentiation.  
a) By Day 7 of differentiation, less than 1% of cells are proliferative (Ki67+). Bars show what percentage 
of DAPI+ nuclei were Ki67+, averaged across 3 replicate wells. HCS Studio SpotDetector. b) By Day 4 of 
differentiation, 95% of cells express a neuron-specific marker (NeuN+). Bars show what percentage of 
DAPI+ nuclei were NeuN+, averaged across 3 replicate wells. CellProfiler. For a-b: Each dot is one 
replicate well, totaled across 13 non-overlapping fields per well. Error bars show SEM. c-e) 
Representative ICC images showing DAPI and Ki67 staining from Days 4/7/10 of differentiation; 
quantified in a. f-h) Representative ICC images showing DAPI, NeuN, and TUBB3 staining from Days 
4/7/10 of differentiation; quantified in b. (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) TUBB3 is another marker of mature neurons. Note for 
c-h: HCS Studio software baked the scale bar annotations into the output montages, and only the 
“merged” panel of each montage is shown here. Differences in font size and bar thickness are simply due 
to differences in dimensions between two-panel (DAPI+Ki67) and three-panel (DAPI+NeuN+TUBB3) 
montages. Scale bar lengths remain accurate for each panel. 
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Extended Data Figure S3: Establishing VLP delivery of Cas9 to human postmitotic neurons.  
a) Schematic depicting the components of virus-like particles. Matrix, capsid, and nucleocapsid are part of 
the Gag polyprotein. VSV-G and BRL are envelope (env) proteins for pseudotyping to mediate broad and 
efficient cellular transduction. b) Maps and nomenclature of optimized FMLV VLP vectors. c) Vectors 
used to produce HIV VLPs, also known as enveloped delivery vehicles (EDVs), were previously 
described in Hamilton et al., Nat Biotechnol, 2024. PMID: 38212493. d) Assessment of editing efficiency 
with optimized FMLV VLPs in glioblastoma cells. Monoclonal mCherry-expressing glioblastoma cells 
(LN229-LC11) were transduced with the indicated VLPs harvested in regular growth media, serum-free 
growth media, or Opti-MEM. Target cells were transduced at the indicated VLP dilution, with addition of 
polybrene (PB, 5 μg/ml). At day six post-transduction, mCherry editing efficiency (mCherry-) was 
assessed by flow cytometry. (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) Non-transduced cells were used for normalization. 
VLP sgCherry-1: CRISPR-Cas9 VLP containing a previously validated mCherry-targeting sgRNA (Knott 
et al, eLife, 2019. PMID: 31397669). VLP sgNT-1: CRISPR-Cas9 VLP containing a non-targeting control 
sgRNA. Error bars indicate standard deviation. e) Assessment of editing efficiency with optimized FMLV 
VLPs in astrocytes. Normal human astrocytes expressing ZsGreen (NHA-PC5), and previously treated 
with puromycin-targeting VLPs (Tan et al, Cell Reports, 2023. PMID: 37917583), were transduced with 
sgZsGreen-targeting VLPs (harvested in regular growth media) at the indicated dilution, with addition of 
polybrene (PB). Cells were either transduced with a single VLP to generate indels or with a mixture of two 
VLPs to induce a deletion in ZsGreen. At day six post-transduction, ZsGreen editing efficiency (ZsGreen-) 
was assessed by flow cytometry. Non-transduced cells were used for normalization. VLP sgZs-1/2/3: 
CRISPR-Cas9 VLPs containing ZsGreen-targeting sgRNAs. Error bars indicate standard deviation. f) 
Optimized FMLV VLPs efficiently transduced human iPSC-derived neurons. Representative microscopy 
image of neurons after transduction with Cas9 VLPs co-encapsulating an mNeonGreen transgene. g-j) 
Our optimized FMLV VLPs and HIV VLPs (EDVs) both transduced human iPSC-derived neurons 
efficiently. Flow cytometry 1-week post-transduction with no VLP (untransduced), HIV VLPs, or optimized 
FMLV VLPs shows up to 97% transduction efficiency. Dosage: 2 µL VLP per 100 µL media. 
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Extended Data Figure S4: Cas9-VLPs induce DSBs in human postmitotic neurons.  
a) Unmerged panels from Figure 7c, showing DSBs induced by Cas9-VLPs in human iPSC-derived 
neurons, compared to age-matched untransduced neurons. For a-b: Neurons transduced 2 weeks into 
differentiation, and imaged 3 days post-transduction. DSBs are co-labeled by markers γH2AX (red) and 
53BP1 (green). Dose: 1 µL FMLV VLP per 100 µL media. Scale bar is 20 µm. b) Additional representative 
ICC images showing DSBs induced by Cas9-VLPs in human iPSC-derived neurons, compared to age-
matched untransduced neurons. 
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Extended Data Figure S5: CRISPR editing outcomes differ in postmitotic neurons compared to 
isogenic dividing cells.  
a-d) For each of four separate sgRNAs, CRISPR editing outcomes differ between nondividing neurons 
and dividing iPSCs. Despite differences in which indel outcomes each sgRNA was amenable to overall, in 
each case, the MMEJ-like deletions were predominant in iPSCs whereas the NHEJ-like small indels were 
predominant in neurons. Dose: 2 µL VLP (FMLV) per 100 µL media. Average of 6 replicate wells, 
transduced in parallel. Genomic DNA was harvested 5 days post-transduction, processed for amplicon-
NGS, then analyzed by CRISPResso2. 
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Extended Data Figure S6: Cas9-VLP-induced indels accumulate for weeks post-transduction in 
neurons. (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) a) Even in experiments where iPSCs plateaued at a 
lower editing efficiency, they still reached that plateau sooner than neurons. Regraphed data from Figure 
8a, and overlayed data from a separate experiment with a less-efficient batch of VLPs. In this experiment, 
iPSCs plateaued at 60-70% indels instead of 90%+, but still reached that plateau within ~4 days. b-d) For 
three additional sgRNAs, despite differences in which indel outcomes each sgRNA was amenable to 
overall, all available indel outcomes at the 4 day timepoint increased in prevalence by the 30 day 
timepoint. Dose: 1 µL VLP (FMLV) per 100 µL media. e-h) The time course of indel accumulation was 
reproduced very comparably between FMLV and HIV based Cas9-VLPs. With either delivery particle, 
indels plateaued within 4 days post-transduction in iPSCs (e), but continued to increase for up to 16 days 
post-transduction in neurons (f). The overlaid time courses look very similar with FMLV VLPs (g-h) 
compared to HIV VLPs (Figure 2a, 2c). Dose: 2 µL VLP per 100 µL media. 
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Extended Data Figure S7: Testing additional hypotheses about the prolonged editing time course 
in neurons.  
a) The prolonged indel accumulation in neurons is not driven by residual VLP in the media. Replacing the 
media after 2 days post-transduction (as is required for iPSCs) did not significantly affect neuron editing 
efficiency at 4 days post-transduction. Notable because the steepest increase in indels in neurons 
typically occurs over the first 4 days post-transduction. Unpaired t test, ns = not significant (p>0.05). 6 
replicate wells per condition, transduced in parallel. Dose: 1 µL VLP (FMLV) per 100 µL media. b) ABE-
VLPs confirm that the slow indel accumulation we observed is not a product of deficient VLP delivery to 
neurons. When the same HIV VLPs are used to deliver adenine base editors (ABEs) instead of Cas9, 
neurons can match and even exceed the editing efficiency of iPSCs, within only 3 days post-transduction. 
Error bars show SEM; 3 replicate wells per condition, transduced in parallel. Dose: 4 µL VLP (HIV) per 
100 µL media – but these VLPs were half as concentrated as normal, since VLPs were harvested from 3 
10 cm plates per batch instead of 6 but still resuspended to the same volume. Therefore, equivalent to a 
2 µL VLP dose from normal batches. c) Postmitotic iPSC-derived cardiomyocytes (CMs) also show a 
weeks-long accumulation of indels, for two different sgRNAs. At day 30+ of differentiation, after lactate 
purification to select for postmitotic CMs, CMs were transduced with 1 µL FMLV VLP per 100 µL media. 3 
replicate wells per condition, transduced in parallel. CRISPResso2 analysis of amplicon-NGS. CMs were 
generated from WTC background iPSCs using the protocol described in Lian et al, Nat Protoc, 2013 
(PMID: 23257984). 
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Extended Data Figure S8: Cas9-induced DSB repair signals persist in neurons for at least one 
week post-transduction. (Figure and caption continued on the next page.) 
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Extended Data Figure S8: Cas9-induced DSB repair signals persist in neurons for at least one 
week post-transduction. (Figure and caption continued from the previous page.)  
a-c) DSB repair markers over time in untransduced (a), B2Mg1-transduced (b), and NEFLg1-transduced 
(c) neurons. DSBs are co-labeled by ICC markers γH2AX (red) and 53BP1 (green). Dose: 1 µL FMLV 
VLP per 100 µL media. Neurons were fixed at 1,4, or 7 days post-transduction as labeled. One 
representative image from each condition is shown. Transduction was 2 weeks into differentiation. Scale 
bar is 20 µm. Same experiment as Figure 8d-e, but now showing unmerged panels individually, and 
including additional conditions (timepoints, sgRNAs). Therefore, the merged panels for untransduced and 
B2Mg1-transduced at 1 day and 7 days are the same as in Figure 8d-e, but uncropped here. 
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Extended Data Figure S9: DSB repair signals remain detectable at the cut site for at least 8 days 
post-transduction.  
a) ChIP-qPCR for γH2AX binding at various distances from the cut site over time. Same conditions as 
Figure 2f, but with γH2AX antibody instead of Mre11. b) Schematic illustrating our strategy to detect cut-
and-resealed loci by using a ChIP-qPCR amplicon that spans across the cut site. Repair protein binding 
suggests that the locus had been cut, and successful PCR amplification suggests that the cut has since 
been resealed. Note: however, it remains ambiguous whether these loci were sealed with or without an 
indel. c-d) Some loci have been resealed as early as 2 days post-transduction. ChIP-qPCR using the 
spanning amplicon to detect cut-and-resealed loci, with both Mre11 (c) and gH2AX (d). Same procedures 
as Figure 2f and S9a, but using different amplicons (cut site spanning, and different chromosome control). 
e) Cas9 protein in iPSCs gets quickly diluted and/or degraded to background levels within 2 days post-
transduction; therefore, these neuron ChIP-qPCR data cannot be compared to iPSCs. Pulse-chase to 
track degradation of Halo-tagged Cas9 in iPSCs. First, iPSCs (with/without lentivirally integrated Halo-
Cas9 and B2Mg1) were seeded onto glass-bottom 96-well plates with ~2,000 cells per well. iPSCs were 
pulsed with 40 µM fluorescent Halo ligand (Promega HaloTag-JF549, cat. #GA1110) for 1 hour, then 
washed with fresh media 3 times to prevent newly translated Cas9 protein from being labeled. iPSCs 
were then chased with 2 µM of an unlabeled Halo ligand (Promega ent-HaloPROTAC3, cat. #GA4110) as 
a binding competitor. (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) Nuclei were labeled with NucBlue (ThermoFisher, cat. 
#R37605) 20 min before live cell imaging on the Image Xpress Confocal Microscope. Halo fluorescence 
signal was measured at several timepoints to track the degradation/dilution of the pulse-labeled Cas9 
molecules over time. Analyzed in CellProfiler. 8 replicate wells; error bars show standard deviation.  
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Extended Data Figure S10: Neuronal transcriptional response to Cas9-VLP is very consistent 
across three different sgRNAs. (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) a-d) The neuron-specific transcriptional response to 
Cas9-VLPs was replicated by two additional sgRNAs, NEFLg1 (a-b) and NTg1 (c-d), besides B2Mg1 
shown in Figure 9a-b. Neurons have more DEGs overall upon transduction, and the most significant of 
these DEGs are enriched for DNA repair genes. Same parameters as Figure 9a-b, but with different 
sgRNAs. Note: NEFL is not expressed in iPSCs, so its expression is not expected to decrease upon 
NEFLg1 editing in iPSCs. e) The only two DEGs between B2Mg1-edited and NEFLg1-edited neurons are 
B2M and NEFL respectively. This reinforces the consistency of the neuronal transcriptional response 
across different sgRNAs. f) The transcriptional profile of NTg1-treated neurons is more similar to B2Mg1-
edited and NEFLg1-edited neurons than to untransduced neurons. Therefore, at least some component 
of the neuronal response to Cas9-VLPs may be DSB-independent. Multidimensional scaling (MDS) plot 
visualizing similarity between the various RNAseq samples. As indicated in this plot, all RNA-seq analysis 
in this study was conducted on 3 replicate samples per condition, transduced in parallel; 24 total RNA-seq 
samples. 
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Extended Data Figure S11: DNA repair genes are not enriched in the DEGs of transduced iPSCs.  
a-c) Gene ontology (GO) analysis shows no enrichment for DNA repair genes in the DEGs of B2Mg1-
transduced (a), NEFLg1-transduced (b), or NTg1-transduced (c) iPSCs, relative to untransduced iPSCs. 
Showing the top 20 GO terms in each comparison. Bar length indicates number of DEGs that fall into 
each GO category. Color indicates significance of adjusted p-value. 
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Extended Data Figure S12: Transcriptional response of RNR subunits in neurons compared to 
iPSCs.  
a-c) In iPSCs, non-targeting Cas9 (a) does not affect transcription of any RNR subunits. However, both of 
the cutting Cas9-VLPs (b-c) significantly induce transcription of RRM2B, the canonically DSB-responsive 
subunit of RNR. The other two subunits are unaffected. d-f) In neurons, the canonically S-phase-
restricted RRM2 is one of the most significantly upregulated genes in all 3 transduced conditions, 
including with non-targeting Cas9.  
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Extended Data Figure S13: Inhibiting RNR changes editing outcomes in neurons.  
a) Toxicity of escalating doses of RRM2 inhibitor 3AP in neurons. Maximum tolerable dose was 3.75 µM. 
For a/c/f: Tolerability threshold was arbitrarily set to 0.75 or above, corresponding to less than a 25% 
reduction in viability. PrestoBlue viability assay at 8 days post-transduction, normalized to age-matched 
untreated neurons on the same plate. 3 replicate wells per condition, treated in parallel; error bars show 
SEM. b) Toxicity of escalating 3AP doses in neurons with or without Cas9-VLPs. Optimal 3.75 µM dose 
remains nontoxic even with Cas9-VLPs (1 µL FMLV) inducing DNA damage. Error bars show SEM. Two-
factor ANOVA; ns = not significant (p>0.05). c) Toxicity of escalating doses of RRM2 inhibitor GW8510 in 
neurons, alongside Cas9-VLP treatment. Maximum tolerable dose was 2 µM. d-e) GW8510 co-treatment 
of B2Mg1-edited neurons increases indels overall (d), boosting deletions specifically, and roughly doubles 
the frequency of single-base deletions (e). (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) Replicated the effects of RRM2 inhibitor 3AP from 
Figure 9g-h. Dose: 1 µL FMLV VLP per 100 µL media, and maximum tolerable dose of GW8510. Indels 
measured 8 days post-transduction. For d, error bars show SEM. One-Factor ANOVA, ** p<0.005. For d-
e, 6 replicate wells per condition treated in parallel. f) Toxicity of escalating doses of RRM1 inhibitor 
gemcitabine in neurons, alongside Cas9-VLP treatment. Maximum tested dose was 300 nM, and still 
tolerable. g-h) Gemcitabine co-treatment of B2Mg1-edited neurons increases indels overall (g), boosting 
deletions specifically (h). Replicated the effect of RRM2 inhibitor 3AP from Figure 9g-h. Dose: 1 µL FMLV 
VLP per 100 µL media, and maximum tolerable dose of gemcitabine. Indels measured 8 days post-
transduction. For g, error bars show SEM. One-Factor ANOVA, *** p<0.0005. For g-h, 6 replicate wells per 
condition treated in parallel. 
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Extended Data Figure S14: RNR inhibition affects neuron editing outcomes in an sgRNA-
dependent manner. 
a-d) For B2Mg2 (a-b) and NEFLg1 (c-d), 3AP treatment significantly increases indels, but without the 
same selectivity for deletions as seen for B2Mg1. 6 replicate wells per condition, treated in parallel. e-f) 
For HSPB1g2, 3AP treatment significantly decreases indels instead of increasing them. This is consistent 
with its intrinsic indel distribution, which appears relatively impermissible to deletions. 6 replicate wells per 
condition, treated in parallel. For a/c/e: One-Factor ANOVA, ** p<0.005, * p<0.05. For a-f: 1 µL dose, 
FMLV VLPs. 
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Extended Data Figure S15: NHEJ pathway exemplifies that many DNA repair factors are not 
reliably targetable with small molecule inhibitors.  
Two-thirds of the factors in the NHEJ pathway (Stinson et al, Annu Rev Biochem, 2021. PMID: 33556282) 
are not reliably druggable by small molecule inhibitors. Determined by searching for availability of 
inhibitors on Tocris, Selleckchem, Sigma, and PubMed, as of 2023. This simply demonstrates how many 
DNA repair factors are not readily druggable at the protein level. 
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Extended Data Figure S16: Lipid nanoparticles allow all-in-one delivery of Cas9, sgRNA, and 
siRNAs to manipulate editing outcomes.  
a-c) Lipid nanoparticles transfect neurons with almost 90% efficiency. Neurons were transfected with 
LNPs encapsulating GFP mRNA at Day 17+ of differentiation. GFP fluorescence was measured by flow 
cytometry one week later. d) Toxicity of escalating doses of DNA-PKcs inhibitor AZD7648 in neurons, 
alongside Cas9-VLP treatment. Maximum tested dose was 2 µM, and still tolerable (arbitrary viability 
threshold of 0.75 as per Extended Data Figure S13). PrestoBlue viability assay at 8 days post-
transduction, normalized to age-matched untreated neurons on the same plate. e-f) DNA-PKcs inhibitor 
AZD7648 reduces indels overall in B2Mg1 VLP-treated neurons. 6 replicate wells per condition, treated in 
parallel. For e: One-Factor ANOVA, *** p<0.0005. g-h) All-in-one LNPs co-encapsulating siRNAs against 
PRKDC reduce indels overall in B2Mg1 edited neurons. The effect of PRKDC RNA-level inhibition on all-
in-one LNP-mediated editing mirrors the effect of PRKDC protein-level inhibition on VLP-mediated 
editing. 6 replicate wells per condition, treated in parallel. For g: One-Factor ANOVA, *** p<0.0005. 
 



 

 63 

METHODS 

 

iPSC maintenance 

 

iPSCs were cultured on matrigel-coated 10 cm plates at 37 °C, 85% humidity, and 5% CO2. 

iPSCs were fed with mTeSR Plus media (StemCell Tech #100-0276) every other day. 

Optionally, if fed with double the feeding volume of mTeSR Plus one day after passaging, iPSC 

media could be left unchanged for two days. Upon reaching 80% confluence, iPSCs were 

passaged 1:10 or 1:20 and treated with 10 μM ROCK inhibitor (Y-27632 dihydrochloride, eg 

Tocris #1254). For maintenance, ReLeSR (StemCell Tech #100-0483) was used to passage 

iPSCs as small colonies roughly twice per week. For seeding specific numbers of cells for 

experiments, Accutase (StemCell Tech #07920) was used to replate iPSCs as single cells after 

counting.   

 

Cell lines were routinely verified as mycoplasma negative throughout the study. Cell lines used: 

WTC-NGN2 was used for all experiments except Fig. 3, which used WTC-NGN2-CRISPRi. 

WTC-NGN2 is the WTC11 iPSC line (Coriell GM25256) with the dox-inducible NGN2 

differentiation cassette integrated in the AAVS1 locus. 

 

Neuron differentiation 

 

Neurons were derived from WTC-NGN2 iPSCs following a differentiation protocol adapted from 

Tian et al, Neuron (2019), PMID: 31422865. Note however that instead of naming the first day 

of differentiation Day -3, we name it Day 0.  Refer to Supplemental Table 2 for our adapted 

differentiation protocol and spreadsheet to aid in calculations.  

 



 

 64 

On Day 3 of differentiation, neurons were seeded onto PDL-coated culture plates (eg Corning 

#354640,  #356414, #356413, #354469): 96-well plates for editing assays, 24-well plates for 

flow cytometry assays, 6-well plates for RNA assays, or 10 cm plates for ChIP-qPCR. Critically, 

to maintain neuron viability and reduce media evaporation, we added PBS to the unused wells 

surrounding cell-seeded wells, especially in 96-well plates. Additionally, to reduce neuronal 

peeling, for media changes from Day 10 onward we typically removed only half of the existing 

media volume per well and added a full feeding volume – except when adding 

VLPs/LNPs/drugs, for which full media changes were used to accurately control concentrations. 

 

In 96-well plate format, each well contained ~20,000 cells and was treated with 100 μL of VLP- 

or LNP- containing media. In larger plate formats, these ratios were scaled up proportionally. 

Note: to transduce 20,000 iPSCs on the same day as the neurons, 10,000 iPSCs were seeded 

per well one day prior, or 5,000 iPSCs per well were seeded two days prior. Whereas for 

neurons, 20,000 were seeded on Day 3 of differentiation. 

 

VLP production and transduction 

 

For HIV-based VLPs (also known as enveloped delivery vehicles or EDVs), we followed the 

protocols previously described in Hamilton et al, Nat Biotechnol (2024), PMID: 38212493. For 

FMLV-based VLPs, refer to Supplemental Table 3 for our full production protocol and 

calculations. 

 

For both particle types, each “batch” of VLPs consisted of six 10 cm dishes of transfected HEK 

293FTs. 44-48 hours post-transfection, each batch’s supernatant was harvested, purified using 

Lenti-X Concentrator (Takara #631231), and concentrated into 200 μL of OptiMEM (eg Gibco 

#31985062). Dosage: VLP doses listed in figure captions (either 1 μL or 2 μL as specified) refer 
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to how many μL of this concentrated VLP solution were added per 100 μL of cell culture media, 

for transduction.  

 

For DSB imaging experiments, transduction was done at Day 14 of differentiation. For all other 

experiments, transduction was done at Day 17+. 

 

LNP production and transfection 

 

Lipid mixtures for LNPs were prepared according to previously published procedures 

(https://doi.org/10.1021/acs.biochem.3c00371). Briefly, stock solutions (10 mg/mL) of MC3 

(MedKoo, cat. # 555308), DOPE (Avanti Polar Lipids, cat. # 850725), cholesterol (Sigma-

Aldrich, cat. # C8667), and DMG-PEG (Avanti Polar Lipids, cat. # 880151) were individually 

dissolved in ethanol, while GL67 (N4-Cholesteryl-Spermine HCl Salt, Avanti Polar Lipids, cat. 

#890893) was dissolved in DMSO. These lipid stock solutions were stored at −30 °C until use. 

Prior to LNP formation, the lipid solutions were thawed on ice and vortexed as needed. The 

cholesterol solution was warmed at 40-50 °C to dissolve any crystals that formed during cold 

storage. Subsequently, MC3, DOPE, cholesterol, DMG-PEG, and GL67 lipids were mixed in 

molar ratios of 30.8:20.8:32.2:1.2:15, respectively. RNA (1 μg/μL) was dissolved in 200 mM 

citrate buffer (pH 4), aliquotted, and stored at -80 °C. 

 

Shortly before use, RNA was diluted to 375 ng/μL, then combined with the lipid solution at a 3:1 

volume ratio of aqueous phase to lipids. The resulting LNP mRNA complexes were gently 

vortexed or triturated, and incubated at room temperature for 5-10 minutes. Finally, the LNPs 

were mixed with the appropriate volume of cell culture media, and added to cells during a full 

media change. Dosage: we added 300 μL of cell culture media per 4 μL of LNP solution (1 μL of 
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which is lipids). This resulted in an RNA dosage of 125 ng total RNA per 100 μL cell culture 

media.  

 

Chemically modified GFP mRNA (cat. # L-7201) and Cas9 mRNA (cat. # L-7206) were 

purchased from TriLink. Chemically modified sgRNAs were ordered from IDT; refer to 

Supplemental Table 4 for ordering instructions and resuspension instructions. For siRNAs, 

TriFECTa DsiRNA kits were ordered from IDT; we used the default TriFECTa kit targeting each 

gene of interest (cat. #s: hs.Ri.PRKDC.13, hs.Ri.RRM1.13, hs.Ri.RRM2.13, hs.Ri.POLL.13, 

hs.Ri.XRCC5.13, hs.Ri.XRCC6.13, hs.Ri.DCLRE1C.13, hs.Ri.FANCM.13, hs.Ri.FANCD2.13). 

 

When delivering Cas9 mRNA and sgRNA, total RNA mass inside the particle was split 1:1 

between Cas9 mRNA and sgRNA. For all-in-one particles co-delivering siRNAs as well, siRNAs 

were included at appropriate concentration to yield 1 nM (for Fig. S16g-h), 5 nM (for Fig. 4c-d), 

or 10 nM (for Fig. 4e) final concentration of “siRNA mixture” in wells.  The amount of Cas9 

mRNA + sgRNA was reduced proportionally in each case to keep the total RNA concentration 

the same. Each “siRNA mixture” is a 1:1:1 mixture of the 3 individual siRNAs contained in the 

IDT TriFECTa kit for a given gene of interest – or, for siNT, it is the TriFECTa kit’s included non-

targeting negative control siRNA (labeled NC-1), at the equivalent concentration of total siRNA. 

 

For all LNP experiments, transduction was done at Day 17+ of differentiation. 

 

Genomic DNA extraction, NGS, and editing analysis 

 

All gDNA for editing experiments was harvested using QuickExtract (#QE09050). After 

removing cell culture media, 25 μL of QuickExtract was dispensed into each well, and cells were 

scraped and collected into PCR tube strips (eg Genesee #27-125) or tear-away PCR plates 
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(4titude #4ti-0750/TA). Samples were incubated in a thermocycler for 65 °C for 20 mins, then 98 

°C for 20 mins. Extracted gDNA was then stored at -20 °C for short term storage or -80 °C for 

long term storage. 

 

PCR amplification was done with NEB Q5 master mix (NEB #M0492), and 34 cycles of 

amplification. Amplicons were then purified using PCR cleanup beads from the UC Berkeley 

DNA Sequencing Facility, with at least 15 minutes of post-ethanol drying time, and eluted in 30-

40 μL of DEPC-treated water. Finally, purified samples were submitted to the UC Berkeley / IGI 

NGS Core for sequencing via Illumina iSeq (2x150), with 20,000 reads per sample. We 

processed the resulting sequencing files in Geneious Prime, then used CRISPResso2 

(DOI:10.1038/s41587-019-0032-3. PMID: 30809026) to analyze editing outcomes. 

 

For sgRNA spacer sequences and amplicon-NGS primers, refer to Supplemental Table 5.  

 

Drug treatments 

 

Small molecules were resuspended as advised by the manufacturers. Stock concentrations 

were then prepared at 1000x the desired concentration: refer to Supplemental Table 6 for 

stock and final concentrations, as well as catalog numbers. Desired final concentrations were 

determined by measuring neuronal viability (via PrestoBlue) after escalating drug doses, as 

shown in Extended Data Figures S13 and S16. 

 

Drug treatment during Cas9-VLP editing experiments was begun one day prior to transduction. 

To reduce neuronal peeling from excessive media changes, we did not remove any media 

during the one-day pre-treatment. Instead, we added one feeding volume on top of the existing 

media, with double the desired drug concentration, to achieve the desired final concentration in 
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the well. The following day (the day of transduction), we did a full media change, adding media 

mixed with the desired final concentration of drug and desired volume of VLPs.  

 

PrestoBlue viability assay 

 

We performed a full media change on neurons, adding in 10% PrestoBlue Cell Viability Reagent 

(Invitrogen #A13261) by volume, and incubated the cells at 37 °C for 1-2 hours prior to analysis. 

In 3 control wells with no cells, media with 10% PrestoBlue reagent was added to gauge 

background fluorescence. After this incubation, the plate was read on a Molecular Devices 

SpectraMax plate reader and analyzed using the SoftMax software. The average background 

fluorescence from the control wells was subtracted from all experimental values. 

 

DSB marker staining and imaging 

 

To stain and image markers of DSB repair (γH2AX and 53BP1), neurons were first fixed with 

4% PFA for 15 minutes at room temperature (RT), washed with PBS, and permeabilized with 

0.5% Triton X-100 in PBS for 5 minutes at RT. Neurons were then washed with PBS, and 

incubated with blocking buffer (1% BSA and 0.1% Triton X-100 in PBS) for 1 hour at RT. Then, 

neurons were incubated with the following buffers at RT, with two PBS washes after each 

incubation: primary antibody solution for 1 hour (Mouse Anti-phospho-Histone H2A.X Ser139 

Antibody, clone JBW301, Sigma #05-636, 1:4000 diluted in blocking buffer; Rabbit Anti-53BP1 

Antibody, Novus #100-305, 1:1000 diluted), secondary antibody solution for 1 hour (Goat anti-

Mouse IgG H+L 568, Invitrogen #A-11031; Goat anti-Rabbit IgG H+L 488, Invitrogen #A-11034; 

both 1:1000 diluted in blocking buffer), then DAPI for 2 minutes (1:1000 diluted in PBS, Thermo 

#62248). Finally, PBS was added to each well, and plates were stored foiled at 4 °C until ready 

to image.  
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Higher magnification DSB imaging was performed on a Nikon spinning disk confocal 

microscope, equipped with a Yokogawa CSU-W1 spinning disk unit, a 60x oil immersion 

objective lens (N.A. 1.49), Photometrics BSI sCMOS camera and Tokai Hit stage top incubator 

to maintain temperature, CO2 and humidity. Lower magnification DSB imaging was performed 

on a BioTek Lionheart LX Automated Microscope, using 40x magnification. For these DSB 

imaging experiments, neurons were cultured in Ibidi chamber slides (eg Ibidi #80826) with 300 

μL of feeding volume. 

 

Neuronal purity staining and imaging 

 

Neurons were fixed with 4% PFA, washed twice with PBS, then incubated with blocking buffer 

at RT for 30-60 minutes (5% normal goat serum and 0.1% triton in PBS). After removing 

blocking buffer and washing twice with PBS, primary antibody solution was added (desired 

primary antibodies diluted appropriately in PBS with 3% normal goat serum), for a 1 hour 

incubation at RT. After removing this solution and washing 3 times with PBS, secondary 

antibody solution was added (appropriate secondary antibodies diluted 1:500 in PBS with 3% 

normal goat serum, along with 1:1000 diluted DAPI), for a 1 hour incubation at RT in the dark. 

Following 3 more PBS washes, PBS was added to the wells, and plates were stored foiled at 4 

°C until ready to image. 

 

Primary antibodies and their respective dilutions: rabbit anti-Ki67 (1:100, Abcam #ab16667), rat 

anti-NeuN (1:500, Abcam #ab279297), rabbit anti-TUBB3/Tuj1 (1:500, Sigma #T2200). 

Secondary antibodies, all used at 1:500 dilutions: goat anti-rabbit 488 (for DAPI-Ki67 

combination, Invitrogen #A11008), goat anti-rat 488 (for DAPI-NeuN-TUBB3 combination, 

LifeTech #A11006), goat anti-rabbit 647 (for DAPI-NeuN-TUBB3 combination, Invitrogen 
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#A21245). These imaging experiments were performed on a CellInsight CX7 microscope, with 

neurons cultured in PDL coated black/clear 96-well plates (eg Corning # 354640). Images were 

analyzed by HCS Studio SpotDetector (Ki67 analysis) and CellProfiler (NeuN analysis). 

 

Flow cytometry 

 

To dissociate neurons for flow cytometry, culture media was removed and then neurons were 

washed gently with PBS. Papain (reconstituted to 20U/mL in PBS, Worthington #LK003178) 

was added and incubated for 10 minutes at 37C: 500 or 125 μL papain per well of a 6- or 24-

well plate, respectively. Papain was then quenched with DMEM (Corning #10-013-CV) with 10% 

FBS (eg Avantor #1500-500 or Cytiva #SH30071.03) at 3-5x the papain volume, and pipetted 

around the edges to lift and collect the sheet of neurons. Neurons were then pelleted, 

resuspended in 100-500 μL of PBS per sample, and triturated gently to singularize. These 

samples were passed through strainer-capped FACS tubes (eg Stellar Sci #FSC-9005), and 

analyzed on an Attune NxT flow cytometer. Results were interpreted using FlowJo. 

 

Bulk RNA-seq 

 

RNA-seq was performed on 3 replicate samples from each condition, for a total of 24 samples 

overall: neurons and iPSCs, each transduced with B2Mg1/NEFLg1/NTg1 VLPs (HIV) or 

untransduced. Cells were transduced in 6-well plate format with 500,000 cells per well, using 25 

µL of HIV VLP in 2 mL of media per well. This dose corresponds to 1 µL of VLP per 20,000 

cells, or 1.25 µL of VLP per 100 µL media. 

 

Harvest timepoints for each cell type were selected based on their respective time courses of 

indel accumulation, per Fig. 2. The chosen timepoint for each cell type corresponds to when 
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some, but not all, of the editing has occurred – so that DSB repair is actively ongoing at the time 

of harvest. This timepoint is 3 days post-transduction for neuron samples, and 1 day post-

transduction for iPSC samples, which also avoids confounding effects from cell proliferation 

and/or dilution. Untransduced cells were harvested on the same day as the transduced cells. 

 

RNA was extracted using the Quick-RNA™ Microprep Kit (cat. #R1050).  Using 500 ng of total 

RNA, we prepared the mRNA libraries using the QuantSeq 3’ mRNA-Sequencing Library FWD 

V1 Prep Kit (cat. #015.96). After cDNA synthesis, we used 17 PCR cycles to amplify the 

libraries. Following bead purification, mRNA concentrations were determined by Qubit and 

fragment lengths were quantified using High Sensitivity d5000 Reagents (cat. #5067-5593) on 

the Agilent TapeStation 4200. We normalized our libraries to 8.25 nM for pooling and 

sequenced through single-end sequencing on the Illumina NovaSeqX 10B flow cell with read 

lengths 101x12x24 (Read 1, Index 1, Index 2). Sequencing was performed at the UCSF Center 

for Advanced Technologies (CAT). 

 

Sequencing reads were trimmed using CutAdapt (DOI:10.14806/ej.17.1.200) and aligned using 

HISAT2 (DOI:10.1038/s41587-019-0201-4), and then a read count matrix was generated using 

featureCounts (DOI: 10.1093/bioinformatics/btt656). Differential expression analysis was 

performed on this count matrix using EdgeR (DOI:10.1093/bioinformatics/btp616). Functions 

within EdgeR used to statistically determine differentially expressed genes were: glmQLFit, 

glmQLFTest (with FDR for adjusted p-values), and decideTestsDGE. For venn diagrams and 

enrichment analysis, additional tools used were topTags with Benjamini-Hochberg correction for 

adjusted p-values, and WebGestalt (https://www.webgestalt.org/#). 
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ChIP-qPCR 

 

For each timepoint condition (untransduced, 2 day, 4 day, 8 day), 20 million neurons were 

grown across 2 10 cm dishes per condition (10 million neurons per plate). All 8 of these plates 

were cultured in parallel, during the same batch of differentiation. At Day 17, all transduced 

plates were transduced with 2 μL of B2Mg1 VLP (FMLV) per 100 μL media (total of 200 μL VLP 

per plate). Untransduced plates were harvested at Day 17. Remaining plates were harvested 

2/4/8 days post-transduction as labeled. 

 

At each harvest timepoint, 2 10 cm dishes were fixed in parallel: one for each ChIP pulldown 

(Mre11 and γH2AX). Cells were fixed, pelleted, and snap frozen per ActiveMotif’s ChIP fixation 

protocol (https://www.activemotif.com/documents/1848.pdf), then submitted to ActiveMotif for 

ChIP-qPCR. ChIP-qPCR was performed using the antibodies and qPCR primers listed in 

Supplemental Table 7.  
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