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Abstract 

Genome-edited human pluripotent stem cells (hPSCs) provide a powerful platform to study complex 

diseases such as Parkinson’s disease (PD). Here, we describe iSCORE-PD, an isogenic collection of 65 genome-

edited hPSC lines carrying disease-causing or high-risk variants in 11 PD-linked genes (SNCA, PRKN, PINK1, 

DJ1/PARK7, LRRK2, ATP13A2, FBXO7, DNAJC6, SYNJ1, VPS13C, and GBA1). All lines are derived from a well-

characterized female hESC line and subjected to extensive quality control. Whole-genome sequencing reveals 

that genetic variation between lines, largely confined to non-coding regions, is minimal relative to inter-individual 

differences in patient-derived hiPSCs, with most variation arising from random mutations acquired during cell 

culture rather than genome-editing-induced off-target effects. Including multiple independently derived clones 

per mutation controls for this random genetic drift. Our systematic approach ensures high quality of this publicly 

available iSCORE-PD resource, highlights the advantages of prime editing over conventional CRISPR/Cas9 

methods, and establishes best practices for generating disease-modeling hPSC collections. 

Introduction 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder with a prevalence of 

more than 1% in the population over the age of 601. PD is primarily characterized by a progressive loss of 

dopaminergic neurons in the midbrain and, in most cases, the presence of proteinaceous inclusions (Lewy bodies) 

in affected cells2-5. However, PD-associated pathology is highly variable and can affect a wide range of brain 

regions6. Furthermore, non-neuronal cell types, including astrocytes, oligodendrocytes and microglia play 

important roles in the pathogenesis of the disease7. The precise etiology leading to neuronal cell loss is largely 

unknown. The discovery of mutations in more than 20 genes linked to rare monogenic forms of PD has revealed 

a broad spectrum of molecular and cellular pathways that can contribute to PD pathology, including vesicle 

transport, lysosomal function, mitochondrial function, and endoplasmic reticulum (ER) quality control4,8. 

However, even individuals with PD who carry the same mutation can present with highly heterogeneous clinical 

and pathological features5,9, variable age of onset and highly diverse or, in some cases,  complete absence of Lewy 

body pathology6. Recognizing this variability in penetrance and complex pathology, it is widely acknowledged  that 

additional genetic and environmental modifiers can influence disease pathophysiology, even in monogenic forms 

of PD4. Therefore, distinguishing between common PD-associated phenotypic features from those that are 

specific to a particular mutation remains challenging. 

Genome editing of human pluripotent stem cells (hPSCs), including both human embryonic stem cells 

(hESCs) and induced pluripotent stem cells (hiPSCs), is increasingly utilized to establish isogenic cellular models 

for human diseases such as PD10-12.  This approach has provided valuable insights into the molecular mechanisms 

underlying monogenic forms of this disease11-30. It utilizes genome editing technologies such as CRISPR/Cas9 or 

prime editing systems to generate isogenic cell lines, either by genetically inserting or correcting disease-linked 

mutations in hPSCs11,12. While this approach provides the advantage to analyze the effects of a mutation within a 

presumably identical genetic background, the extent to which the genome of edited cell lines, beyond the 

intended genetic modifications, are truly isogenic remains unclear. Various sources of genetic variability can 

contribute to genetic alterations in hPSCs. These include off-target effects associated with genome editing, 

genetic drift during cell culture, and founder effects introduced during subcloning31-35. However, to date we lack 

a systematic quantification of the relative contribution of these events, raising the important question: to what 
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extent can observed phenotypes be fully attributed to the intended genetic edits, rather than to additional 

acquired genetic alterations?   

In addition, since most isogenic pairs are currently generated in individual hPSCs with distinct, patient-

specific genetic backgrounds, cross-comparison of different mutations is confounded by the effect of genetic 

modifier loci inherent to each individual’s genome11,36. Therefore, a unified genetic interaction map of how 

different monogenic disease-related genes, their pathogenic mutations and their respective phenotypes interact 

to drive pathology is still missing. To overcome this challenge, ongoing initiatives, for a variety of diseases, exist 

with the goal of streamlining the development of isogenic, disease-relevant hPSC collections derived from a 

common, thoroughly characterized parental hPSC line36. Here, we report the generation of such a resource for PD 

as part of the Aligning Science Across Parkinson's (ASAP) research network, which we have termed iSCORE-PD 

(Isogenic Stem Cell Collection to Research Parkinson’s Disease). We used state-of-the-art genome editing 

approaches to establish a total of 65 clonal cell lines carrying disease-causing or high-risk PD-associated mutations 

in 11 genes (SNCA, PRKN, PINK1, DJ1/PARK7, LRRK2, ATP13A2, FBXO7, DNAJC6, SYNJ1, VPS13C, and GBA1), along 

with isogenic control lines. All cell lines were derived from a well-characterized and fully sequenced female hESC 

(WIBR3; NIH approval number NIHhESC-10-0079)37 and underwent rigorous quality control. Importantly, we 

performed whole-genome sequencing (WGS) on all cell lines to address the fundamental question of isogenicity 

of genome edited hPSCs by assessing genetic variability within the iSCORE-PD collection. This collection of isogenic 

hPSCs is accessible to the community to enable the cross-comparison of disease-related phenotypes and 

accelerate progress in PD research. 

Results 

Characterization of the hESC line WIBR3 

A major goal of this work is to complement ongoing initiatives to establish comprehensive collections of 

hPSC lines which carry mutations associated with PD and related neurodegenerative diseases36. The objective is 

to reduce genetic variability among cell lines to facilitate the identification of disease-relevant pathophysiological 

signatures. One example of such efforts is the recently described iPSC Neurodegenerative Disease Initiative (iNDI) 

from the NIH’s Center for Alzheimer’s and Related Dementias (CARD), which utilized the      KOLF2.1J 

(RRID:CVCL_B5P3) hiPSC line36. This cell line, derived from a male donor, is currently recognized as a benchmark 

reference for neurodegenerative disease research, and facilitates the comparison of disease-associated 

phenotypes across different laboratories. Although hiPSCs have proven instrumental for disease modeling, 

concerns remain regarding the presence of genetic alterations in somatic donor cells before reprogramming, 

reprogramming-induced genetic alterations, incomplete epigenetic reprogramming, and aberrant genomic 

imprinting11,38,39. Given these considerations, and the necessity for incorporating cells from both sexes, we opted 

to use the female hESC line WIBR3 of European descent (RRID:CVCL_9767, NIH approval number NIHhESC-10-

0079)37. This cell line has been previously demonstrated to maintain a stable karyotype over prolonged in vitro 

culture and has been widely used to model human diseases, including PD10,30,37,40-45. For our study, we acquired 

early passage WIBR3 cells (P14) and initially generated 3 independent single cell-derived subclones (WIBR3-S1, 

WIBR3-S2, WIBR3-S3). Both the parental line and its subclones showed regular growth and morphology when 

cultured on mouse fibroblast feeders (MEFs) and under feeder free conditions in mTeSR™ Plus media (Figure 1A). 

We validated the pluripotency of all cell lines through the detection of pluripotency markers using 

immunocytochemistry and qRT-PCR (N=3/group; Mean +/- SEM)(Figure 1B,C; Supplementary Figure 1A). 
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Furthermore, we analyzed the genomic integrity of all cell lines using standard array comparative genomic 

hybridization (aCGH) and a modified high density Illumina Infinium Global Diversity Array (GDA) Neuro booster 

Array (NBA). This analysis confirmed a normal karyotype and the absence of larger structural alterations (> ~500 

kb) in both the parental WIBR3 line and its derived subclones. The complete high-density array genotyping data 

is available through AMP-PDRD (https://www.amp-pd.org/ via GP2 data sharing agreement). 

To determine the presence of insertions and deletions (indels) at higher resolution and to identify 

potential pathogenic single nucleotide variants (SNVs), we performed long-read whole genome sequencing (WGS) 

combining Pacific Biosciences (PacBio, average coverage 28.39X, median read length 18 kb) and Oxford Nanopore 

Technologies (Nanopore, average coverage 43X, median read length 84 kb). The initial analysis for structural 

variants applied the Truvari algorithm46 (https://github.com/ACEnglish/truvari) to integrate the PacBio and 

Nanopore datasets and identified a total of 20,561 high confidence structural variants in the WIBR3 parental line 

compared to the reference human genome [GRCh38/hg38] (Supplementary Data 1). Among these, 109 were 

localized to coding exons, impacting 102 genes (Supplementary Data 1). The number and distribution of these 

structural variants is comparable to those observed in the general human population47,48. Considering our goal to 

model PD and related neurodegenerative diseases, we determined that none of these structural variants affect 

genes with known pathogenic mutations in PD, Alzheimer’s disease (AD), and AD-related dementias (ADRD), or 

risk genes identified in GWAS associated with these diseases4,49-51 (Supplementary Data 1). Additionally, we 

annotated the integrated structural variant calls using 

SvAnna52(https://github.com/TheJacksonLaboratory/SvAnna) to determine if any variant was of high priority for 

the phenotype terms HP:0002180 (neurodegeneration) and HP:0000707 (abnormality of the nervous system). 

None of the structural variants analyzed received high priority scores for either term. 

Next, we identified the number and distribution of coding, missense, frameshift and predicted loss of 

function (LOF) SNVs in the parental WIBR3 cell line compared to the reference human genome [GRCh38/hg38] 

(Supplementary Figure 1B). This analysis identified 6613 missense SNVs in 3933 coding genes and 120 potential 

loss-of-function mutations (including 15 startloss, 54 stopgain, 13 stoploss, 18 frameshift deletion, and 20 

frameshift insertion). A full list of variants can be found in Supplementary Data 2, and the full genome is available 

for broad data sharing at AMP-PDRD (https://www.amp-pd.org/ via GP2 data sharing agreement). Overall, the 

number and distribution of these variants is comparable to that observed in other sequenced hPSC lines36 and 

within the human population found in the gnomAD database (https://gnomad.broadinstitute.org/)53,54. 

To determine the presence of potentially pathogenic variants in the parental WIBR3 cell line, we 

annotated all SNVs using ClinVar46 (RRID:SCR_006169; https://www.ncbi.nlm.nih.gov/clinvar/). Collectively, these 

analyses revealed 47 variants reported as pathogenic or with conflicting interpretations of pathogenicity 

(Supplementary Data 2). In addition, we assessed the gene dosage sensitivity of the potential loss-of-function 

mutations using the Clinical Genome Resource (www.clinicalgenome.org) and identified four variants with 

evidence of affecting dosage-sensitive genes or being located within dosage-sensitive genomic regions 

(Supplementary Data 2). Importantly, none of these potential pathogenic SNVs or dosage sensitive loss-of-

function mutations mapped to genes included in the KEGG signatures for Parkinson’s or Alzheimer’s disease, or 

to the phenotype terms HP:0001300 (Parkinsonism), HP:0002511 (Alzheimer’s disease) and HP:0002180 

(neurodegeneration) (Supplementary Data 2), except for a heterozygous variant in TREX1 (rs760838030; 

NM_033629.6(TREX1):c.340C>T [p.Arg114Cys]). This missense mutation has been reported in a homozygous or 

https://www.amp-pd.org/
https://github.com/TheJacksonLaboratory/SvAnna
https://www.amp-pd.org/
http://www.clinicalgenome.org/
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compound heterozygous state in individuals with autosomal-recessive Aicardi–Goutières syndrome or chilblain 

lupus, autoinflammatory syndromes that can manifest with cerebral vasculitis55.  

Because the ClinVar database does not provide pathogenesis information for all SNVs, we also assessed 

potential pathogenic or deleterious variants using bioinformatic-based predictor tools (Supplementary Data 2). 

REVEL (rare exome variant ensemble learner)56, a machine-learning–based pathogenicity predictor specifically 

designed to evaluate missense mutations, that integrates commonly used pathogenicity scores and conservation 

metrics into one model (e.g., PolyPhen-2, MutationTaster, SIFT, MutPred, CADD, etc.), identified 55 variants with 

potential pathogenicity (cutoff ≥ 0.50, excluding variants classified as benign in ClinVar). In addition, using CADD 

(combined annotation-dependent depletion)57, a widely used broader and less stringent predictor, we identified 

833 potentially deleterious variants (CADD-PHRED ≥ 20, excluding variants classified as benign in ClinVar), the 

majority of which are common (gnomAD AF ≥ 0.01). Importantly, none of the REVEL or CADD nominated variants 

mapped to genes included in the KEGG signatures for Parkinson’s or Alzheimer’s disease, or to the phenotype 

terms HP:0001300 (Parkinsonism) or HP:0002511 (Alzheimer’s disease). Only two additional common, and 

therefore unlikely pathogenic variants, one in UQCRHL (rs61744357, gnomAD = 0.1242) and one in RREB1 

(rs1334576, gnomAD = 0.427), with CADD-PHRED ≥ 20 but REVEL < 0.5 were linked to the phenotype 

term HP:0002180 (neurodegeneration) (Supplementary Data 2). Overall, this analysis suggests that the parental 

WIBR3 cells do not harbor genetic variants that would substantially limit their use in modeling neurodegenerative 

diseases. 

As we aim to provide our cell collection to study PD and related neurodegenerative diseases, we analyzed 

WGS data to calculate the polygenic risk score (PRS) based on the cumulative number of GWAS risk variants 

associated with PD (Figure 1D)49. The analysis indicated that the PRS of the parental WIBR3 line falls within the 

range observed in the normal population. Subsequently, we focused on identifying high-risk variants in known 

neurodegenerative disease-associated genes. This analysis revealed that WIBR3 is heterozygous for the APOE ε4 

allele (worldwide allele frequency of APOE ε4 ~14%), which is a risk factor for Alzheimer’s disease58, heterozygous 

for rs3173615 (TMEM106B p.T185S) which has been reported to be a modifier of frontotemporal dementia59, and 

homozygous for the MAPT H1 allele which is a gene of interest in several neurodegenerative diseases60,61.  

It is widely recognized that hPSCs can accumulate genetic alterations over time which provide a growth 

advantage in cell culture. Notably, mutations in the p53 tumor suppressor pathway have been frequently 

observed in various hPSC lines62-64. To evaluate the function of the p53 pathway in the parental WIBR3 cell line, 

we analyzed the p53-dependent DNA damage response following irradiation (Figure 1E). This analysis confirmed 

a robust p53-mediated response, as indicated by the dose-dependent expression of the DNA damage response 

genes CDKN1A and RPS27L in both, undifferentiated hPSCs and in vitro-derived cortical spheroids (Figure 1E).  

WIBR3 cells differentiate into PD-relevant cell types 

Given that PD is characterized by the chronic progressive loss of dopaminergic (DA) neurons in the 

substantia nigra, the effective generation of these cell types is crucial for in vitro modeling of PD. To address this, 

we implemented a previously established protocol65,66 to differentiate the three independently derived WIBR3 

subclones (WIBR3-S1, WIBR3-S2, WIBR3-S3) into midbrain-specified dopaminergic neurons. Briefly, WIBR3 hESCs 

underwent neural induction via dual SMAD inhibition, combined with sonic hedgehog (SHH) agonist exposure and 

biphasic WNT activation using the GSK-3 inhibitor CHIR99021, resulting in robust midbrain-specific patterning 

within the first 11 days. From day 12 onwards, committed midbrain neural progenitors were differentiated into 
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dopamine neurons until day 35 using a cocktail to promote terminal differentiation (BDNF, GDNF, TGFß3, DAPT, 

cAMP and ascorbic acid) (Figure 2A). For each subclone, we determined the efficacy of neural induction into 

neural precursor cells and DA neurons by analyzing the expression of midbrain-specific markers by 

immunocytochemistry (TH and FOXA2) and, qRT-PCR (FOXA2, LMX1A, NR4A2, KCNJ6, TH, PITX3, EN2, AADC and 

SYN1) (Figure 2B, Supplementary Figure 2). At early time points (day 11 and day 25), the in vitro differentiated 

cultures expressed canonical midbrain floor plate genes at levels comparable to those in concurrently 

differentiated KOLF2.1J hiPSCs (Supplementary Figure 2B). At day 35 of differentiation, over 80% of cells 

expressed FOXA2, a marker for early midbrain floorplate neuronal precursors, and approximately 20% expressed 

the dopaminergic neuron marker tyrosine hydroxylase (TH), indicating the generation of midbrain-specified 

dopaminergic neurons (Figure 2B; Supplementary Figure 2A).  

To further characterize the DA neuron cultures, we performed single-cell RNA sequencing (scRNA-seq) at 

day 35-37 post-differentiation from hESCs. Cells were profiled across the three independently assayed subclones, 

yielding an aggregate dataset of 10,097 cells. Using Uniform Manifold Approximation and Projection (UMAP) for 

dimensionality reduction, seven distinct clusters were identified in the integrated dataset, each composed of cells 

from all three subclones (Figure 2C, Supplementary Figure 3A). Among these, clusters 0, 1, 3, 4 and 6 showed 

strong expression of canonical dopaminergic neuron markers (KCNJ6, TH, NR4A2), whereas clusters 2 and 5 

displayed strong expression of dopaminergic neuronal progenitor markers (SLIT2, FOXP2, CALB1, SOX6 and 

CORIN) (Figure 2D, Supplementary Figure 3B-D)67,68. To further compare the differentiation propensity of WIBR3 

cells against other cell lines with different genetic backgrounds, we compared our dataset with the recently 

published Foundational Data Initiative for Parkinson's Disease (FOUNDIN-PD) data (Figure 2E)68. The FOUNDIN-

PD dataset includes single-cell RNA-seq data from midbrain DA neuron cultures at day 65, derived from 80 distinct 

hiPSC lines using a comparable in vitro differentiation protocol68. This comparison revealed that the clusters 

representing DA neuron populations (clusters 0, 1, 3, 4, and 6) in our dataset showed the highest Spearman 

correlation scores with iDA1, iDA2, iDA3 and iDA4 neuron clusters identified in the FOUNDIN-PD data, and clusters 

2 and 5 from our dataset correlate more strongly with progenitor populations (Supplementary Figure 4). Together, 

this analysis indicates a high similarity between the expression profiles of our WIBR3-derived cell types and those 

in the FOUNDIN-PD dataset, which is currently the most comprehensive and standard data set for in vitro-derived 

midbrain-specific DA neurons. This is relevant, as it should allow the integration of data generated from the 

iSCORE-PD collection with the FOUNDIN-PD datasets which include 80 hiPSC lines from patients with sporadic and 

familial PD, as well as age-matched healthy individuals. 

Recent data highlighted that the impact of PD-associated mutations extends beyond neurons, affecting 

cell types such as microglia, which play a critical role in the pathogenesis of PD69,70. Chronic microglial activation 

is suggested to be a key pathophysiological feature of many neurodegenerative disorders, including PD71. To this 

point, we followed a previously described protocol72 to differentiate the parental WIBR3 and its subclones 

(WIBR3-S1, WIBR3-S2, WIBR3-S3) into microglia-like cells (iMGs). In this protocol, hPSCs were initially induced to 

myeloid intermediates and subsequently differentiated into microglia-like cells through the addition of cytokines, 

normally secreted from neurons and astrocytes including IL-34, M-CSF, and TGF-β1 (Figure 2F). All WIBR3 

subclones robustly generated microglial precursors (iMPs), evidenced by their morphology (Figure 2G) and 

presence of a high percentage of cells expressing markers tied to the microglial lineage (92.5% CD11b/CD45 

double positive and 73.2% CD14/CD16 double positive) (Figure 2H-I, Supplementary Figure 5). Moreover, terminal 

differentiation yielded a high percentage of cells expressing key markers for mature microglia such as IBA1, 
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CX3CR1, and P2RY12, as determined by FACS analysis (97% CX3CR1/P2RY12 double positive; Figure 2J, 

Supplementary Figure 5) and immunostaining (Figure 2K-N, Supplementary Figure 5). Collectively, these findings 

underscore the suitability of WIBR3 hESCs as a model to study the contribution of different cell types to PD 

pathology.  

Genetic engineering of PD-associated mutations requires multiple editing modalities including prime editing 

The establishment of a large-scale collection of cell lines carrying disease-associated mutations requires 

precise and robust gene editing approaches to insert the desired genetic alterations in hPSCs. We previously 

demonstrated that WIBR3 cells can be genetically modified with high efficiency using either CRISPR/Cas9, TALEN 

or prime editing-based genome engineering approaches40,73,74. CRISPR/Cas9-based editing is effective for 

introducing targeted genomic deletions and biallelic alterations, while prime editing is highly efficient in 

introducing heterozygous modifications, which is necessary for modeling dominantly inherited disease-associated 

alleles73. To create cell lines carrying PD-associated genetic alterations in WIBR3 hESCs, we employed two 

different editing pipelines. Pipeline A (Figure 3A) utilizes FACS-enrichment post-nucleofection to purify effectively 

transfected cells, followed by clonal expansion and genotyping to allow the isolation of correctly targeted lines. 

The estimated time for the editing pipeline A is 30-35 days. Pipeline B (Figure 3B) uses nucleofection, limited 

dilution, and next generation sequencing (NGS)-based genotyping to identify desired edits in a 96-well plate 

format. This integrated workflow allows for the efficient isolation and purification of correctly edited clonal cell 

lines, even at low frequency, within a shorter time frame compared to previous approaches (21-35 days).  

Given the identification of several disease-causing mutations within most PD-linked genes, the selection 

and prioritization of specific alleles for gene editing within each gene were based on confidence in pathogenicity 

for each mutation, allele prevalence, and feasibility of the editing strategy. As described in detail in the 

supplementary information for each gene (Supplementary Note 1, Supplementary Figures 6-17), we employed 

three general editing strategies to closely recreate the genomic alterations identified to be causal or high-risk 

factors for PD. These editing strategies include (1) the precise insertion of point mutations using CRISPR/Cas9, 

TALEN or prime editing approaches to recreate specific PD-associated missense mutations (heterozygous and/or 

homozygous), (2) the insertion of small indels to create frameshift (FS) or premature stop mutations using 

CRISPR/Cas9, and (3) dual guided RNA (gRNA)-mediated CRISPR/Cas9 editing to create genomic deletions 

identified in PD patients (Figure 3C).  

iSCORE-PD: a cell line collection of isogenic hPSC lines carrying PD-associated mutations 

To establish iSCORE-PD, a collection of isogenic hPSC lines carrying monogenic or high-risk variants linked 

to PD, we initially prioritized engineering mutations in high-confidence PD genes4. The specific modifications for 

each gene were selected based on information in the MDSgene database75 (https://www.mdsgene.org) and the 

currently available literature as outlined in detail for each gene in the supplementary information (Supplementary 

Note 1). Overall, the current iteration of the iSCORE-PD  collection includes 65 clonal cell lines carrying high-risk 

or causal variants in 11 genes linked to PD (SNCA A53T, SNCA A30P, PRKN Ex3del, PINK1 Q129X, DJ1/PARK7 Ex1-

5del, LRRK2 G2019S, ATP13A2 FS, FBXO7 R498X/FS, DNAJC6 c.801 A>G/FS, SYNJ1 R258Q/FS, VPS13C A444P/FS, 

VPS13C W395C/FS, GBA1 IVS2+1/FS) and isogenic control lines. All cell lines (Table 1, Supplementary Data 3) 

passed all the below-described quality control steps (Figure 3D) and will be available to the scientific community 

through the WiCell Research Institute (https://www.wicell.org/). A detailed discussion for each cell line can be 

https://www.wicell.org/
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found in the supplementary information (Supplementary Note 1, Supplementary Data 3, Supplementary Figures 

6-17). 

An important consideration in hPSC-based disease modeling is the selection of appropriate control lines. 

To address this, we provide a set of subclones derived from the parental WIBR3 cell line (WIBR3-S1, S2, S3) (Figure 

1, Supplementary Figure 1). Additionally, we included WIBR3 cell lines that were isolated as part of the standard 

genome editing experiment but did not exhibit any genetic modifications at the targeted locus, referred to as 

“edited wildtype” (EWT) cells. We consider these cells as preferred experimental controls, as they most effectively 

account for any non-specific changes induced by the gene-editing process. The EWT cell lines include: EWT_S1-3 

(prime editing controls - Pipeline B), EWT_S4-5 (CRISPR/Cas9 controls - Pipeline B) and EWT_S6-8 (prime editing 

controls - Pipeline A) (Table1, Supplemental Note 1, Supplementary Data 3, Supplementary Figure 6). 

Generation of hPSC collections requires rigorous quality control 

A significant challenge for any genome editing approach is the risk of introducing unintended on- and off-

target genetic modifications in the edited cell lines. Additionally, it is well-established that clonal expansion and 

in vitro culture of hPSCs can lead to the acquisition of genetic alterations that can provide growth advantages34,62-

64,76-78. Consequently, there is a consensus in the field that gene-edited hPSC-derived disease models should 

undergo a rigorous quality control process to validate the pluripotency of edited cell lines, and to ensure the 

absence of major gene editing- or culture- induced genetic alterations. As part of this collection, all genome-edited 

cell lines underwent a comprehensive quality control process, as outlined in Figure 3D. Following genome editing 

and subsequent clonal expansion, individual correctly targeted clones were initially identified using either Sanger 

sequencing or NGS. All correctly targeted cell lines were subsequently expanded, cryopreserved at a low passage, 

and assayed by immunocytochemistry for the expression of pluripotency markers OCT4, SSEA4, and alkaline 

phosphatase. To confirm a normal karyotype and assess overall genomic integrity, genome-edited clonal hESC 

lines underwent standard aCGH karyotyping and were analyzed using a modified high density Illumina Infinium 

Global Diversity Array (GDA) Neuro booster Array (NBA). This analysis aimed to identify cell lines with large 

genome editing-induced structural alterations or complete chromosomal loss compared to the genome of the 

parental WIBR3 cell line. The complete high-density array genotyping data is available through AMP-PDRD 

(https://www.amp-pd.org/ via GP2 data sharing agreement). 

A frequently overlooked challenge associated with genotyping approaches based on PCR amplification of 

the target locus is the common failure to detect loss of heterozygosity (LOH)79. LOH result from large deletions or 

the loss of entire chromosome fragments distal to the site targeted during the genome editing process. To rule 

out LOH in cell lines that appeared to be homozygously edited based on the detection of a single allele by NGS, 

we introduced an additional quality control step. We used either a southern blot or SNV-PCR based analysis to 

validate the presence of two alleles at the targeting site, as described in detail for each gene in the supplementary 

information (Supplementary Note 1, Supplementary Data 3, Supplementary Figures 6-17). Using this analysis, we 

identified LOH in 2 out of 18 (11.11%) tested clonal cell lines initially classified as correctly edited with two 

identical alleles at the target site. These data underscore that LOH is a significant complication arising from 

genome editing and emphasize the importance of incorporating LOH testing as an important component of the 

quality control process for genome-edited hPSC lines. Any cell lines showing alterations in any of the quality 

control assessments described above were removed from the collection. 

A summarized list of the genes, mutations, and number of cell lines in the iSCORE-PD collection is provided 

in Table 1. For detailed information regarding the gene editing process and quality control of all analyzed clonal 

https://www.amp-pd.org/
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cell lines in the generation of the iSCORE-PD collection, see Supplemental Note 1, Supplementary Data 3, 4 and 

Supplementary Figures 6-17. Overall, 19.75% (16 out of 81) of isolated clonal cell lines with correct NGS-confirmed 

genotype were excluded from our collection. As summarized in Supplementary Data 4, reasons for exclusion 

include chromosomal and structural alterations (16.05% - 13 out of 81 lines analyzed), lack of pluripotency marker 

expression (1.47% - 1 out of 68 lines analyzed) and LOH (11.11% - 2 out of 18 lines analyzed). It is important to 

note that the frequency of chromosomal and large structural abnormalities was higher in clones generated by 

double strand break-based genome editing (CRISPR and TALEN, 20.34% - 12 out of 59 lines analyzed) compared 

to prime editing (5.56% - 1 out of 18 lines analyzed). Similarly, LOH at the targeted locus was only observed in 

CRISPR/Cas9 edited cell lines and absent in prime edited cell lines.       

Genetic variability between cell lines in the collection is largely driven by preexisting spontaneous mutations 

Various sources of genetic alterations, beyond the intended genome edits, can contribute to genetic 

variability in hPSCs that potentially can affect the phenotypic analysis of hPSC-derived cells. As outlined in Figure 

4A, genetic variation can arise from either spontaneous mutations that result from imprecise DNA replication or 

DNA repair after damage34,80, as well as from non-random off-target effects associated with genome editing32,33,81. 

As most of these mutations, similar to somatic mutations found ubiquitously across normal tissues, do not 

strongly impact cellular fitness80, cell lines comprise a complex mosaicism of subpopulations with fluctuating allele 

frequencies that are subject to genetic drift during cell culture, and founder effects generated during subcloning. 

This inherent genetic variability raises a fundamental question for hPSC-derived disease models: how confidently 

can we attribute observed phenotypes to the intended genetic edits, rather than to additional acquired genetic 

alterations? 

 To comprehensively characterize the genomic variability within the iSCORE-PD collection, we performed 

whole-genome sequencing (WGS) on the majority of cell lines in the collection (n = 61) and developed a novel 

analysis pipeline (Figure 4B). The complete WGS data is available through the Aligning Science Across Parkinson’s 

Collaborative Research Network (ASAP CRN) Cloud (cloud.parkinsonsroadmap.org under the ASAP CRN Cloud 

Data Use Agreement). Using DeepVariant (https://github.com/google/deepvariant)82 for variant calling and 

Glnexus for joint-genotyping83, we mapped all cell line-specific variants (SNVs and indels) relative to the reference 

genome (GRCh38/hg38). Each genome-edited line was compared to the WIBR3 genome (see materials and 

methods for details) to identify all clone-specific SNVs/indels which are not found in the parental cell line (Figure 

4B). This analysis revealed that the genome-edited cell lines in the iSCORE-PD collection, including non-edited 

controls (WIBR3_EWTS1-8), carry an average of 216.1 ± 55.5 (mean ± SD) SNVs/indels (Figure 4C and 

Supplementary Data 5). As validation for the robustness of this approach for detecting novel SNVs/indels, our 

analysis pipeline identified all but one engineered mutation (WIBR3_DNAJC6_FS_FS_H10_1) in the clonal cell lines 

(Supplementary Data 5 and 6). Of the identified SNVs/indels other than the targeted mutations, 1.3 ± 1.3 (mean 

± SD, excluding synonymous mutations) variants per cell line were localized to protein coding exons 

(Supplementary Data 6). Importantly, protein coding SNVs in only five genes (including synonymous variants as 

described in detail below) were shared among multiple correctly genome-edited cell lines. Notably, the number 

of SNVs/indels in each clonal cell line showed a positive correlation with passage number (R² = 0.3820) (Figure 

4D), indicating that overall, the clonal lines acquire an estimated 17.3 (95% CI: 11.52 to 23.08) mutations per 

passage during standard cell culture. This rate aligns with previously reported numbers for hPSCs34. Importantly, 

SNV/indel numbers in the non-edited control lines (WIBR3-S1-3 and EWT_S1-8) showed a similar trend compared 

https://github.com/google/deepvariant
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to the genome-edited cell lines (Figure 4D), indicating that the editing process had minimal impact on the total 

number of SNVs/indels per cell line. 

Common genetic variants are rare and, when controlled for do not confound the phenotypic analysis    

An important question is whether genome editing introduces common, non-random genetic variation 

into engineered cell lines. To address this, we compared the SNVs/indels in all clonal cell lines isolated from each 

targeting experiment to edit a specific PD-associated mutation (referred to as editing group) to distinguish unique 

versus shared variants among the cell lines within each editing group.  For some editing groups (SNCA-A53T, 

DNAJC6, SYNJ1, and VPS13C W395C), we found no shared SNVs/indels among the cell lines, apart from the 

engineered mutation itself (Figure 4E, Supplementary Figure 18H, I and K, Supplementary Data 5). However, in 

the remaining groups (LRRK2, SNCA-A30P, PRKN, PINK1, DJ1/PARK7, ATP13A2, FBX07, VPS13C A444P and GBA1), 

we identified some shared SNVs/indels between cell lines (Figure 4F-G, Supplementary Figure 18 and 

Supplementary Data 5).  

As outlined above, two primary sources of genetic variability in genome-edited clonal lines are: (1) 

SNVs/indels that arise within the founder cell population prior to editing and become fixed due to targeting 

associated clonal expansion (founder mutations), and (2) non-random genome editing-associated off-target 

effects. The high number of shared SNVs/indels (up to 215) between individual clonal cell lines strongly suggests 

that the founder mutations in the parental cell line prior to gene-editing are the predominant source of common 

variants. If this hypothesis is correct, common SNVs/indels should be shared between edited clones and non-

targeted controls from the same targeting experiment. Indeed, we observed a significant overlap of SNVs/indels 

between correctly targeted clones and non-targeted controls derived from the same experiments in the SNCA-

A30P and GBA1 editing groups (Figure 4F, Supplementary Figure 18L). Supporting the effect of founder mutations, 

clones with shared SNVs/indels exhibited significantly fewer unique variants (Figure 4F, e.g., comparing EWT_S3 

and SNCA-A30P_E1-3). Together, these data suggest that the shared SNVs/indels represent a significant subset of 

the variations typically acquired during cell culture prior to gene editing, rather than additional variability 

introduced by the editing process. 

Of note, all initially analyzed DJ1/PARK7 homozygous clones (WIBR3_DJ1_X1-5DEL_2860/2872/2876) 

share most of their SNVs/indels with the heterozygous WIBR3_DJ1_X1-5DEL_Het_2067 cell line. This is a direct 

consequence of the targeting strategy, as these homozygous clones were generated through two successive 

rounds of editing (Supplementary Figure 10). In this approach, the second clonal editing step propagates the 

clone-specific founder mutations present in the heterozygous parental line (Figure 4A,G). Notably, the 

homozygous cell lines acquired an average of 21.6 mutations per passage (~ 151 unique mutations/7 passages) 

between the two clonal targeting steps, further supporting our earlier estimates of acquired mutations resulting 

from standard cell culture.  

To account for the potential impact of the shared variants on phenotypical analyses, we screened for an 

additional homozygous clone that was generated in a single targeting step (WIBR3_DJ1_X1-5DEL_6235). 

Additionally, we included three homozygous DJ1/PARK7 clones (WIBR3_DJ1_EX1-5DEL_6348/6390/6407), which 

were generated by retargeting a second heterozygous cell line (WIBR3_DJ1_X1-5DEL_2046) that did not share 

SNVs/indels with the previously described homozygous clones (WIBR3_DJ1_X1-5DEL_2860/2872/2876). As there 

is currently no evidence that heterozygous genotypes confer an increased risk of developing PD84, we included 

several heterozygous DJ1/PARK7 lines as experimental controls (WIBR3_DJ1_X1-
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5DEL_Het_2036/2038/2046/2051/2067) that should account for the genetic variability of the homozygous 

targeted DJ1/PARK7 clones (Supplementary Figure 10).  

Although most SNVs/indels are non-coding, we analyzed the shared variants that affect protein-coding 

sequences. As summarized in Supplementary Data 6, we identified heterozygous SNVs in the coding sequence of 

five genes that were shared across multiple clonal lines within specific editing groups and could affect protein 

function: (1) SLC25A51 (nonsense mutation) in WIBR3_SNCA-A30P clones A2-3 and F12-1;  (2) SEPTIN10 (non-

synonymous mutation) in WIBR3_DJ1_X1-5DEL_Het_2067, WIBR3_DJ1_X1-5DEL_2860, 2872 and 2876 clones; (3) 

SLC35A2 (non-synonymous mutation) in WIBR3_VPS13C_A444P_Homo_C8_2 and 

WIBR3_VPS13C_FS_Homo_H3_1; (4) SLC9A4 (synonymous) in WIBR3_LRRK2_G2019S_5_Het, and 

WIBR3_LRRK2_G2019S_6_Het; and (5) GUCA2B (synonymous) in WIBR3_VPS13C_A444P_Homo_C8-2 and 

WIBR3_VPS13C_A444P_Homo_H3-1. Consistent with the concept of propagated founder mutations, the SNV in 

SLC25A51 was also detected in non-targeted control clones from the same editing experiment (EWT_S1 and 

EWT_S2), and the SNV in SEPTIN10 was already present in the heterozygous WIBR3_DJ1_X1-5DEL_Het_2067 

parental clone (Figure 4G). A full description of all SNVs/indels in the protein coding region (splice sites, promoter 

region, introns, coding exons, 5’ UTR and 3’UTR) or each cell line in the iSCORE-PD collection is provided in 

Supplementary Data 7. In no case are unintended variants affecting protein coding found in all clones within any 

specific editing group; thus, they are unlikely to confound phenotypic interpretation when all clones for a given 

gene are assayed for PD-related pathologies alongside proper control cell lines.  

Off-targets are rare in CRISPR/Cas9 edited and absent in prime edited iSCORE-PD clones  

Genome editing can induce unintended off-target mutations32,33,81; however, the frequency and relevance 

of these mutations for genetically engineered hPSC-based disease models remains unclear. The above analysis 

indicates that the genetic variability observed in the iSCORE-PD collection is largely driven by the subcloning 

process of cells that have spontaneously acquired mutations. Nonetheless, we cannot exclude the potential 

contribution of off-target effects mediated by CRISPR/Cas9 or prime editing. To investigate potential off-target 

effects, we used Cas-OFFinder85 (RRID:SCR_023390; v2.4.1;  https://github.com/snugel/cas-offinder) with a 

relaxed threshold allowing up to five mismatches to generate a comprehensive list of predicted off-target sites 

for all gRNAs and pegRNAs employed in generating the iSCORE-PD lines. We then identified all SNVs/indels within 

a 100 bp window surrounding these predicted off-target sites for each genome-editing experiment. Despite the 

low-stringency threshold, this analysis identified only five SNVs/indels near potential off-target sites across 54 

assessed cell lines (Supplementary Data 8). Among these, we considered SNVs/indels at three off-target sites in 

four cell lines (WIBR3_DJ1_X1_5DEL_2860, WIBR3_DJ1_X1_5DEL_2872, WIBR3_FBXO7_FS_A3_1, 

WIBR3_PINK1_Q129X_C4_1) as genuine off-target modifications. Consistent with a CRISPR/Cas9-mediated 

cleavage pattern, these modifications were located 2–5 bases upstream of the NGG protospacer adjacent motif 

(PAM) (Figure 5A-C, Supplementary Data 8). All off-targets resulted in heterozygous modifications. Notably, only 

one instance of an off-target modification was shared across two cell lines (WIBR3_DJ1_X1_5DEL_2860, 

WIBR3_DJ1_X1_5DEL_2872). While the number of genuine off-target events was low even in double strand break-

based edited clones (4 in 41 analyzed cell lines), it is important to note that no off-targets were detected in prime-

edited cell lines. This is consistent with the above-described observation that prime editing induced less SNVs and 

LOH at the editing site.  Thus, off-target effects can occur in genome-edited cell lines, particularly when using the 

CRISPR/Cas9 system, however they are not the primary driver of genetic variability observed in gene-edited cell 

lines. 
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Our analysis of WGS data clearly demonstrated that the genetic variation between genome-edited cell 

lines is very small compared to inter-individual variation in classical hPSC-based disease models86, where patient 

derived cell lines are compared to those from unrelated healthy individuals. However, since it is challenging to 

predict how the remaining variation could impact cellular phenotypes, it would be desirable that the control cell 

lines carry a comparable genetic variation. To evaluate how well the control lines (WIBR3_EWT_S1-8) represent 

the genetic variation within the iSCORE-PD collection, we computed the phylogenetic relationship of all gene 

edited cell lines (Figure 5D). Consistent with the results described above, correctly targeted clones were most 

closely related to untargeted controls from the same experiment (e.g., SNCA-A30P and EWT_S1-3), suggesting 

that control cells derived from the same targeting experiment are best to represent the genetic variability of the 

edited clones. Importantly, this analysis revealed that WIBR3_EWT_S1-8 are genetically distributed across all gene 

edited cell lines, indicating they cover the genetic variability of the entire iSCORE-PD collection. This phylogeny 

provides a systematic strategy to select the most appropriate controls for a given experiment based on the closest 

genetic correlation between controls and gene edited cell lines.  

Discussion 

Advances in population genetics and sequencing technologies have greatly enhanced our understanding 

of the genetic architecture of complex diseases, leading to the identification of numerous genetic variants linked 

to the development and progression of diseases such as PD. However, revealing the functional role of these 

variants within a genetically diverse population remains a significant challenge. To overcome this limitation, we 

have generated a collection of isogenic hESC lines that carry monogenic or high-risk PD-associated mutations. Like 

the development of inbred animal models, which have proven instrumental in establishing robust genotype-

phenotype correlations and have enabled the comparison of phenotypes across research groups, our isogenic cell 

line collection offers the opportunity to directly compare the phenotypic effect of PD-associated mutations in a 

genetically controlled system across genes and laboratories.  

The establishment of an isogenic cell line collection involves two components, both crucial for the 

effective implementation of this approach: (1) a thorough characterization of the parental hPSC line and (2) 

development of a genome editing platform enabling the efficient engineering of genetic alterations similar to 

those found in patients. Regarding the hPSC line, we have conducted a comprehensive analysis of the parental 

WIBR3 hESC line and demonstrated that its genomic integrity can be sustained over extended periods in culture. 

We also show that WIBR3 cells are amenable to multiple rounds of clonal expansion and genome engineering. In 

addition, high-density genotyping and long-read sequencing show that the WIBR3 cell line does not carry major 

structural or genetic alterations impacting genes with known relevance to PD. Importantly, we demonstrate that 

WIBR3 cells can efficiently generate PD-relevant cell types in vitro using established differentiation protocols. 

Thus, WIBR3 cells are a highly characterized female hESC line, providing a valuable complement to existing hPSC 

lines for modeling neurodegenerative diseases.     

To generate this collection, we established CRISPR/Cas9, TALEN and prime editing pipelines in hPSCs, 

enabling the highly efficient and multiplexed introduction of a broad range of disease-associated genetic 

alterations, ranging from heterozygous and homozygous single nucleotide variants to large structural genomic 

deletions. During the process of establishing this collection, we made several key observations. Notably, we 

recognized that all genome editing approaches necessitate a comprehensive quality control (QC) process beyond 

the validation of the intended genomic modification. Consequently, all the hESC lines described underwent a 
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rigorous quality control procedure, which included the validation of pluripotency and the exclusion of karyotypic 

and structural aberrations using standard aCGH arrays, high-density genotyping arrays and zygosity analysis at 

the targeted genomic locus.  

To further test the concept that genome editing can be used to generate isogenic cells that differ 

exclusively at the intended editing site, we used WGS to comprehensively assess the genetic variation within the 

iSCORE-PD collection. Our analysis demonstrated that the genetic variation between genome-edited cell lines is 

neglectable compared to inter-individual differences observed in classical hPSC-based disease models86, where 

patient-derived cell lines are compared to those from unrelated healthy individuals. However, the potential 

impact of specific variants on cellular and disease phenotypes remains unpredictable even in isogenic experiments 

and can pose significant problems when comparing just a single pair of genome-edited cell lines.   

       Our analysis revealed two main findings. First, perfect isogenic cell lines do not exist in in vitro cellular 

systems due to genetic variation, introduced by both cell culture and genome editing. Second, the vast majority 

of this genetic variation in genome-edited hPSCs arises from preexisting variants in the parental founder cell line 

acquired during routine cell culture, which become fixed through a founder effect during the clonal expansion 

process of genome editing (Figure 4A). The observation that many of the shared variants in genome edited cell 

lines are already present in the parental cell population has three important implications for the use of genome 

edited cell lines in disease modeling: (1) The best approach to control for this genetic variation is to include 

multiple independently targeted disease-associated cell lines and controls. (2) Untargeted, clonally derived cells 

from the same targeting experiment are the best controls, as they most accurately represent the genetic 

variability of the edited clones. (3) Multi-step cloning strategies carry the highest risk of generating lines with 

shared variants, as every consecutive editing step propagates the genetic variation present from the preceding 

manipulation. Together, these findings emphasize the importance of carefully designing genome-editing 

experiments to account for and mitigate the effects of shared genetic variants on downstream phenotypic 

analyses.  

  Finally, by analyzing mutations that are unique in each cell clone we estimate that with each passage 

hPSCs acquire about 20 additional mutations. Previously, it has been suggested that one way to distinguish 

mutation-specific phenotypes from alterations coming from unintended genetic variation is to revert the genome-

edited cell lines to the wild-type genotype87 in a second step. This strategy is highly useful to validate a specific 

mutation-associated phenotypes. However, our analysis suggests that relying only one cell clone when identifying 

novel or subtle phenotypes might be insufficient to for account for the genetic variation that is introduced de 

novo by the continues culturing of cells. Moreover, the mutation correction approach bears complications when 

comparing phenotypes across different disease-causing mutations as each carries numerous cell lines specific 

mutations.  

  In addition, we address the outstanding question whether CRISPR/Cas9 or prime editing is better suited 

for generating genome-edited hPSC collections. A key finding across the derivation of all cell lines in the iSCORE-

PD collection was that the frequency of karyotypic and structural aberrations, as well as LOH of the edited locus, 

was more frequent in CRISPR/Cas9 than in prime edited cell lines. Moreover, we only detect off-targets in cell 

lines generated using CRISPR/Cas9. This is the first time that this has been formally reported across a large cohort 

of gene edits combined with a detailed genotyping approach. This finding is consistent with CRISPR/Cas9-based 

genome editing introducing a potentially genotoxic double strand break (DSB) at the target site to insert genetic 

modifications that is frequently processed through complex DNA repair reactions.  Instead, prime editing only 
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introduces single-strand DNA nicks, a genetic insult that is more readily repaired by a cell without mutations or 

genomic rearrangements, driving the repair outcome toward the intended genetic modification88.   

  Furthermore, our analysis confirmed that off-target effects, though rare, can occur in genome-edited cell 

lines. While the number of genuine off-target events was low even in CRISPR/Cas9 edited clones (4 in 41 analyzed 

cell lines), it is important to note that no off-target effect was detected in prime edited cell lines. Together, these 

results confirm our previous observations, that prime editing has substantial advantages over CRISPR/Cas9-based 

approaches for introducing point mutations and small structural modifications in hPSCs73. Furthermore, we 

strongly recommend including a zygosity analysis, specifically to exclude LOH at the target locus, as a critical step 

in the quality control pipeline of genome engineered hPSCs. 

  Given that any genetic alteration induced by cell culture or genome editing can impact the biological 

properties of hPSCs and disease phenotypes, our in-depth analysis of the genomic integrity and variability of the 

iSCORE-PD collection underscores the need for a comprehensive quality control in genome engineering89 and 

disease modeling. An additional, well-established concern in female hPSC lines is the phenomenon of X-

chromosome erosion which can emerge over time in culture and lead to aberrant expression of X-linked genes90-

92, thereby altering cellular phenotypes and confounding the interpretation of experimental outcomes. 

Monitoring X-inactivation status therefore is essential to ensure reproducibility and accurate data interpretation. 

Because clonally derived cell lines remain susceptible to cell culture-induced genetic drift as well as genetic and 

epigenetic alterations including X-chromosome erosion, we advocate using multiple independently gene-edited 

clonal lines for each genotype to account for this variability. In addition, we recommend using low-passage 

number cell lines and performing routine quality control analysis to detect culture induced genetic aberrations, 

including whole genome sequencing. This approach ensures a robust assessment of disease-relevant phenotypes 

in vitro, acknowledging the potential variability that may arise during prolonged cell culture and genome editing 

processes. 

 While perfect isogeneity remains elusive, the observed genetic variations were minimal compared to 

those typically found in classical hiPSC experiments comparing cells from patients with those from unaffected 

individuals. Predicting the impact of this variation on cellular and disease phenotypes is challenging. However, as 

the majority of these variations are random and predominantly affect non-coding regions of the genome, similar 

to somatic mutations found ubiquitously across normal tissues, we predict that most of the observed variation is 

unlikely to strongly impact cellular fitness or disease-associated phenotypes80. In parallel work, we have already 

examined global gene expression and pre-mRNA splicing patterns in in vitro–differentiated, midbrain-specific 

dopaminergic neurons carrying pathogenic PD mutations in PRKN, SNCA, LRRK2, PINK1, DNAJC6, FBXO7, SYNJ1, 

DJ1/PARK7, VPS13C, ATP13A2, and GBA1. This analysis revealed mutation-associated alterations in pre-mRNA 

splicing that overlap with changes observed in postmortem brain tissue from PD patients93. In addition, we used 

in vitro differentiated midbrain-specific dopaminergic neurons carrying the LRRK2 G2019S mutation to cooperate 

findings from PD patient brain samples showing that TDP-43 loss of function drives aberrant splicing in PD94.  

Therefore, we believe that such variants do not compromise the value of genetically controlled hPSC collections 

like iSCORE-PD in disease research. Importantly, we provide a roadmap for effectively managing these variations 

through stringent quality control measures and careful experimental design. 

The cell lines described here currently focus on coding risk variants with large effect size linked to 

monogenic PD4. We envision that we and other researchers can expand this collection to include additional cell 

lines with diverse genetic background and eventually incorporate GWAS-identified risk variants with lower effect 
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size. Such an expansion could provide functional insights into how these primarily non-coding sequence variants 

affect similar cellular and molecular pathways as implicated in monogenic PD. To facilitate such efforts, all 

generated cell lines will be made available with the support of the Aligning Science Across Parkinson's (ASAP) 

initiative and the Michael J. Fox Foundation (MJFF) through the WiCell Research Institute. We anticipate that the 

subsequent biological analysis of this comprehensive collection and its future expanded forms, involving 

numerous research groups with diverse expertise, can provide a unified understanding of how genetic risk 

variants functionally contribute to the pathogenesis of PD. We predict that this collaborative effort has the 

potential to accelerate the development of novel therapeutic strategies for PD.  

Methods 

All research involving human embryonic stem cells (hESCs) and induced pluripotent stem cells (hiPSCs) or 

human tissue was conducted in accordance with applicable U.S. federal regulations and institutional guidelines. 

The study protocol was reviewed and approved by the Institutional Review Board (IRB) and the Embryonic Stem 

Cell Research Oversight (ESCRO) Committee at Albert Einstein College of Medicine and the University of California, 

Berkeley. All procedures involving human materials complied with 45 CFR 46 and the NIH Guidelines for Human 

Stem Cell Research and follow the principles laid out in the 2021 ISSCR Guidelines for Stem Cell Research and 

Clinical Translation (https://www.isscr.org/guidelines).  

hPSCs culture 

hESCs were maintained on irradiated or mitomycin C-inactivated mouse embryonic fibroblast (MEF) 

monolayers as described previously73 with daily changes of hESC media (Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12 (DMEM/F12; Thermo Fisher Scientific) supplemented with 15% fetal bovine 

serum (Hyclone), 5% KnockOut Serum Replacement (Thermo Fisher Scientific), 1 mM glutamine (Invitrogen), 1% 

nonessential amino acids (Thermo Fisher Scientific), 0.1 mM β-mercaptoethanol (Sigma) and 4 ng/ml fibroblast 

growth factor (FGF) (Thermo Fisher Scientific/Peprotech),  1×Penicillin-Streptomycin (Thermo Fisher Scientific). 

All hESCs cultures were maintained in a cell culture incubator under low oxygen conditions (5% CO2, 5% O2). 

Cultures were passaged as aggregates every 5-7 days using a collagenase IV solution (Gibco) to detach hESC 

colonies. All cell lines are tested routinely for mycoplasma. Detailed protocols for culturing of hESCs on MEF 

feeders can be found on protocols.io (https://doi.org/10.17504/protocols.io.b4pbqvin ; 

https://doi.org/10.17504/protocols.io.b4msqu6e). All hESCs cultures were adapted to feeder-free culture 

conditions before starting in vitro differentiation experiments. hESCs were maintained on geltrex/matrigel coated 

plates in mTeSR plus medium (Stem Cell Technologies) in a cell culture incubator under low oxygen conditions 

(5% CO2, 5% O2) as described previously73. Cells were passaged regularly as aggregates either manually or using 

ReLeSR (Stem Cell Technologies) to detach hESC colonies. Detailed protocols for feeder-free culturing of hPSCs 

can be found on protocols.io (https://doi.org/10.17504/protocols.io.b4mcqu2w). 

Collecting cell pellets for DNA and RNA extraction 

hESCs colonies cultured on MEFs were harvested by collagenase IV and washed twice through an 80 µm 

cell strainer to further remove MEFs. Collected colonies were pelleted by centrifugation and snap frozen in liquid 

nitrogen.  

https://www.isscr.org/guidelines
https://doi.org/10.17504/protocols.io.b4pbqvin
https://doi.org/10.17504/protocols.io.b4msqu6e
https://doi.org/10.17504/protocols.io.b4mcqu2w
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Array genotyping and data processing 

Genomic DNA was isolated from cell pellets using the DNeasy Blood & Tissue Kit (QIAGEN; 69504). 

Genotyping was performed using the Neuro Booster Array (NBA) with best practices guidelines for the Infinium 

Global Diversity Array95. Genotyping data was processed using GenomeStudio (RRID:SCR_010973) and 

subsequent genotype calls, B-allele frequency and LogR ratio values were used for genomic integrity assessments. 

When cell lines carrying a genomic edit were present on the NBA, genotype calls were compared to confirm the 

edit. Genome-wide genotyping calls were compared with the PacBio HiFi WGS variants to assess large genomic 

events across the two data types using PLINK (v1.9, RRID:SCR_001757)96. The B-allele frequency and LogR ratio 

values were processed and plotted using the GWASTools package 

(https://bioconductor.org/packages/release/bioc/html/GWASTools.html) in R (RRID:SCR_001905; v3.6.1, 

https://www.r-project.org/, DOI: 10.18129/B9.bioc.GWASTools)97.  

Long-read sequencing and data processing 

Oxford Nanopore Technologies DNA extraction, library preparation, and sequencing 

Ultra-high molecular weight DNA (UHMW) was extracted from the WIBR3 (parental) hESC line (5 x 106 

cells) following the Circulomics/Pacific Biosciences (PacBio) UHMW DNA Nanobind Extraction protocol 

(Circulomics/PacBio, no longer available) with the Nanobind CBB Kit (PacBio, SKU 102-301-900) and the UHMW 

DNA Aux Kit (Circulomics/PacBio, NB-900-101-01, no longer available). The extracted DNA was checked using the 

Qubit dsDNA BR assay (Invitrogen, Q32850) to ensure proper extraction occurred. The extracted UHMW DNA was 

then taken straight into library preparation for sequencing using Oxford Nanopore Technologies (ONT) SQK-

ULK001 Kit and the Nanobind Ultra Long Library Preparation Kit (Circulomics/PacBio, NB-900-601-01, no longer 

available). The library was split into 3 tubes of 75 µl each, and each tube loaded on a flow cell. After 24 hours, 75 

µl of the sequencing library was pulled out of each flow cell and reloaded on a fresh flow cell. This process was 

repeated one more time for a total of 9 separate R9.4.1 PromethION flow cells.  

Pacific Biosciences DNA extraction, library preparation, and sequencing 

High molecular weight (HMW) was extracted using PacBio’s Nanobind CBB Kit (Pacbio, 102-301-900) from 

2 x 106 cells with the Nanobind adherent cultured cells protocol. After extraction, DNA concentration was 

quantified using the Qubit dsDNA BR assay (Invitrogen, Q32850), sized with a Femto Pulse System (Agilent, 

M5330AA), and size selected with the PacBio SRE Kit (Pacbio, SKU 102-208-300). Following quality control, the 

extracted DNA was sheared to a target size of 18-20 kb using the Megaruptor 3 (Diagenode, B060100003). After 

confirmation of correct sizing, the library preparation was performed SMRTbell prep kit 3.0 (PacBio, 102-141-700) 

with a PEG wash. The library was sequenced on a Revio flow cell with a 24 h movie time. 

Long read sequencing Data Analysis  

ONT sequencing runs were basecalled on NIH’s HPC (Biowulf) using Oxford Nanopore’s Guppy (v6.1.2, 

RRID:SCR_022353) in super accuracy mode with the dna_r9.4.1_450bps_modbases_5mc_cg_sup_prom.cfg 

configuration file and the –bam_out option to preserve methylation tags. The basecalled bams were then 

converted to fastqs using Samtools (v1.17, RRID:SCR_002105)98 (samtools fastq -TMm, Ml) and mapped to hg38 

using Minimap2 (v2.24, RRID:SCR_018550)99  with ONT flags. Data from all flow cells was merged after mapping 

using samtools (v1.17, RRID:SCR_002105). Then, we used PEPPER-Margin-DeepVariant (v.0.8, 

https://github.com/kishwarshafin/pepper)100 to call small variants (<50bp) and phase our variant calls and 

https://bioconductor.org/packages/release/bioc/html/GWASTools.html
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alignments. We then used our phased alignment, to produce haplotype-specific methylation calls using 

Modbamtools (v0.4.8, https://rrazaghi.github.io/modbamtools/)101 and Nanopore’s modbam2bed 

(https://github.com/epi2me-labs/modbam2bed). Lastly, structural variants (SVs) were called using Sniffles2 (v2.2, 

RRID:SCR_017619)102 with default settings. PacBio Revio HiFi data was processed according to general best 

practices. Data was mapped using Minimap2 (v2.24, RRID:SCR_018550) using PacBio flags. Small variant calls 

generated by Clair3 (RRID:SCR_026063; v1.0.4) (https://github.com/HKU-BAL/Clair3) with PacBio flags and SV 

calls were generated by Sniffles2 (v2.2, RRID:SCR_017619)102. Small variants were filtered for DP>15 and GQ>20 

using bcftools (v1.17, RRID:SCR_005227)98 and annotated with ANNOVAR (v.2022-06-08, RRID:SCR_012821)103 to 

assess the presence of potential pathogenic variants, specifically, based on variant information (GRCh38), gene-

based annotations (refGene), variant identifiers (dbSNP build 150)104, deleteriousness and pathogenicity 

prediction scores (dbNSFP)105, genome and exome population allele frequencies (gnomAD v4.1; 

https://gnomad.broadinstitute.org/news/2024-04-gnomad-v4-1/)54, pathogenicity annotations (ClinVar, 

RRID:SCR_006169; accessed January 12, 2024)106, and dosage sensitivity annotations (ClinGen; RRID:SCR_014968; 

https://clinicalgenome.org/; accessed September 10, 2025)107,108. To assess their potential role in 

neurodegeneration, these variants were further annotated with known functional categories in 

neurodegeneration from the KEGG (https://www.kegg.jp/)109 and HPO gene signature collections 

(https://hpo.jax.org/)110 (i.e., KEGG Alzheimer's and Parkinson's disease, and HPO Alzheimer's disease, 

Parkinsonism, and neurodegeneration) from the MSigDB (RRID:SCR_016863; v2025.1) database 

(https://www.gsea-msigdb.org/gsea/msigdb/index.jsp)111-113. In addition, Alzheimer’s disease114  and Parkinson’s 

disease genetic49 risk scores (excluding UK Biobank summary statistics) were calculated to assess the cumulative 

risk score using plink (v2.0, RRID:SCR_001757) for disease and compared with participants from the UK Biobank 

diagnosed with AD and PD115 (https://www.ukbiobank.ac.uk/ via controlled access;  application ID: 33601). Only 

SV calls labeled as “PASS” were kept for both ONT and PacBio data. The “PASS” SV calls were then annotated with 

ANNOVAR (v.2022-06-08, RRID:SCR_012821)103 and coding variants were subset. Then, we used Truvari (v4.4.0)116 

((https://github.com/ACEnglish/truvari) to merge structural variant calls between the ONT and PacBio datasets 

both for all variants as well as only coding variants. Numbers on variant type distribution were generated using 

SURVIVOR (v1.0.7, RRID:SCR_022995). Lastly, the SV overlaps were further annotated using SVAnna52 (v1.0.4) 

(https://github.com/TheJacksonLaboratory/SvAnna with the phenotype terms HP:0002180 (neurodegeneration) 

and HP:0000707 (abnormality of the nervous system). SVs of interest were plotted using samplot (v1.3.0) 

(https://github.com/ryanlayer/samplot). 

WGS analysis pipeline 

DNA samples were sequenced with Illumina short-read WGS at Psomagen (Rockville, MD), with a mean 

coverage of 30x. Data was processed using standard GP2 WGS pipelines. In brief, 150 bp paired-end reads were 

aligned to the human reference genome (GRCh38 build) using BWA-mem (RRID:SCR_022192; r1273; 

https://github.com/lh3/bwa) following the functional equivalence pipeline117. Sample processing and variant 

calling were performed using DeepVariant v.1.6.182. Joint-genotyping was performed using GLnexus v1.4.3 with 

the preset DeepVariant WGS configuration83.  A detailed description of the WGS pipeline can be found at 

https://github.com/GP2code/releases/tree/main/BETA-APR2022/wgs_var_calling and 

https://github.com/GP2code/GP2-WorkingGroups/tree/main/MN-DAWG-Monogenic-Data-

Analysis/Terra_wdl/variant_calling/deepvariant. 

 

https://paperpile.com/c/rvfdzO/5egf
https://paperpile.com/c/4pFhbo/hPiM
https://clinicalgenome.org/
https://www.kegg.jp/
https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
https://www.ukbiobank.ac.uk/
https://paperpile.com/c/4pFhbo/bUxS
https://paperpile.com/c/4pFhbo/dgp7
https://paperpile.com/c/4pFhbo/b8ss
https://github.com/lh3/bwa
https://github.com/GP2code/releases/tree/main/BETA-APR2022/wgs_var_calling
https://github.com/GP2code/GP2-WorkingGroups/tree/main/MN-DAWG-Monogenic-Data-Analysis/Terra_wdl/variant_calling/deepvariant
https://github.com/GP2code/GP2-WorkingGroups/tree/main/MN-DAWG-Monogenic-Data-Analysis/Terra_wdl/variant_calling/deepvariant
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Analysis pipeline to identify clone-specific SNVs/indels  

To identify SNVs/indels for each group of cell lines modified by a set of CRISPR/Cas9 or prime editing 

reagents, the variants identified with the WGS pipeline were first filtered to only consider calls with a GLNexus 

quality score greater or equal to 30. Then, to identify SNVs/indels specific to only one edited group, the SNVs 

were further filtered to remove any calls found in any of the other cell lines in the collection. The remaining 

variants are what account for each editing group’s specific SNVs/indels and were used to determine unique and 

shared variants for each clonal cell line within each edited group. These unique and shared SNVs/indels were used 

to further characterize their contribution to coding or non-coding region as well as their effect on the coding 

sequences by leveraging tools within the BioConductor DeepVariant package118 against the 

TxDb.Hsapiens.UCSC.hg38.knownGene_3.18.0 human transcript annotation package (based on the UCSC  hg38 

genome based on the knownGene table). A detailed description of the pipeline can be found here 

(https://github.com/hockemeyer-ucb/pd-sv-analysis). The group unique SNVs/indels were used to generate a 

phylogeny tree using the BioConductor package fastreeR119 and visualized using the R package ape 

(RRID:SCR_017343; 5.8-1; https://CRAN.R-project.org/package=ape)120. 

 

Off-target analysis 

To test whether some of the group specific SNVs could be link to potential off-target effect triggered by the 

CRISPR/Cas9 or prime editing reagents, all putative off-target sites were identified using Cas-OFFinder85 

(RRID:SCR_023390; v2.4.1;  https://github.com/snugel/cas-offinder) and used to identified nearby SNVs/indels 

that could have been the results of the editing strategies.  A detailed description of the pipeline can be found here 

(https://github.com/hockemeyer-ucb/pd-sv-analysis). 

Molecular cloning 

Molecular cloning was carried out as described previously73 following standard cloning protocols 

(https://www.cshlpress.com/pdf/sample/2013/MC4/MC4FM.pdf)121.  As described88, pegRNA plasmids for prime 

editing were cloned by ligating annealed oligonucleotide pairs (Supplementary Data 9) into the BsaI-digested pU6-

peg-GG-acceptor (pU6-pegRNA-GG-acceptor was a gift from David Liu. RRID:Addgene_132777; 

http://n2t.net/addgene: 132777; RRID:Addgene_132777). Prime editing nicking guide plasmids (ngRNAs) were 

cloned by ligating annealed oligonucleotide pairs (Supplementary Data 9) into the BsmBI-digested pBPK1520 

plasmid (BPK1520 was a gift from Keith Joung. Addgene#65777; http://n2t.net/addgene: 65777; 

RRID:Addgene_65777)122. For CRISPR/Cas9 based genome editing, the Cas9 expressing gRNA plasmids were 

cloned by ligating annealed oligonucleotide pairs (Supplementary Data 9) into the BbsI-digested px330-GFP 

(RRID:Addgene_97084)40 or px330-mCherry (RRID:Addgene_98750) as described previously40. For TALEN 

mediated genome editing, we used previously described heterodimeric TALEN pairs to insert the G2019S into the 

LRRK2 gene73. Sequence information for all oligonucleotides (Integrated DNA Technologies, IDT) used to generate 

plasmids can be found in Supplementary Data 9.  

Genome editing of hESCs  

As outlined in Figure 3C, genome editing of WIBR3 hESCs was performed using either plasmid or 

ribonucleoprotein particle (RNP) based CRISPR/Cas9 or prime editing approaches as described previously73 using 

the following procedures:    
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Nucleofection 

hESCs cultured on MEFs were pre-treated with 10 µM ROCK inhibitor (Y27632, ToCris) 1-day before 

nucleofection (2-3 hours at a minimum is recommended). Cells were collected by collagenase IV (Thermo Fisher 

Scientific) followed by Accutase (Thermo Fisher Scientific) to dissociate hESCs into a single cell solution. 5 x 105 to 

1 x 106 cells were resuspended in 20µL of nucleofection solution (P3 Primary Cell 4D-Nucleofector™; Lonza) and 

nucleofected (Lonza 4D nucleofector TM Core + X Unit, program CA-137) using the following genome editing 

reagents for the corresponding edits described in Figure 3: (1) Plasmid based CRISPR-Cas9 facilitated HDR: 200 ng 

gRNA plasmids (px330-GFP), 700 ng ssODN. (2) Plasmid based dual CRISPR: 500 ng 3’-gRNA plasmid (px330-GFP) 

and 500 ng 5’-gRNA plasmid (px330-mCherry (RRID:Addgene_98750)). (3) TALEN facilitated HDR: 100 ng LRRK2-

TALEN-TA01L and 100 ng LRRK2-TALEN-TA03R, 700 ng ssODN, 100 ng pEGFP-N1 (RRID:Clontech_6085-1). (4) 

Plasmid based prime editing: 500 ng pCMV-PE2-GFP (a gift from David Liu, RRID:Addgene_132776)88, 330 ng pU6-

pegRNA (RRID:Addgene_132777) and 170 ng pBPK1520-ngRNA (RRID:Addgene_65777). (5) RNP-based CRISPR-

Cas9 facilitated HDR:  80 pmol purified Cas9 protein (QB3 Macrolab, UC Berkely), 300 pmol chemically modified 

synthetic sgRNA (Synthego) and 100 pmol ssODN HDR template. (6) RNP-based dual CRISPR: 80 pmol purified 

Cas9 protein, 150 pmol of each chemically modified synthetic 3’-sgRNA and 5’-sgRNA. (7) RNP-based CRISPR-Cas9 

facilitated HDR with competing templates: 80 pmol purified Cas9 protein, 300 pmol chemically modified synthetic 

sgRNAs, 50 pmol ssODN HDR template carrying PD mutation and 50 pmol ssODN HDR template carrying a 

synonymous mutation. (8) RNA-based prime editing: 4 μg in vitro transcribed nCas9-RT mRNA, 100 pmol 

chemically modified synthetic pegRNA (IDT or Synthego) and 50 pmol chemically modified synthetic ngRNA 

(Synthego). Detailed protocols can be found on protocols.io 

(dx.doi.org/10.17504/protocols.io.e6nvwkkewvmk/v2). 

Editing pipelines 

We used two different editing pipelines termed Pipeline A and Pipeline B to generate the iSCORE-PD 

collection (Figure 3A,B). The editing pipeline used to create each cell line in the iSCORE-PD collection is included 

in Supplementary Data 3.  

Pipeline A utilizes FACS-enrichment post-nucleofection to purify effectively transfected cells, followed by 

clonal expansion and genotyping to allow the isolation of clonal, correctly targeted lines (estimated time for the 

editing pipeline is 30-35 days). Following nucleofection, the hESCs are plated on MEFs in 10 µM ROCK inhibitor 

(Y27632, ToCris) containing hESC media (previously described in hPSC culture section) at high density (1 

nucleofection/1 well 6 well plate). 48-72 h after nucleofection, Accutase-dissociated single cells are FACS-sorted 

for the expression of the respective fluorescent marker protein and either directly used for bulk NGS based 

validation of the desired genome modification or subsequently plated at clonal density (250 to 350 cells/cm2) on 

MEFs in hESC media supplemented with 10 µm ROCK inhibitor (Y27632, ToCris) for the first 24 hr. Individual 

colonies are picked and grown 7 to 14 days after electroporation. Correctly targeted clones were subsequently 

identified by Sanger or NGS sequencing. A detailed protocol can be found on protocols.io 

(dx.doi.org/10.17504/protocols.io.b4piqvke). 

Pipeline B (high throughput hPSCs genome editing) involves low cell number nucleofection, limited 

dilution, and NGS-dependent genotyping to identify desirable edits in a 96-well plate system. This integrated 

workflow allows the efficient isolation of correctly edited clonal cell lines, even at low frequency, within a shorter 

time frame compared to previous approaches (21-35 days). As described previously73, the nucleofected cells are 

https://dx.doi.org/10.17504/protocols.io.e6nvwkkewvmk/v2
https://dx.doi.org/10.17504/protocols.io.b4piqvke
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directly seeded onto MEFs in 96-well plates, at seeding densities of 1000 cells/plate in hPSCs media containing 10 

µm ROCK inhibitor (Y27632, ToCris). After individual colonies appear around day 14, plates are duplicated for (1) 

maintenance and (2) DNA extraction for NGS-based identification of wells that contain cells with the desired 

genetic modification. To duplicate plates, cells are washed with PBS (Corning) and treated with 40µL 0.25% trypsin 

for 5 min at 37 C. 60µL hESC media containing 10 µM Rock inhibitor (Y27632, ToCris) is added to each well to 

inactivate trypsin. Cells are gently dissociated, and half (50 µL) of the cell suspension is reseeded to a new MEF 

containing 96-well plate pre-loaded with 100µL hPSC media containing 10 µM Rock inhibitor (Y27632, ToCris) and 

cultured for another 7 days with hPSC media.  

NGS-based identification of validation of targeted clonal lines 

50µL of cell suspension/well obtained during plate duplication is transferred to a 96-well PCR plate pre-

loaded with 50µL 2X lysis buffer (100mM KCl, 4mM MgCl2, 0.9% NP-40, 0.9% Tween-20, 500µg/mL proteinase K, 

in 20mM Tris-HCl, pH 8) for DNA extraction (50 C overnight incubation followed by 95 C 10 min [proteinase K 

inactivation]). A ~300bp genomic region covering the designed mutation is amplified (Supplementary Data 9) 

containing NGS barcode attachment sites (GCTCTTCCGATCT) from 2ul cell lysis from each well with Titan DNA 

polymerase. Amplicons were purified at the UC Berkeley DNA Sequencing Facility, then i5/i7 barcoded in indexing 

PCR, pooled and sequenced on 150PE iSeq in the NGS core facility at the Innovative Genomics Institute (IGI). 

CRISPResso2 (RRID:SCR_021538)123 in prime editing mode was used to analyze the NGS data to identify wells 

containing the designed mutation, with the following criteria. Heterozygous candidates: number of reads aligned 

>100, 70% >mutant allele frequency >20%, indels frequency <5%; homozygous candidates: number of reads 

aligned >100, mutant allele frequency >70%, indels frequency <5%. Wells containing the desired editCells in those 

identified wells were single cell subcloned once and genotyped clonally to confirm cell line purity to ensure 

clonality. Detailed protocols for high throughput hPSCs genome editing 

(dx.doi.org/10.17504/protocols.io.b4mmqu46) and genotyping by next generation sequencing 

https://doi.org/10.17504/protocols.io.b4n3qvgn) can be found on protocols.io.  For clarity, NGS results reported 

in any of the figures of this publication showcase only representative reads. Any NGS reads below 1% of the total 

result were removed. The full NGS report can be found with the rest of raw data files (ASAP CRN Cloud:  team-

rio-hesc-targeted-ngs-mutant-zygosity; DOI: 10.5281/zenodo.19600812). 

Zygosity confirmation by SNV detection 

The SNV closest to the editing site for each genetic edit was identified from the whole genome sequencing 

data of parental WIBR3 hESCs. A genome DNA region flanking the SNV and the editing site was amplified by PCR 

(Supplementary Data 9) and sequenced by Sanger sequencing or NGS. Clones showing LOH were removed from 

the final collection. 

Cortical spheroid differentiation 

hESCs were differentiated into early cortical spheroids following an adaptation of a published protocol 

(doi.org/10.1016/j.tcb.2019.11.004, DOI: 10.1038/nmeth.3415)124,125. In brief, hESC colonies were dissociated and 

plated into pre-coated 6-well Aggrewell 800 plates at a concentration of 18M cells per well in hESC media with 10 

µM Rock Inhibitor (ToCris). The next day (Day 1), the aggregates were removed, sedimented, and added to an 

ultralow adherence plate with hESC media supplemented with 5 µM Dorsomorphin (SelleckChem) and 10 µM 

SB431542 (SelleckChem) (media changed daily). On Day 6, media was replaced with Neural Precursor Expansion 

https://dx.doi.org/10.17504/protocols.io.b4mmqu46
https://doi.org/10.17504/protocols.io.b4n3qvgn
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fconsole.cloud.google.com%2Fstorage%2Fbrowser%2Fasap-raw-team-rio-hesc-targeted-ngs-mutant-zygosity%3Btab%3Dobjects%3FforceOnBucketsSortingFiltering%3Dtrue%26prefix%3D%26forceOnObjectsSortingFiltering%3Dfalse%26authuser%3D1&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C5ae2ed68c4054b7f1d8408de9bbf1a26%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639119445425293586%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7C%7C&sdata=Ep%2B27hwm%2Bw5n%2BUtdMs94tbojNHqhWqjEJS8UyoAHbp8%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fconsole.cloud.google.com%2Fstorage%2Fbrowser%2Fasap-raw-team-rio-hesc-targeted-ngs-mutant-zygosity%3Btab%3Dobjects%3FforceOnBucketsSortingFiltering%3Dtrue%26prefix%3D%26forceOnObjectsSortingFiltering%3Dfalse%26authuser%3D1&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C5ae2ed68c4054b7f1d8408de9bbf1a26%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639119445425293586%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7C%7C&sdata=Ep%2B27hwm%2Bw5n%2BUtdMs94tbojNHqhWqjEJS8UyoAHbp8%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.19600812&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C5ae2ed68c4054b7f1d8408de9bbf1a26%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639119445425313050%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7C%7C&sdata=5T4Nw8rarArglQuaYlf4ZUzf%2BUoRHaI9yrbhFAZKnfA%3D&reserved=0
http://doi.org/10.1016/j.tcb.2019.11.004
https://doi.org/10.1038/nmeth.3415
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Media (Neurobasal medium + B27 supplement without vitamin A (2% vol/vol) + Penicillin-Streptomycin (100U/ml) 

+ GlutaMAX (1% vol/vol) + HEPES Buffer (1% vol/vol) + FGF2 (20 ng/ml) + EGF (20 ng/ml)) (media is changed every 

day until Day 16 and then every other day until Day 25). For specific details consult published materials on 

protocols.io: https://doi.org/10.17504/protocols.io.5jyl8po57g2w/v1.  

Cell irradiation 

hESCs were transferred from MEFs to feeder-free matrigel substrate with conditioned media for 2 weeks 

previous to this experiment. hESCs at 50% confluence or cortical spheroids on day 25 of differentiation were 

irradiated at 0, 0.5, 2, 5, and 10 Gy using a discrete cesium source. 24 hours post irradiation cells were collected 

and dissociated for MULTI-Seq barcoding and sequencing. For specific details consult published materials on 

protocols.io (https://doi.org/10.17504/protocols.io.bp2l6xwbzlqe/v1). 

MULTI-Seq Barcoding and Single-Cell Library Preparation of Irradiated Samples 

hESCs: Each irradiation condition was labeled with a lipid-modified barcoded MULTI-seq oligo following a 

previously described protocol126. In short, cells in PBS were incubated with a 1:1 molar ratio of lipid-modified 

Anchor Oligo:Barcode Oligo for 5 min on ice. Then an equimolar amount of lipid-modified co-anchor was added 

for an additional 5 min incubation on ice. Then cells were washed twice with ice cold PBS (Corning) + 1%BSA 

(Fisher) to sequester the anchor oligos, strained, counted, and pooled for single-cell sequencing. 10x single-cell 

RNA sequencing was performed according to manufacturer’s instructions using the Chromium Single Cell 3ʹ 

Reagent Kits v3 with Feature Barcoding Technology.  For specific details consult published materials on 

protocols.io (https://doi.org/10.17504/protocols.io.kxygx3xzkg8j/v1.) Deconvolution of MULTI-Seq barcodes was 

performed as described previously126 using the MULTI-seq package at https://github.com/chris-mcginnis-

ucsf/MULTI-seq/. 

Cortical Spheroids: single-cell suspensions were FACS-sorted to remove debris and aggregates, then 10x 

single-cell RNA sequencing was performed according to manufacturer’s instructions using the Chromium Single 

Cell 3ʹ Reagent Kits v3, targeting 2,000 cells per irradiation condition using one 10x lane per condition. Single-cell 

analysis of all irradiated samples was performed using Seurat v4 (RRID:SCR_016341)127 according to default 

parameters for normalization and integration of data sets. Droplets with more than 15% mitochondrial reads 

detected were excluded as poor analysis candidates due to likelihood of cell death resulting in poor RNA 

representation. Plots were generated using ggplot2 (RRID:SCR_014601) in R. 

Dopaminergic neuron differentiation 

Feeder-free adapted WIBR3 hESCs were differentiated into dopaminergic neurons as per previously 

reported protocols with slight modifications (DOI: 10.1016/j.stem.2021.01.004, DOI: 

10.1016/j.stem.2021.01.005)65,66. Briefly, hESC colonies were dissociated into single cells and seeded onto 

matrigel coated plates at a density of 400-600k cells per well of a 6 well plate in mTeSR (Stem Cell Technologies) 

containing 10 µM Rock inhibitor (Y27632, ToCris). Differentiation was induced sequentially with media A - 3 days 

(Neurobasal media (Gibco) + N2 supplement (Gibco; 1% vol/vol) + B27 supplement without vitamin A (Gibco; 2% 

vol/vol) + L-Glutamine (Gibco; 2 mM) + Penicillin-Streptomycin (Gibco; 100U/ml) + SHH C25II (R&D systems; 100-

200 ng/ml) + CHIR99021 (ToCris; 0.7 µM) + LDN (Stemgent; 250 nM) + SB431542 (SelleckChem; 10 µM)), B -3 days 

(Neurobasal media (Gibco) + N2 supplement (Gibco; 1% vol/vol) + B27 supplement without vitamin A (Gibco; 2% 

vol/vol) + L-Glutamine (Gibco; 2 mM) + Penicillin-Streptomycin (Gibco; 100U/ml) + SHH C25II (R&D Systems; 100-

https://doi.org/10.17504/protocols.io.5jyl8po57g2w/v1
https://doi.org/10.17504/protocols.io.bp2l6xwbzlqe/v1
https://doi.org/10.17504/protocols.io.kxygx3xzkg8j/v1
https://github.com/chris-mcginnis-ucsf/MULTI-seq/
https://github.com/chris-mcginnis-ucsf/MULTI-seq/
https://doi.org/10.1016/j.stem.2021.01.004
https://doi.org/10.1016/j.stem.2021.01.005
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200 ng/ml) + CHIR99021 (ToCris; 7.5 µM) + LDN (Stemgent; 250 nM) + SB431542 (SelleckChem; 10 µM)), C - 3 days 

(Neurobasal media (Gibco) + N2 supplement (Gibco; 1% vol/vol) + B27 supplement (Gibco; 2% vol/vol) + L-

Glutamine (Gibco; 2 mM) + Penicillin-Streptomycin (Gibco; 100U/ml) + CHIR99021 (SelleckChem; 7.5 µM)) and D 

-1 day (Neurobasal media (Gibco) + B27 supplement (Gibco; 2% vol/vol) + L-Glutamine (GIbco; 2 mM) + Penicillin-

Streptomycin (Gibco; 100U/ml) + BDNF (PeProtech; 20 ng/ml) + GDNF (PeProtech; 20 ng/ml) + Ascorbic acid 

(Sigma; 200 µM) + Dibutyryl-cAMP (SelleckChem; 0.5 mM) + TGFꞵ3 (R&D Systems; 1 ng/ml) + CHIR99021 

(SelleckChem; 3 µM)) over an 10 day period. On day 11, cells were dissociated and plated (1:2 ratio) at high density 

and maintained in maturation media (Neurobasal media (Gibco) + B27 supplement (Gibco; 2% vol/vol) + L-

Glutamine (GIbco; 2 mM) + Penicillin-Streptomycin (Gibco; 100U/ml) + BDNF (PeProtech; 20 ng/ml) + GDNF 

(PeProtech; 20 ng/ml) + Ascorbic acid (Sigma; 200 µM) + Dibutyryl-cAMP (SelleckChem; 0.5 mM) + TGFꞵ3 (R&D 

Systems; 1 ng/ml) + DAPT (ToCris; 10 µM)) until day 16, when they were replated at the similar high density in 12 

well plate and left to mature until day 24. On day 25, cells were dissociated for the final time with accutase and 

replated at no less than 1-2 x 106 cells per well of 12 well plate and left to mature until post-differentiation 

experiments were carried out. For specific details consult published materials on protocols.io: 

https://doi.org/10.17504/protocols.io.3byl4q8yovo5/v1. 

scRNA-Seq of dopaminergic neurons - 10x Genomics library preparation 

Dopaminergic neurons were harvested with Accutase on days 35-37 of culture and subsequently labeled 

with 10x Genomics CellPlex reagents, following the manufacturer recommendation (10x Genomics CG000391 Rev 

B). After labeling with Cell Multiplexing Oligos (CMOs), samples were pooled and taken for 10x Genomics library 

preparation, following manufacturer recommendations with target capture of 30,000 cells per 10x lane 

(Chromium Single Cell 3' Reagent Kits v3.1, User Guide CG000388 Rev C). 

scRNASeq of dopaminergic neurons – Data analysis 

After next-generation sequencing of 10x Genomics libraries (NovaSeq 6000), FASTQ files were processed 

with 10x Genomics CellRanger pipeline (v7.0.1, RRID:SCR_017344) to demultiplex and generate count matrices 

for each sample. Data for each sample was first filtered to remove low-quality cells (cells with fewer than 1,500 

genes detected, greater than 30,000 RNA counts, and greater than 10% mitochondrial reads were removed). 

Filtered datasets were each processed individually with Seurat v4 (RRID:SCR_016341)127, using the SCTransform 

function for normalization and variance stabilization. Integration of the SCTransformed data was performed to 

generate a combined dataset of 10,097 cells. Data used in the preparation of this article (FOUNDIN-PD 

comparisons) were obtained on [2023-08-17] from the Parkinson’s Progression Markers Initiative (PPMI) database 

(https://www.ppmi-info.org/access-data-specimens/download-data), RRID:SCR_006431. For up-to-date 

information on the study, visit http://www.ppmi-info.org. 

Microglia differentiation 

To generate in vitro differentiated microglia cells (iMGs), we adapted a previously published protocol 

(DOI: 10.1016/j.stemcr.2017.04.023)72. Undifferentiated feeder free hESC colonies maintained in mTeSR (Stem 

Cell Technology) were seeded at low density into cell culture flasks coated with reduced growth factor matrigel 

(30 colonies/T75 flask (Fisher)) using manual passaging. In vitro differentiation was achieved by sequential culture 

of the cells in the following media: Step 1 (mTeSR (Stem Cell Tech) +  80 ng/ml BMP4 (PeProtech) - 4 days), Step 

2 (StemPro-34 SFM (Gibco) + 2 mM GlutaMAX (Gibco) + 80 ng/ml VEGF (PeProtech), 25 ng/ml FGF (PeProtech) + 

https://doi.org/10.17504/protocols.io.3byl4q8yovo5/v1
https://doi.org/10.1016/j.stemcr.2017.04.023
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100 ng/ml SCF (PeProtech) - 3 days), Step 3 (StemPro-34 SFM (Gibco) + 2 mM GlutaMAX + 50 ng/ml SCF 

(PeProtech) + 50 ng/ml IL-3 (PeProtech) + 5 ng/ml TPO (PeProtech) + 50 ng/ul M-CSF (PeProtech) + 50 ng/ul Flt3 

(PeProtech) - 9 days) and Step 4 (StemPro-34 SFM (Gibco) + 2 mM GlutaMAX + 50 ng/ml M-CSF (PeProtech) + 50 

ng/ml Ftl3 (PeProtech) + 25 ng/ml GM-CSF (PeProtech) - 14 days). After ~28 days, microglia progenitors are ready 

to be isolated and plated on Primaria plates (Corning) for maturation (at least 2 weeks) in microglia maturation 

media (Neurobasal media (Gibco) + N2 Neuroplex (Gemini; 1x final concentration) + GEM21 Neuroplex (Gemini; 

1x final concentration) + 20% AlbuMAX I (Gibco; 0.2% final concentration) + NaCl (Fisher; 5M) (50mM final 

concentration) + sodium pyruvate 100x (Gibco’ 1x final concentration) + glutaMAX 100x (Gibco; 1x final 

concentration) + Penicillin-Streptomycin (Gibco; 100U/ml) + 50 ng/ml TGF-β1 (PeProtech) + 100 ng/ml IL-34 

(PeProtech) + 12.5 ng/ml M-CSF (PeProtech)). Detailed protocols for microglial differentiation can be found on 

protocols.io (https://doi.org/10.17504/protocols.io.4r3l22zbjl1y/v1). Microglia cells were evaluated by 

immunocytochemistry (https://doi.org/10.17504/protocols.io.yxmvm3146l3p/v1) and FACS-based analysis 

(https://doi.org/10.17504/protocols.io.81wgbxokqlpk/v1) in order to confirm expression of precursor and 

mature microglia markers (CD16, CD45, CX3CR1, P2RY12, CD11b, CD14, IBA1, PU.1). FACS data was analyzed using 

FlowJo software (RRID:SCR_008520; version 10.8.0; https://www.flowjo.com/solutions/flowjo). Abundance of 

the desired population was determined from the original sample by gating single cells and using calcein violet as 

a marker for viable cells. Gating strategy: SSC-A/FSC-A (cells minus debris) --> SSC-A/SSC-W (single cells) --> FSC-

A/FSC-W (single cells) --> SSC-A/UV446-A(calcein violet positive population) --> PE/APC. All calculations derived 

of FACS analysis were properly corrected with negative and single color controls. Plots were generated by 

GraphPad (N=4; MEAN±SD). 

Immunocytochemistry 

Immunocytochemistry was used to assess biomarker expression to characterize each of the cell types 

shown in this publication. Briefly, samples were fixed in PFA and permeabilized (0.03% triton when necessary) 

and blocked (BSA or serum) as required depending on the biomarker being analyzed on hESCs (OCT4 (DSHB - 

PCRP-POU5F1-1D2), SSEA4 (SSEA4 (DSHB - MC-813-70 (SSEA-4))) or our differentiated cell cultures: dopaminergic 

neurons (TH (Pel-Freez Biologicals - p60101-150), FOXA2 (R&D Systems - AF2400)) or microglia (IBA1 (Abcam), 

P2RY12 (Sigma), CX3XR1 (Biolegend), PU.1 (Cell Signaling Tech)). Fluorochrome conjugated secondary antibodies 

were used to image our samples in an epifluorescence or confocal microscope. Alkaline phosphatase activity was 

measured using Vector® Black Substrate Kit, Alkaline Phosphatase (Vector Laboratories). Specific details on the 

protocol used can be found in protocols.io (https://doi.org/10.17504/protocols.io.yxmvm3146l3p/v1). For 

specific details on our staining of pluripotency markers in our hESCs consult: 

https://doi.org/10.17504/protocols.io.b4yyqxxw.  OCT4, SSEA4 and AP Images from our hESC cultures were 

captured using a 10X objective on a fluorescence microscope (Zeiss ZEN 3.8). Magnification may differ depending 

on which microscope-camera set was used to capture the images. This was a result of which team within the 

collaboration was in charge of generating a specific cell line and its analysis through the QC steps. 

RNA Isolation and qRT-PCR 

Total RNA was isolated from cell pellets with the RNeasy kit (Qiagen). 1-2µg of RNA was used for cDNA 

synthesis using High-capacity reverse transcriptase kit (ThermoFisher Scientific). Real-time qRT-PCR was 

performed on the QuantStudio 6 Flex thermocycler using PowerUp SYBR green master mix (ThermoFisher 

Scientific). All reactions were prepared according to the manufacturer instructions. Results were normalized to 

https://doi.org/10.17504/protocols.io.4r3l22zbjl1y/v1
https://doi.org/10.17504/protocols.io.yxmvm3146l3p/v1
https://doi.org/10.17504/protocols.io.81wgbxokqlpk/v1
https://doi.org/10.17504/protocols.io.yxmvm3146l3p/v1
https://doi.org/10.17504/protocols.io.b4yyqxxw
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GAPDH and compared against human fibroblast samples (MRC-9, BJ1-hTERT and GM01660).  All primer sequences 

used for qRT-PCR were listed in Supplementary Data 9. For a detailed protocol consult: 

https://doi.org/10.17504/protocols.io.4r3l22r9pl1y/v1. Plots were generated using GraphPad Prism 

(RRID:SCR_002798, version 10.6.1 [324]). 

Southern blot 

Southern blotting was performed following standard protocols 

(https://cshprotocols.cshlp.org/content/2021/7/pdb.top100396#cited-by) to validate the structural integrity and 

exclude the loss of heterozygosity (LOH) at a genomic locus of interest (PRKN, DJ1/PARK7, FBXO7 and SYNJ1) 

resulting from CRISPR/Cas9 or prime editing-based genome editing experiments in hESCs. Southern blot probes 

were generated by PCR amplification (AccuPrime™ Taq DNA Polymerase, high fidelity (ThermoFisher)) of a 150bp 

to 600bp large genomic region 3’- and 5’ to the targeted genomic region. Southern blot probes were radiolabeled 

using the Prime-it Random Primer Labeling Kit (Agilent) according to the manufacturer's instructions. Restriction 

digested genomic DNA isolated from clonally expanded genome edited hESC lines was separated on a 0.8% 

agarose (Sigma) gel, transferred to a nylon membrane (Amersham), and hybridized with 32P random primers 

labeled southern blot probes. Oligonucleotide sequences and restriction enzyme information can be found in 

Supplementary Data 9. Detailed protocols for southern blot analysis can be found on protocols.io 

(https://doi.org/10.17504/protocols.io.bp2l6xe6dlqe/v1). 

Material and Cell line availability 

All cell lines in this isogenic collection will be made available to academic and/or non-profit research 

institution or researcher for research purposes, through the WiCell Research Institute 

(https://www.wicell.org/product-category/collection/mjff-iscore-collection/) supported by the Aligning Science 

Across Parkinson’s (ASAP) initiative and the Michael J. Fox Foundation (MJFF). Material transfer agreements 

(MTAs) will be required and administered centrally by WiCell for such academic and non-commercial requests. 

Requests for commercial use of these cell lines must be negotiated directly with the individual provider(s) of the 

relevant cell line(s). All newly generated plasmids are made available on Addgene (see in Supplementary Data 9). 

Statistics and Reproducibility  

Bar graphs and XY plots were generated using GraphPad Prism 9 (RRID:SCR_002798, version 10.6.1 [324]). 

The numbers of biological and technical replicates, the statistical analysis performed and the error bars are 

described in the respective figure legends. Representative phase-contrast and immunostaining images for 

pluripotency, differentiation of dopaminergic neurons and microglial differentiation were obtained from a single 

experiment; however, pluripotency and differentiation were continuously monitored by light microscopy, and 

these findings were independently validated using complementary analyses, including flow cytometry (FACS) and 

qRT–PCR, performed in at least three independent cultures. 

Data availability 

All genotyping and sequencing data is available through either the Accelerating Medicines Partnership in 

Parkinson's Disease and Related Disorders (AMP-PDRD;  https://www.amp-pd.org/)  via GP2 data sharing 

agreements (https://amp-pdrd.org/register-for-amp-pd) or the Aligning Science Across Parkinson’s Collaborative 

Research Network (ASAP CRN) Cloud (cloud.parkinsonsroadmap.org) under the  ASAP CRN Cloud Data Use 

Agreement (https://storage.googleapis.com/asap-public-assets/wayfinding/ASAP-CRN-Cloud-User-Manual.pdf).  

https://doi.org/10.17504/protocols.io.4r3l22r9pl1y/v1
https://doi.org/10.17504/protocols.io.4r3l22r9pl1y/v1
https://cshprotocols.cshlp.org/content/2021/7/pdb.top100396#cited-by
https://doi.org/10.17504/protocols.io.bp2l6xe6dlqe/v1
https://www.amp-pd.org/
https://amp-pdrd.org/register-for-amp-pd
https://storage.googleapis.com/asap-public-assets/wayfinding/ASAP-CRN-Cloud-User-Manual.pdf
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The datasets include: (i)  high density Illumina Infinium Global Diversity Array (GDA) Neuro booster Array 

(NBA) genotyping data (AMP-PDRD: gp2tier2/release6_21122023/gp2_crn/WIBR3/raw genotypes); (ii) Oxford 

Nanopore Technologies long-read sequencing (AMP-PDRD: gp2tier2/release6_21122023/gp2_crn/WIBR3/ONT); 

(iii) Pacific Biosciences long-read sequencing (AMP-PDRD: gp2tier2/release6_21122023/gp2_crn/WIBR3/PacBio); 

(iv) NGS and Sanger sequencing data for targeted genotyping and zygosity analysis (ASAP CRN Cloud:  team-rio-

hesc-targeted-ngs-mutant-zygosity; DOI: 10.5281/zenodo.19600812); (v) single cell RNA-seq data from 

dopaminergic neuron differentiation (ASAP CRN Cloud:  team-rio-hesc-sc-rnaseq-wt-dopaminergic; DOI: 

10.5281/zenodo.19600810); (vi)  single cell RNA-seq data from WIBR3 hESCs following irradiation (ASAP CRN 

Cloud: team-rio-hesc-sc-rnaseq-irradiated; DOI: 10.5281/zenodo.19600807); single cell RNA-seq data from 

WIBR3-derived cortical spheroids following irradiation (ASAP CRN Cloud: team-rio-hesc-spheroids-sc-rnaseq-

irradiated; DOI: 10.5281/zenodo.19600803); and (vii) Whole-genome sequencing and variant calling data from 

the iSCORE-PD collection (ASAP CRN Cloud: team-rio-hesc-wgs-iscore-pd-genotyping-and-snps; 

DOI: 10.5281/zenodo.19600814). 

AMP-PDRD and ASAP CRN Cloud control data access to protect participant privacy, maintain compliance 

with ethical standards and legal regulations, and ensure secure, responsible research usage. Data is governed by 

a Data Use Agreements (DUA) that requires institutional approval for sensitive, granular, or high-tier data, while 

protecting intellectual property and ensuring data is used only for legitimate research purposes.    

All other materials can be found in the source data provided with this paper and in the Zenodo repository: 

10.5281/zenodo.20085869. This includes (i) aCGH reports, (ii) ICC images (microglia, DA neurons, hESC), (iii) 

southern blot raw film and gel images, (iv) qRT-PCR result files/analysis for dopaminergic neuron differentiation, 

and (v) FACS-analysis results for microglia. 

Source data are provided with this paper. 

Code availability  

The Github links to all previously generated code and scripts used in this work are provided in the 

respective section in Materials and Methods.  Newly developed scripts used for the mapping and analysis of 

scRNASeq data are available at https://github.com/ASAP-Team-Rio/iSCORE-PD_DAN_scRNASeq. (scRNA-seq 

analysis from dopaminergic neuron DOI: 10.5281/zenodo.20449757; scRNA-seq analysis from WIBR3-derived 

cortical spheroids following irradiation DOI: 10.5281/zenodo.20449790; scRNA-seq analysis from WIBR3 hESCs 

following irradiation DOI: 10.5281/zenodo.20449802). Scripts for SNV analysis pipeline and Off-target analysis can 

be accessed at https://github.com/hockemeyer-ucb/pd-sv-analysis (DOI: 10.5281/zenodo.20449493).  

References. 

 

1 LewinGroup. Economic Burden and Future Impact of Parkinson's Disease - Final Report. 
2 Henderson, M. X., Trojanowski, J. Q. & Lee, V. M. alpha-Synuclein pathology in Parkinson's disease and 

related alpha-synucleinopathies. Neurosci Lett 709, 134316 (2019). 
https://doi.org:10.1016/j.neulet.2019.134316 

3 Wong, Y. C. & Krainc, D. alpha-synuclein toxicity in neurodegeneration: mechanism and therapeutic 
strategies. Nat Med 23, 1-13 (2017). https://doi.org:10.1038/nm.4269 

4 Blauwendraat, C., Nalls, M. A. & Singleton, A. B. The genetic architecture of Parkinson's disease. The 
Lancet Neurology (2019). https://doi.org:10.1016/s1474-4422(19)30287-x 

https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fconsole.cloud.google.com%2Fstorage%2Fbrowser%2Fasap-raw-team-rio-hesc-targeted-ngs-mutant-zygosity%3Btab%3Dobjects%3FforceOnBucketsSortingFiltering%3Dtrue%26prefix%3D%26forceOnObjectsSortingFiltering%3Dfalse%26authuser%3D1&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C5ae2ed68c4054b7f1d8408de9bbf1a26%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639119445425293586%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7C%7C&sdata=Ep%2B27hwm%2Bw5n%2BUtdMs94tbojNHqhWqjEJS8UyoAHbp8%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fconsole.cloud.google.com%2Fstorage%2Fbrowser%2Fasap-raw-team-rio-hesc-targeted-ngs-mutant-zygosity%3Btab%3Dobjects%3FforceOnBucketsSortingFiltering%3Dtrue%26prefix%3D%26forceOnObjectsSortingFiltering%3Dfalse%26authuser%3D1&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C5ae2ed68c4054b7f1d8408de9bbf1a26%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639119445425293586%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7C%7C&sdata=Ep%2B27hwm%2Bw5n%2BUtdMs94tbojNHqhWqjEJS8UyoAHbp8%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.19600812&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C5ae2ed68c4054b7f1d8408de9bbf1a26%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639119445425313050%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7C%7C&sdata=5T4Nw8rarArglQuaYlf4ZUzf%2BUoRHaI9yrbhFAZKnfA%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fconsole.cloud.google.com%2Fstorage%2Fbrowser%2Fasap-raw-team-rio-hesc-sc-rnaseq-wt-dopaminergic%3Btab%3Dobjects%3FforceOnBucketsSortingFiltering%3Dtrue%26authuser%3D1%26project%3Ddnastack-asap-parkinsons%26prefix%3D%26forceOnObjectsSortingFiltering%3Dfalse&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C5ae2ed68c4054b7f1d8408de9bbf1a26%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639119445425249192%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7C%7C&sdata=jShNoZi%2FZcdE%2BGUKD9IDhj9OwxQuGxaw1EDtSN4OLL4%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.19600810&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C5ae2ed68c4054b7f1d8408de9bbf1a26%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639119445425274124%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7C%7C&sdata=mBM2rv5XOmgrtHjFTIfudMCO0jGz%2Bn2P41puZrn4xjY%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fconsole.cloud.google.com%2Fstorage%2Fbrowser%2Fasap-raw-team-rio-hesc-sc-rnaseq-irradiated%3Btab%3Dobjects%3FforceOnBucketsSortingFiltering%3Dtrue%26authuser%3D1%26project%3Ddnastack-asap-parkinsons%26prefix%3D%26forceOnObjectsSortingFiltering%3Dfalse&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C5ae2ed68c4054b7f1d8408de9bbf1a26%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639119445425190364%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7C%7C&sdata=bWJKKxCXkevZAXFb19uwQf23J%2F97MgsLzxm5VC65KAc%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.19600807&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C5ae2ed68c4054b7f1d8408de9bbf1a26%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639119445425221421%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7C%7C&sdata=7wCYqoM6doJqIoJBx8kZtmhi6dZ2CuydxA73HNClXO0%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fconsole.cloud.google.com%2Fstorage%2Fbrowser%2Fasap-raw-team-rio-hesc-spheroids-sc-rnaseq-irradiated%3Btab%3Dobjects%3FforceOnBucketsSortingFiltering%3Dtrue%26authuser%3D1%26project%3Ddnastack-asap-parkinsons%26prefix%3D%26forceOnObjectsSortingFiltering%3Dfalse&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C5ae2ed68c4054b7f1d8408de9bbf1a26%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639119445425118536%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7C%7C&sdata=8tnhfSfeWO8mk7SO2ExR7Knk%2FSVp5oxvuVOA4lGLEBY%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fconsole.cloud.google.com%2Fstorage%2Fbrowser%2Fasap-raw-team-rio-hesc-spheroids-sc-rnaseq-irradiated%3Btab%3Dobjects%3FforceOnBucketsSortingFiltering%3Dtrue%26authuser%3D1%26project%3Ddnastack-asap-parkinsons%26prefix%3D%26forceOnObjectsSortingFiltering%3Dfalse&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C5ae2ed68c4054b7f1d8408de9bbf1a26%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639119445425118536%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7C%7C&sdata=8tnhfSfeWO8mk7SO2ExR7Knk%2FSVp5oxvuVOA4lGLEBY%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.19600803&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C5ae2ed68c4054b7f1d8408de9bbf1a26%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639119445425155966%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7C%7C&sdata=s0IIIr19T4s9b5iFSs24TvrlRbgmBjkoW7x6sYOKGPc%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fconsole.cloud.google.com%2Fstorage%2Fbrowser%2Fasap-raw-team-rio-hesc-wgs-iscore-pd-genotyping-and-snps%3Btab%3Dobjects%3FforceOnBucketsSortingFiltering%3Dtrue%26prefix%3D%26forceOnObjectsSortingFiltering%3Dfalse%26authuser%3D1&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C5ae2ed68c4054b7f1d8408de9bbf1a26%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639119445425337546%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7C%7C&sdata=evEYEH%2BH9Qc9ZGG9WkNWTfjL8Zx9chmew%2FvCWEG6dqo%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.19600814&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C5ae2ed68c4054b7f1d8408de9bbf1a26%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639119445425357360%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7C%7C&sdata=KCyI7nI%2BZS58%2Fe%2F%2F2nfBbAJx1s2e%2BfpDVd4TGCY1SuQ%3D&reserved=0
https://github.com/ASAP-Team-Rio/iSCORE-PD_DAN_scRNASeq
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.20449757&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C0e005aa97e354ec7174b08debdaa8ea0%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639156737413332642%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=o1KmeVrFXOcOmS91KJBelMsVKy35g8ZR2PZnbU%2F6MWs%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.20449790&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C0e005aa97e354ec7174b08debdaa8ea0%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639156737413353909%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=wDq%2B2t7Mnjn%2Fefh41VpIRkaW%2FbKorDEftlDg%2BO2T6fI%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.20449802&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C0e005aa97e354ec7174b08debdaa8ea0%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639156737413381419%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=ddD6SGBDyFL%2BAH4mQrQ5OpQcMge4%2FaUiBL1o7b3q3zw%3D&reserved=0
https://github.com/hockemeyer-ucb/pd-sv-analysis
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.20449493&data=05%7C02%7Cfrank.soldner%40einsteinmed.edu%7C0e005aa97e354ec7174b08debdaa8ea0%7C9c01f0fd65e040c089a82dfd51e62025%7C0%7C0%7C639156737413306383%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=SAo7MHnoou4FNJHMYoteBcNidcDMfTEJdoFW70%2BqNdI%3D&reserved=0
https://doi.org:10.1016/j.neulet.2019.134316
https://doi.org:10.1038/nm.4269
https://doi.org:10.1016/s1474-4422(19)30287-x


ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

5 Bloem, B. R., Okun, M. S. & Klein, C. Parkinson's disease. Lancet 397, 2284-2303 (2021). 
https://doi.org:10.1016/S0140-6736(21)00218-X 

6 Goedert, M., Spillantini, M. G., Del Tredici, K. & Braak, H. 100 years of Lewy pathology. Nat Rev Neurol 9, 
13-24 (2013). https://doi.org:10.1038/nrneurol.2012.242 

7 Reynolds, R. H. et al. Moving beyond neurons: the role of cell type-specific gene regulation in Parkinson's 
disease heritability. NPJ Parkinsons Dis 5, 6 (2019). https://doi.org:10.1038/s41531-019-0076-6 

8 Panicker, N., Ge, P., Dawson, V. L. & Dawson, T. M. The cell biology of Parkinson's disease. J Cell Biol 220 
(2021). https://doi.org:10.1083/jcb.202012095 

9 Dulski, J., Uitti, R. J., Ross, O. A. & Wszolek, Z. K. Genetic architecture of Parkinson's disease subtypes - 
Review of the literature. Front Aging Neurosci 14, 1023574 (2022). 
https://doi.org:10.3389/fnagi.2022.1023574 

10 Soldner, F. et al. Generation of isogenic pluripotent stem cells differing exclusively at two early onset 
Parkinson point mutations. Cell 146, 318-331 (2011). https://doi.org:10.1016/j.cell.2011.06.019 

11 Soldner, F. & Jaenisch, R. Stem Cells, Genome Editing, and the Path to Translational Medicine. Cell 175, 
615-632 (2018). https://doi.org:10.1016/j.cell.2018.09.010 

12 Hockemeyer, D. & Jaenisch, R. Induced Pluripotent Stem Cells Meet Genome Editing. Cell Stem Cell 18, 
573-586 (2016). https://doi.org:10.1016/j.stem.2016.04.013 

13 Schondorf, D. C. et al. The NAD+ Precursor Nicotinamide Riboside Rescues Mitochondrial Defects and 
Neuronal Loss in iPSC and Fly Models of Parkinson's Disease. Cell Rep 23, 2976-2988 (2018). 
https://doi.org:10.1016/j.celrep.2018.05.009 

14 Czaniecki, C. et al. Axonal pathology in hPSC-based models of Parkinson's disease results from loss of Nrf2 
transcriptional activity at the Map1b gene locus. Proc Natl Acad Sci U S A 116, 14280-14289 (2019). 
https://doi.org:10.1073/pnas.1900576116 

15 Bose, A., Petsko, G. A. & Studer, L. Induced pluripotent stem cells: a tool for modeling Parkinson's disease. 
Trends Neurosci 45, 608-620 (2022). https://doi.org:10.1016/j.tins.2022.05.001 

16 Beylina, A., Langston, R. G., Rosen, D., Reed, X. & Cookson, M. R. Generation of fourteen isogenic cell lines 
for Parkinson's disease-associated leucine-rich repeat kinase (LRRK2). Stem Cell Res 53, 102354 (2021). 
https://doi.org:10.1016/j.scr.2021.102354 

17 Hallacli, E. et al. The Parkinson's disease protein alpha-synuclein is a modulator of processing bodies and 
mRNA stability. Cell 185, 2035-2056 e2033 (2022). https://doi.org:10.1016/j.cell.2022.05.008 

18 Sanders, L. H. et al. LRRK2 mutations cause mitochondrial DNA damage in iPSC-derived neural cells from 
Parkinson's disease patients: reversal by gene correction. Neurobiol Dis 62, 381-386 (2014). 
https://doi.org:10.1016/j.nbd.2013.10.013 

19 C, X. Q. C. et al. Generation of patient-derived pluripotent stem cell-lines and CRISPR modified isogenic 
controls with mutations in the Parkinson's associated GBA gene. Stem Cell Res 64, 102919 (2022). 
https://doi.org:10.1016/j.scr.2022.102919 

20 ShaltoGWASi, A. et al. Mitochondrial alterations by PARKIN in dopaminergic neurons using PARK2 patient-
specific and PARK2 knockout isogenic iPSC lines. Stem Cell Reports 4, 847-859 (2015). 
https://doi.org:10.1016/j.stemcr.2015.02.019 

21 Tabata, Y. et al. T-type Calcium Channels Determine the Vulnerability of Dopaminergic Neurons to 
Mitochondrial Stress in Familial Parkinson Disease. Stem Cell Reports 11, 1171-1184 (2018). 
https://doi.org:10.1016/j.stemcr.2018.09.006 

22 Schondorf, D. C. et al. iPSC-derived neurons from GBA1-associated Parkinson's disease patients show 
autophagic defects and impaired calcium homeostasis. Nat Commun 5, 4028 (2014). 
https://doi.org:10.1038/ncomms5028 

23 Reinhardt, P. et al. Genetic correction of a LRRK2 mutation in human iPSCs links parkinsonian 
neurodegeneration to ERK-dependent changes in gene expression. Cell Stem Cell 12, 354-367 (2013). 
https://doi.org:10.1016/j.stem.2013.01.008 

https://doi.org:10.1016/S0140-6736(21)00218-X
https://doi.org:10.1038/nrneurol.2012.242
https://doi.org:10.1038/s41531-019-0076-6
https://doi.org:10.1083/jcb.202012095
https://doi.org:10.3389/fnagi.2022.1023574
https://doi.org:10.1016/j.cell.2011.06.019
https://doi.org:10.1016/j.cell.2018.09.010
https://doi.org:10.1016/j.stem.2016.04.013
https://doi.org:10.1016/j.celrep.2018.05.009
https://doi.org:10.1073/pnas.1900576116
https://doi.org:10.1016/j.tins.2022.05.001
https://doi.org:10.1016/j.scr.2021.102354
https://doi.org:10.1016/j.cell.2022.05.008
https://doi.org:10.1016/j.nbd.2013.10.013
https://doi.org:10.1016/j.scr.2022.102919
https://doi.org:10.1016/j.stemcr.2015.02.019
https://doi.org:10.1016/j.stemcr.2018.09.006
https://doi.org:10.1038/ncomms5028
https://doi.org:10.1016/j.stem.2013.01.008


ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

24 Guttikonda, S. R. et al. Fully defined human pluripotent stem cell-derived microglia and tri-culture system 
model C3 production in Alzheimer's disease. Nat Neurosci (2021). https://doi.org:10.1038/s41593-020-
00796-z 

25 Fong, H. et al. Genetic correction of tauopathy phenotypes in neurons derived from human induced 
pluripotent stem cells. Stem Cell Reports 1, 226-234 (2013). https://doi.org:10.1016/j.stemcr.2013.08.001 

26 Burbulla, L. F. et al. Dopamine oxidation mediates mitochondrial and lysosomal dysfunction in Parkinson’s 
disease. Science 357, 1255-1261 (2017). https://doi.org:doi:10.1126/science.aam9080 

27 Kozhushko, N., Beilina, A. & Cookson, M. R. Generation of gene-corrected isogenic controls from 
Parkinson's disease patient iPSC lines carrying the pathogenic SNCA p.A53T variant. Stem Cell Res 69, 
103125 (2023). https://doi.org:10.1016/j.scr.2023.103125 

28 Fanning, S. et al. Lipidomic Analysis of alpha-Synuclein Neurotoxicity Identifies Stearoyl CoA Desaturase 
as a Target for Parkinson Treatment. Mol Cell 73, 1001-1014 e1008 (2019). 
https://doi.org:10.1016/j.molcel.2018.11.028 

29 Chung, C. Y. et al. Identification and rescue of alpha-synuclein toxicity in Parkinson patient-derived 
neurons. Science 342, 983-987 (2013). https://doi.org:10.1126/science.1245296 

30 Ryan, S. D. et al. Isogenic human iPSC Parkinson's model shows nitrosative stress-induced dysfunction in 
MEF2-PGC1alpha transcription. Cell 155, 1351-1364 (2013). https://doi.org:10.1016/j.cell.2013.11.009 

31 Andrews, P. W. et al. The consequences of recurrent genetic and epigenetic variants in human pluripotent 
stem cells. Cell Stem Cell 29, 1624-1636 (2022). https://doi.org:10.1016/j.stem.2022.11.006 

32 Pattanayak, V. et al. High-throughput profiling of off-target DNA cleavage reveals RNA-programmed Cas9 
nuclease specificity. Nat Biotechnol 31, 839-843 (2013). https://doi.org:10.1038/nbt.2673 

33 Fu, Y. et al. High-frequency off-target mutagenesis induced by CRISPR-Cas nucleases in human cells. Nat 
Biotechnol 31, 822-826 (2013). https://doi.org:10.1038/nbt.2623 

34 Kuijk, E. et al. The mutational impact of culturing human pluripotent and adult stem cells. Nat Commun 
11, 2493 (2020). https://doi.org:10.1038/s41467-020-16323-4 

35 Panda, A. et al. Clonally Selected Lines After CRISPR-Cas Editing Are Not Isogenic. CRISPR J 6, 176-182 
(2023). https://doi.org:10.1089/crispr.2022.0050 

36 Pantazis, C. B. et al. A reference human induced pluripotent stem cell line for large-scale collaborative 
studies. Cell Stem Cell 29, 1685-1702 e1622 (2022). https://doi.org:10.1016/j.stem.2022.11.004 

37 Lengner, C. J. et al. Derivation of pre-X inactivation human embryonic stem cells under physiological 
oxygen concentrations. Cell 141, 872-883 (2010). https://doi.org:10.1016/j.cell.2010.04.010 

38 Liang, G. & Zhang, Y. Genetic and epigenetic variations in iPSCs: potential causes and implications for 
application. Cell Stem Cell 13, 149-159 (2013). https://doi.org:10.1016/j.stem.2013.07.001 

39 Bar, S., Schachter, M., Eldar-Geva, T. & Benvenisty, N. Large-Scale Analysis of Loss of Imprinting in Human 
Pluripotent Stem Cells. Cell Rep 19, 957-968 (2017). https://doi.org:10.1016/j.celrep.2017.04.020 

40 Soldner, F. et al. Parkinson-associated risk variant in distal enhancer of alpha-synuclein modulates target 
gene expression. Nature 533, 95-99 (2016). https://doi.org:10.1038/nature17939 

41 Krzisch, M. et al. The A53T Mutation in alpha-Synuclein Enhances Proinflammatory Activation in Human 
Microglia Upon Inflammatory Stimulus. Biol Psychiatry (2024). 
https://doi.org:10.1016/j.biopsych.2024.07.011 

42 Omer Javed, A. et al. Microcephaly Modeling of Kinetochore Mutation Reveals a Brain-Specific Phenotype. 
Cell Rep 25, 368-382 e365 (2018). https://doi.org:10.1016/j.celrep.2018.09.032 

43 Choo, S. et al. Editing TINF2 as a potential therapeutic approach to restore telomere length in dyskeratosis 
congenita. Blood 140, 608-618 (2022). https://doi.org:10.1182/blood.2021013750 

44 Chiba, K. et al. Mutations in the promoter of the telomerase gene <i>TERT</i> contribute to 
tumorigenesis by a two-step mechanism. Science 357, 1416-1420 (2017). 
https://doi.org:doi:10.1126/science.aao0535 

https://doi.org:10.1038/s41593-020-00796-z
https://doi.org:10.1038/s41593-020-00796-z
https://doi.org:10.1016/j.stemcr.2013.08.001
https://doi.org:doi:10.1126/science.aam9080
https://doi.org:10.1016/j.scr.2023.103125
https://doi.org:10.1016/j.molcel.2018.11.028
https://doi.org:10.1126/science.1245296
https://doi.org:10.1016/j.cell.2013.11.009
https://doi.org:10.1016/j.stem.2022.11.006
https://doi.org:10.1038/nbt.2673
https://doi.org:10.1038/nbt.2623
https://doi.org:10.1038/s41467-020-16323-4
https://doi.org:10.1089/crispr.2022.0050
https://doi.org:10.1016/j.stem.2022.11.004
https://doi.org:10.1016/j.cell.2010.04.010
https://doi.org:10.1016/j.stem.2013.07.001
https://doi.org:10.1016/j.celrep.2017.04.020
https://doi.org:10.1038/nature17939
https://doi.org:10.1016/j.biopsych.2024.07.011
https://doi.org:10.1016/j.celrep.2018.09.032
https://doi.org:10.1182/blood.2021013750
https://doi.org:doi:10.1126/science.aao0535


ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

45 Blair, J. D., Hockemeyer, D. & Bateup, H. S. Genetically engineered human cortical spheroid models of 
tuberous sclerosis. Nat Med 24, 1568-1578 (2018). https://doi.org:10.1038/s41591-018-0139-y 

46 Landrum, M. J. et al. ClinVar: public archive of relationships among sequence variation and human 
phenotype. Nucleic Acids Res 42, D980-985 (2014). https://doi.org:10.1093/nar/gkt1113 

47 Kolmogorov, M. et al. Scalable Nanopore sequencing of human genomes provides a comprehensive view 
of haplotype-resolved variation and methylation. Nat Methods 20, 1483-1492 (2023). 
https://doi.org:10.1038/s41592-023-01993-x 

48 Liao, W. W. et al. A draft human pangenome reference. Nature 617, 312-324 (2023). 
https://doi.org:10.1038/s41586-023-05896-x 

49 Nalls, M. A. et al. Identification of novel risk loci, causal insights, and heritable risk for Parkinson's disease: 
a meta-analysis of genome-wide association studies. The Lancet Neurology 18, 1091-1102 (2019). 
https://doi.org:10.1016/s1474-4422(19)30320-5 

50 Bellenguez, C. et al. New insights into the genetic etiology of Alzheimer's disease and related dementias. 
Nat Genet 54, 412-436 (2022). https://doi.org:10.1038/s41588-022-01024-z 

51 Scheltens, P. et al. Alzheimer's disease. Lancet 397, 1577-1590 (2021). https://doi.org:10.1016/S0140-
6736(20)32205-4 

52 Danis, D. et al. SvAnna: efficient and accurate pathogenicity prediction of coding and regulatory structural 
variants in long-read genome sequencing. Genome Med 14, 44 (2022). https://doi.org:10.1186/s13073-
022-01046-6 

53 Lek, M. et al. Analysis of protein-coding genetic variation in 60,706 humans. Nature 536, 285-291 (2016). 
https://doi.org:10.1038/nature19057 

54 Chen, S. et al. A genomic mutational constraint map using variation in 76,156 human genomes. Nature 
625, 92-100 (2024). https://doi.org:10.1038/s41586-023-06045-0 

55 Kisla Ekinci, R. M., Balci, S., Bisgin, A., Altintas, D. U. & Yilmaz, M. A homozygote TREX1 mutation in two 
siblings with different phenotypes: Chilblains and cerebral vasculitis. Eur J Med Genet 60, 690-694 (2017). 
https://doi.org:10.1016/j.ejmg.2017.09.004 

56 Ioannidis, N. M. et al. REVEL: An Ensemble Method for Predicting the Pathogenicity of Rare Missense 
Variants. Am J Hum Genet 99, 877-885 (2016). https://doi.org:10.1016/j.ajhg.2016.08.016 

57 Rentzsch, P., Witten, D., Cooper, G. M., Shendure, J. & Kircher, M. CADD: predicting the deleteriousness 
of variants throughout the human genome. Nucleic Acids Res 47, D886-D894 (2019). 
https://doi.org:10.1093/nar/gky1016 

58 Liu, C. C., Liu, C. C., Kanekiyo, T., Xu, H. & Bu, G. Apolipoprotein E and Alzheimer disease: risk, mechanisms 
and therapy. Nat Rev Neurol 9, 106-118 (2013). https://doi.org:10.1038/nrneurol.2012.263 

59 Van Deerlin, V. M. et al. Common variants at 7p21 are associated with frontotemporal lobar degeneration 
with TDP-43 inclusions. Nat Genet 42, 234-239 (2010). https://doi.org:10.1038/ng.536 

60 Simon-Sanchez, J. et al. Genome-wide association study reveals genetic risk underlying Parkinson's 
disease. Nat Genet 41, 1308-1312 (2009). https://doi.org:10.1038/ng.487 

61 Strang, K. H., Golde, T. E. & Giasson, B. I. MAPT mutations, tauopathy, and mechanisms of 
neurodegeneration. Lab Invest 99, 912-928 (2019). https://doi.org:10.1038/s41374-019-0197-x 

62 Ihry, R. J. et al. p53 inhibits CRISPR-Cas9 engineering in human pluripotent stem cells. Nat Med 24, 939-
946 (2018). https://doi.org:10.1038/s41591-018-0050-6 

63 Haapaniemi, E., Botla, S., Persson, J., Schmierer, B. & Taipale, J. CRISPR-Cas9 genome editing induces a 
p53-mediated DNA damage response. Nat Med 24, 927-930 (2018). https://doi.org:10.1038/s41591-018-
0049-z 

64 Merkle, F. T. et al. Human pluripotent stem cells recurrently acquire and expand dominant negative P53 
mutations. Nature 545, 229-233 (2017). https://doi.org:10.1038/nature22312 

https://doi.org:10.1038/s41591-018-0139-y
https://doi.org:10.1093/nar/gkt1113
https://doi.org:10.1038/s41592-023-01993-x
https://doi.org:10.1038/s41586-023-05896-x
https://doi.org:10.1016/s1474-4422(19)30320-5
https://doi.org:10.1038/s41588-022-01024-z
https://doi.org:10.1016/S0140-6736(20)32205-4
https://doi.org:10.1016/S0140-6736(20)32205-4
https://doi.org:10.1186/s13073-022-01046-6
https://doi.org:10.1186/s13073-022-01046-6
https://doi.org:10.1038/nature19057
https://doi.org:10.1038/s41586-023-06045-0
https://doi.org:10.1016/j.ejmg.2017.09.004
https://doi.org:10.1016/j.ajhg.2016.08.016
https://doi.org:10.1093/nar/gky1016
https://doi.org:10.1038/nrneurol.2012.263
https://doi.org:10.1038/ng.536
https://doi.org:10.1038/ng.487
https://doi.org:10.1038/s41374-019-0197-x
https://doi.org:10.1038/s41591-018-0050-6
https://doi.org:10.1038/s41591-018-0049-z
https://doi.org:10.1038/s41591-018-0049-z
https://doi.org:10.1038/nature22312


ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

65 Kim, T. W. et al. Biphasic Activation of WNT Signaling Facilitates the Derivation of Midbrain Dopamine 
Neurons from hESCs for Translational Use. Cell Stem Cell 28, 343-355 e345 (2021). 
https://doi.org:10.1016/j.stem.2021.01.005 

66 Piao, J. et al. Preclinical Efficacy and Safety of a Human Embryonic Stem Cell-Derived Midbrain Dopamine 
Progenitor Product, MSK-DA01. Cell Stem Cell 28, 217-229 e217 (2021). 
https://doi.org:10.1016/j.stem.2021.01.004 

67 Fernandes, H. J. R. et al. Single-Cell Transcriptomics of Parkinson's Disease Human In Vitro Models Reveals 
Dopamine Neuron-Specific Stress Responses. Cell Rep 33, 108263 (2020). 
https://doi.org:10.1016/j.celrep.2020.108263 

68 Bressan, E. et al. The Foundational Data Initiative for Parkinson Disease: Enabling efficient translation 
from genetic maps to mechanism. Cell Genom 3, 100261 (2023). 
https://doi.org:10.1016/j.xgen.2023.100261 

69 Andersen, M. S. et al. Heritability Enrichment Implicates Microglia in Parkinson's Disease Pathogenesis. 
Ann Neurol 89, 942-951 (2021). https://doi.org:10.1002/ana.26032 

70 Langston, R. G. et al. Association of a common genetic variant with Parkinson’s disease is mediated by 
microglia. Science Translational Medicine 14, eabp8869 (2022). 
https://doi.org:doi:10.1126/scitranslmed.abp8869 

71 Heneka, M. T., McManus, R. M. & Latz, E. Inflammasome signalling in brain function and 
neurodegenerative disease. Nat Rev Neurosci 19, 610-621 (2018). https://doi.org:10.1038/s41583-018-
0055-7 

72 Douvaras, P. et al. Directed Differentiation of Human Pluripotent Stem Cells to Microglia. Stem Cell 
Reports 8, 1516-1524 (2017). https://doi.org:10.1016/j.stemcr.2017.04.023 

73 Li, H. et al. Highly efficient generation of isogenic pluripotent stem cell models using prime editing. Elife 
11 (2022). https://doi.org:10.7554/eLife.79208 

74 Hockemeyer, D. et al. Genetic engineering of human pluripotent cells using TALE nucleases. Nat 
Biotechnol 29, 731-734 (2011). https://doi.org:10.1038/nbt.1927 

75 Lill, C. M. et al. Launching the movement disorders society genetic mutation database (MDSGene). Mov 
Disord 31, 607-609 (2016). https://doi.org:10.1002/mds.26651 

76 Thompson, O. et al. Low rates of mutation in clinical grade human pluripotent stem cells under different 
culture conditions. Nat Commun 11, 1528 (2020). https://doi.org:10.1038/s41467-020-15271-3 

77 Andrews, P. W. et al. Assessing the Safety of Human Pluripotent Stem Cells and Their Derivatives for 
Clinical Applications. Stem Cell Reports 9, 1-4 (2017). https://doi.org:10.1016/j.stemcr.2017.05.029 

78 Narva, E. et al. High-resolution DNA analysis of human embryonic stem cell lines reveals culture-induced 
copy number changes and loss of heterozygosity. Nat Biotechnol 28, 371-377 (2010). 
https://doi.org:10.1038/nbt.1615 

79 Weisheit, I. et al. Detection of Deleterious On-Target Effects after HDR-Mediated CRISPR Editing. Cell Rep 
31, 107689 (2020). https://doi.org:10.1016/j.celrep.2020.107689 

80 Martincorena, I. & Campbell, P. J. Somatic mutation in cancer and normal cells. Science 349, 1483-1489 
(2015). https://doi.org:doi:10.1126/science.aab4082 

81 Liang, S. Q. et al. Genome-wide profiling of prime editor off-target sites in vitro and in vivo using PE-tag. 
Nat Methods 20, 898-907 (2023). https://doi.org:10.1038/s41592-023-01859-2 

82 Poplin, R. et al. A universal SNP and small-indel variant caller using deep neural networks. Nature 
Biotechnology 36, 983-987 (2018). https://doi.org:10.1038/nbt.4235 

83 Yun, T. et al. Accurate, scalable cohort variant calls using DeepVariant and GLnexus. Bioinformatics 36, 
5582-5589 (2021). https://doi.org:10.1093/bioinformatics/btaa1081 

84 Hu, J. et al. Gene-based burden analysis of damaging private variants in PRKN, PARK7 and PINK1 in 
Parkinson's disease cohorts of European descent. Neurobiol Aging 119, 136-138 (2022). 
https://doi.org:10.1016/j.neurobiolaging.2022.07.012 

https://doi.org:10.1016/j.stem.2021.01.005
https://doi.org:10.1016/j.stem.2021.01.004
https://doi.org:10.1016/j.celrep.2020.108263
https://doi.org:10.1016/j.xgen.2023.100261
https://doi.org:10.1002/ana.26032
https://doi.org:doi:10.1126/scitranslmed.abp8869
https://doi.org:10.1038/s41583-018-0055-7
https://doi.org:10.1038/s41583-018-0055-7
https://doi.org:10.1016/j.stemcr.2017.04.023
https://doi.org:10.7554/eLife.79208
https://doi.org:10.1038/nbt.1927
https://doi.org:10.1002/mds.26651
https://doi.org:10.1038/s41467-020-15271-3
https://doi.org:10.1016/j.stemcr.2017.05.029
https://doi.org:10.1038/nbt.1615
https://doi.org:10.1016/j.celrep.2020.107689
https://doi.org:doi:10.1126/science.aab4082
https://doi.org:10.1038/s41592-023-01859-2
https://doi.org:10.1038/nbt.4235
https://doi.org:10.1093/bioinformatics/btaa1081
https://doi.org:10.1016/j.neurobiolaging.2022.07.012


ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

85 Bae, S., Park, J. & Kim, J. S. Cas-OFFinder: a fast and versatile algorithm that searches for potential off-
target sites of Cas9 RNA-guided endonucleases. Bioinformatics 30, 1473-1475 (2014). 
https://doi.org:10.1093/bioinformatics/btu048 

86 Genomes Project, C. et al. A global reference for human genetic variation. Nature 526, 68-74 (2015). 
https://doi.org:10.1038/nature15393 

87 Boyle, J. M. et al. Telomere length set point regulation in human pluripotent stem cells critically depends 
on the shelterin protein TPP1. Mol Biol Cell 31, 2583-2596 (2020). https://doi.org:10.1091/mbc.E19-08-
0447 

88 Anzalone, A. V. et al. Search-and-replace genome editing without double-strand breaks or donor DNA. 
Nature 576, 149-157 (2019). https://doi.org:10.1038/s41586-019-1711-4 

89 Ludwig, T. E. et al. ISSCR standards for the use of human stem cells in basic research. Stem Cell Reports 
18, 1744-1752 (2023). https://doi.org:10.1016/j.stemcr.2023.08.003 

90 Bar, S., Seaton, L. R., Weissbein, U., Eldar-Geva, T. & Benvenisty, N. Global Characterization of X 
Chromosome Inactivation in Human Pluripotent Stem Cells. Cell Rep 27, 20-29 e23 (2019). 
https://doi.org:10.1016/j.celrep.2019.03.019 

91 Bansal, P., Ahern, D. T., Kondaveeti, Y., Qiu, C. W. & Pinter, S. F. Contiguous erosion of the inactive X in 
human pluripotency concludes with global DNA hypomethylation. Cell Rep 35, 109215 (2021). 
https://doi.org:10.1016/j.celrep.2021.109215 

92 Vallot, C. et al. Erosion of X Chromosome Inactivation in Human Pluripotent Cells Initiates with XACT 
Coating and Depends on a Specific Heterochromatin Landscape. Cell Stem Cell 16, 533-546 (2015). 
https://doi.org:10.1016/j.stem.2015.03.016 

93 Lee, Y. J. et al. Alternative pre-mRNA Splicing and Gene Expression Patterns in Midbrain Lineage Cells 
Carrying Familial Parkinson's Disease Mutations. bioRxiv (2025). 
https://doi.org:10.1101/2024.02.28.582420 

94 Brenton, J. W. et al.  (2025). https://doi.org:10.1101/2025.09.04.673943 
95 Bandres-Ciga, S. et al. NeuroBooster Array: A Genome-Wide Genotyping Platform to Study Neurological 

Disorders Across Diverse Populations. medRxiv (2023). https://doi.org:10.1101/2023.11.06.23298176 
96 Chang, C. C. et al. Second-generation PLINK: rising to the challenge of larger and richer datasets. 

Gigascience 4, 7 (2015). https://doi.org:10.1186/s13742-015-0047-8 
97 Gogarten, S. M. et al. cas-off: an R/Bioconductor package for quality control and analysis of genome-wide 

association studies. Bioinformatics 28, 3329-3331 (2012). https://doi.org:10.1093/bioinformatics/bts610 
98 Danecek, P. et al. Twelve years of SAMtools and BCFtools. Gigascience 10 (2021). 

https://doi.org:10.1093/gigascience/giab008 
99 Li, H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 34, 3094-3100 (2018). 

https://doi.org:10.1093/bioinformatics/bty191 
100 Shafin, K. et al. Haplotype-aware variant calling with PEPPER-Margin-DeepVariant enables high accuracy 

in nanopore long-reads. Nat Methods 18, 1322-1332 (2021). https://doi.org:10.1038/s41592-021-01299-
w 

101 Razaghi, R. et al.  (2022). https://doi.org:10.1101/2022.07.07.499188 
102 Smolka, M. et al. Detection of mosaic and population-level structural variants with Sniffles2. Nat 

Biotechnol (2024). https://doi.org:10.1038/s41587-023-02024-y 
103 Wang, K., Li, M. & Hakonarson, H. ANNOVAR: functional annotation of genetic variants from high-

throughput sequencing data. Nucleic Acids Res 38, e164 (2010). https://doi.org:10.1093/nar/gkq603 
104 Sherry, S. T. et al. dbSNP: the NCBI database of genetic variation. Nucleic Acids Res 29, 308-311 (2001). 

https://doi.org:10.1093/nar/29.1.308 
105 Liu, X., Li, C., Mou, C., Dong, Y. & Tu, Y. dbNSFP v4: a comprehensive database of transcript-specific 

functional predictions and annotations for human nonsynonymous and splice-site SNVs. Genome Med 12, 
103 (2020). https://doi.org:10.1186/s13073-020-00803-9 

https://doi.org:10.1093/bioinformatics/btu048
https://doi.org:10.1038/nature15393
https://doi.org:10.1091/mbc.E19-08-0447
https://doi.org:10.1091/mbc.E19-08-0447
https://doi.org:10.1038/s41586-019-1711-4
https://doi.org:10.1016/j.stemcr.2023.08.003
https://doi.org:10.1016/j.celrep.2019.03.019
https://doi.org:10.1016/j.celrep.2021.109215
https://doi.org:10.1016/j.stem.2015.03.016
https://doi.org:10.1101/2024.02.28.582420
https://doi.org:10.1101/2025.09.04.673943
https://doi.org:10.1101/2023.11.06.23298176
https://doi.org:10.1186/s13742-015-0047-8
https://doi.org:10.1093/bioinformatics/bts610
https://doi.org:10.1093/gigascience/giab008
https://doi.org:10.1093/bioinformatics/bty191
https://doi.org:10.1038/s41592-021-01299-w
https://doi.org:10.1038/s41592-021-01299-w
https://doi.org:10.1101/2022.07.07.499188
https://doi.org:10.1038/s41587-023-02024-y
https://doi.org:10.1093/nar/gkq603
https://doi.org:10.1093/nar/29.1.308
https://doi.org:10.1186/s13073-020-00803-9


ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

106 Landrum, M. J. et al. ClinVar: improving access to variant interpretations and supporting evidence. Nucleic 
Acids Res 46, D1062-D1067 (2018). https://doi.org:10.1093/nar/gkx1153 

107 Rehm, H. L. et al. ClinGen--the Clinical Genome Resource. N Engl J Med 372, 2235-2242 (2015). 
https://doi.org:10.1056/NEJMsr1406261 

108 Riggs, E. R. et al. Technical standards for the interpretation and reporting of constitutional copy-number 
variants: a joint consensus recommendation of the American College of Medical Genetics and Genomics 
(ACMG) and the Clinical Genome Resource (ClinGen). Genet Med 22, 245-257 (2020). 
https://doi.org:10.1038/s41436-019-0686-8 

109 Kanehisa, M., Furumichi, M., Sato, Y., Kawashima, M. & Ishiguro-Watanabe, M. KEGG for taxonomy-based 
analysis of pathways and genomes. Nucleic Acids Res 51, D587-D592 (2023). 
https://doi.org:10.1093/nar/gkac963 

110 Kohler, S. et al. The Human Phenotype Ontology in 2021. Nucleic Acids Res 49, D1207-D1217 (2021). 
https://doi.org:10.1093/nar/gkaa1043 

111 Liberzon, A. et al. The Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell Syst 1, 
417-425 (2015). https://doi.org:10.1016/j.cels.2015.12.004 

112 Liberzon, A. et al. Molecular signatures database (MSigDB) 3.0. Bioinformatics 27, 1739-1740 (2011). 
https://doi.org:10.1093/bioinformatics/btr260 

113 Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based approach for interpreting 
genome-wide expression profiles. Proc Natl Acad Sci U S A 102, 15545-15550 (2005). 
https://doi.org:10.1073/pnas.0506580102 

114 Kunkle, B. W. et al. Genetic meta-analysis of diagnosed Alzheimer's disease identifies new risk loci and 
implicates Abeta, tau, immunity and lipid processing. Nat Genet 51, 414-430 (2019). 
https://doi.org:10.1038/s41588-019-0358-2 

115 Bycroft, C. et al. The UK Biobank resource with deep phenotyping and genomic data. Nature 562, 203-209 
(2018). https://doi.org:10.1038/s41586-018-0579-z 

116 English, A. C., Menon, V. K., Gibbs, R. A., Metcalf, G. A. & Sedlazeck, F. J. Truvari: refined structural variant 
comparison preserves allelic diversity. Genome Biol 23, 271 (2022). https://doi.org:10.1186/s13059-022-
02840-6 

117 Regier, A. A. et al. Functional equivalence of genome sequencing analysis pipelines enables harmonized 
variant calling across human genetics projects. Nat Commun 9, 4038 (2018). 
https://doi.org:10.1038/s41467-018-06159-4 

118 Obenchain, V. et al. VariantAnnotation: a Bioconductor package for exploration and annotation of genetic 
variants. Bioinformatics 30, 2076-2078 (2014). https://doi.org:10.1093/bioinformatics/btu168 

119 Gkanogiannis, A. fastreeR: Phylogenetic, Distance and Other Calculations on VCF and Fasta Files. Vol. 
1.10.0 (2024). 

120 Paradis, E. & Schliep, K. ape 5.0: an environment for modern phylogenetics and evolutionary analyses in 
R. Bioinformatics 35, 526-528 (2019). https://doi.org:10.1093/bioinformatics/bty633 

121 Green, M. R. & Sambrook, J. Molecular Cloning: A Laboratory Manual  
(Fourth Edition).  (2012). 
122 Kleinstiver, B. P. et al. Engineered CRISPR-Cas9 nucleases with altered PAM specificities. Nature 523, 481-

485 (2015). https://doi.org:10.1038/nature14592 
123 Clement, K. et al. CRISPResso2 provides accurate and rapid genome editing sequence analysis. Nature 

Biotechnology 37, 224-226 (2019). https://doi.org:10.1038/s41587-019-0032-3 
124 Pasca, A. M. et al. Functional cortical neurons and astrocytes from human pluripotent stem cells in 3D 

culture. Nat Methods 12, 671-678 (2015). https://doi.org:10.1038/nmeth.3415 
125 Yoon, S. J. et al. Reliability of human cortical organoid generation. Nat Methods 16, 75-78 (2019). 

https://doi.org:10.1038/s41592-018-0255-0 

https://doi.org:10.1093/nar/gkx1153
https://doi.org:10.1056/NEJMsr1406261
https://doi.org:10.1038/s41436-019-0686-8
https://doi.org:10.1093/nar/gkac963
https://doi.org:10.1093/nar/gkaa1043
https://doi.org:10.1016/j.cels.2015.12.004
https://doi.org:10.1093/bioinformatics/btr260
https://doi.org:10.1073/pnas.0506580102
https://doi.org:10.1038/s41588-019-0358-2
https://doi.org:10.1038/s41586-018-0579-z
https://doi.org:10.1186/s13059-022-02840-6
https://doi.org:10.1186/s13059-022-02840-6
https://doi.org:10.1038/s41467-018-06159-4
https://doi.org:10.1093/bioinformatics/btu168
https://doi.org:10.1093/bioinformatics/bty633
https://doi.org:10.1038/nature14592
https://doi.org:10.1038/s41587-019-0032-3
https://doi.org:10.1038/nmeth.3415
https://doi.org:10.1038/s41592-018-0255-0


ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

126 McGinnis, C. S. et al. MULTI-seq: sample multiplexing for single-cell RNA sequencing using lipid-tagged 
indices. Nat Methods 16, 619-626 (2019). https://doi.org:10.1038/s41592-019-0433-8 

127 Hao, Y. et al. Integrated analysis of multimodal single-cell data. Cell 184, 3573-3587 e3529 (2021). 
https://doi.org:10.1016/j.cell.2021.04.048 

 

Acknowledgements. 

We thank all the members of the Hockemeyer, Soldner, Rio, Blauwendraat and Bateup lab for helpful 

discussions and comments on the manuscript. This work utilized the computational resources of the NIH HPC 

Biowulf cluster (http://hpc.nih.gov) and the Savio HPC cluster at UC Berkeley. This research has been conducted 

using the UK Biobank Resource under Application Number 33601. For the purpose of open access, the author has 

applied a CC-BY public copyright license to the Author Accepted Manuscript version arising from this submission. 

Long-read PacBio data generation was performed by Janet Aiyedun, Jackson Mingle, Jeff Burke, and Michelle Kim 

from PacBio. An earlier version of this manuscript was posted to BioRxiv on February 13, 2024 at 

10.1101/2024.02.12.579917. 

Funding 

This work was funded by Aligning Science Across Parkinson's (ASAP-024409, ASAP-000486) through the 

Michael J. Fox Foundation for Parkinson’s Research (MJFF) to the Bateup, Rio, Hockemeyer, Blauwendraat and 

Soldner laboratories. In addition, this work was supported in part by grants from the National Institute of 

Neurological Disorders and Stroke (NINDS) and the National Institute on Aging (NIA)to FS (1R56NS128015, 

1R01NS138402, 1R01NS1331400 and RLB (5F31NS129265). This work was further supported in part by the 

Intramural Research Program of the National Institute on Aging (NIA, AG000542), and the Center for Alzheimer’s 

and Related Dementias (CARD), within the Intramural Research Program of the NIA and the National Institute of 

Neurological Disorders and Stroke. Some of the Flow Cytometry and Genomics shared resources used at Albert 

Einstein College of Medicine were supported by the Cancer Center Support Grant (P30 CA013330). PPMI – a 

public-private partnership – is funded by the Michael J. Fox Foundation for Parkinson’s Research and funding 

partners, including 4D Pharma, Abbvie, AcureX, Allergan, Amathus Therapeutics, Aligning Science Across 

Parkinson's, AskBio, Avid Radiopharmaceuticals, BIAL, BioArctic, Biogen, Biohaven, BioLegend, BlueRock 

Therapeutics, Bristol-Myers Squibb, Calico Labs, Capsida Biotherapeutics, Celgene, Cerevel Therapeutics, Coave 

Therapeutics, DaCapo Brainscience, Denali, Edmond J. Safra Foundation, Eli Lilly, Gain Therapeutics, GE 

HealthCare, Genentech, GSK, Golub Capital, Handl Therapeutics, Insitro, Jazz Pharmaceuticals, Johnson & Johnson 

Innovative Medicine, Lundbeck, Merck, Meso Scale Discovery, Mission Therapeutics, Neurocrine Biosciences, 

Neuron23, Neuropore, Pfizer, Piramal, Prevail Therapeutics, Roche, Sanofi, Servier, Sun Pharma Advanced 

Research Company, Takeda, Teva, UCB, Vanqua Bio, Verily, Voyager Therapeutics, the Weston Family Foundation 

and Yumanity Therapeutics. 

Author Contribution Statement 

DH, HSB, DCR and FS conceived the project, supervised data analysis, and interpreted results. OB, HL, DH, 

and FS designed and supervised the genome engineering of cell lines and interpreted results. This cell line 

generation was assisted by KMS, JDu, YV, GRP, JS, YD, VMS. Cell line expansion, sample collection and quality 

control experiments (NGS, ICC, aCGH array, LOH detection) were carried out by OB, HL, KMS, JDu, RLB, YV, GRP, 

JS, YD, VMS, SP, ZB, JDi, AS, JG and SH. RLB performed microglia differentiation and analysis (ICC and FACS). KMS, 

https://doi.org:10.1038/s41592-019-0433-8
https://doi.org:10.1016/j.cell.2021.04.048
http://hpc.nih.gov/


ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

JDu performed differentiation of dopaminergic neurons and scRNA-seq analysis and data interpretation and 

graphing. AM performed the analysis of the p53 response in WIBR3 cells. KMS carried out qPCR experiments. PAJ, 

DGH, KSL and CB performed long-read sequencing and high-density array analysis. NP contributed to the 

classification of pathogenic variants in parental WIBR3 hESCs.  EOB coordinated the deposition of the isogenic cell 

line collection with WiCell and edited the paper for open access requirements. MB performed the computational 

analysis of WGS data to assess genetic variability and off-target effects within the iSCORE-PD collection.  OB and 

HL performed all other experiments. OB, HL, HSB, DH, CB and FS wrote the paper with input from all authors. 

Competing Interests Statement 

The authors declare no competing interests. 

Tables 

Table 1. iSCORE-PD cell line collection summary (targeted genes, mutations generated, genetic inheritance, 

mutation frequency, proposed disease mechanism, clinical information/note, editing approach, number of cell 

lines and their genotype).  

Figure legends 

Figure 1. WIBR3 hESC cell line characterization.  

(A) Representative phase contrast images of parental WIBR3 hESCs and subclones WIBR3-S1, WIBR3-S2 and 

WIBR3-S3 cultured on MEFs and in feeder-free conditions. Scale bar 100 µm.  

(B) Immunocytochemistry for pluripotency markers OCT4 (green) and SSEA4 (red) and staining for alkaline 

phosphatase (black) of WIBR3 (parental) hESCs and subclones WIBR3-S1, WIBR3-S2 and WIBR3-S3 cultured on 

MEFs. Scale bar 100 µm.  

(C) qRT-PCR analysis for the relative expression of pluripotency markers OCT4, NANOG and SOX2 in human 

primary fibroblasts (MRC-9, BJ1-hTERT and GM01660), WIBR3 (parental) hESCs and subclones WIBR3-S1, WIBR3-

S2 and WIBR3-S3 hESCs cultured on MEFs and in feeder-free conditions. Relative expression levels were 

normalized to expression of these genes in primary fibroblasts. (1) and (2) indicate independent samples. 

(N=3/group; Mean +/- SEM; N represents technical replicates of the same sample; independent biological 

replicates are represented side to side in separate bars). 

(D) Polygenic risk scores (PRSs) for WIBR3 hESCs are compared to the population-centered Z score distribution for 

PD PRS in 2995 PD cases (PD) and 96,215 normal population individuals (Control) from the UK Biobank. Box plots 

show the median (horizontal line), interquartile range (box; 25th percentile to 75th percentile), whiskers 

extending to values within 1.5×IQR, and outliers are shown as individual points. 

(E) Assessment of p53 pathway activity following irradiation of WIBR3 (parental) hESCs (0 Gy, N=630; 0.5 Gy, 

N=247; 2 Gy, N=306; 5 Gy, N= 59; 10 Gy, N=222; in total 1464 cells) and WIBR3-derived cortical spheroids (0 Gy, 

N=1307; 0.5 Gy, N=1001; 2 Gy, N=1016; 5 Gy, N= 1473; 10 Gy, N=1123; in total 5920 cells) by scRNA-seq analysis 

for the expression of DNA damage response genes CDKN1A and RPS27L. Box plots show the median (horizontal 

line), interquartile range (box; 25th–75th percentiles), whiskers extending to values within 1.5×IQR, and all 

individual data points, including outliers, are shown. 

Source data are provided as a Source Data file. 
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Figure 2. WIBR3 differentiation potential into dopaminergic neurons and microglia subtypes in 2D culture.  

(A) Schematic depicting the protocol for in vitro differentiation of dopaminergic neurons from WIBR3 hESCs.  

(B) Immunocytochemistry and quantification of TH and FOXA2 expressing cells in WIBR3 (parental) hESC-derived 

dopaminergic neurons at day 35. Scale bar 100 µm. (N=3; N represents biological replicates of individual clones 

WIBR3-S1,2,3). Check Supplementary Figure 2A for immunocytochemistry images from WIBR3-S1,2,3.  

(C) Uniform manifold approximation and projection (UMAP) plot of scRNA-Seq analysis at day 35-37 of 

dopaminergic neuron differentiation from WIBR3-S1, WIBR3-S2 and WIBR3-S3 hESCs showing 10,097 cells 

separated into 7 coarse clusters.  

(D) Dot plot showing expression of key progenitor and mature dopamine neuron marker genes across different 

cluster identities indicates that clusters identified in (C) represent dopamine neuronal progenitors and 

dopaminergic neurons at different developmental stages. Dot size indicates the proportion of cells in a cluster 

expressing a given gene, while color intensity indicates its average expression. Although cluster 2 showed CALB1 

expression, we labelled these cells a progenitor population due to expression of HES1, SLIT2, CORIN and absence 

of mature dopamine neuron markers. 

(E) Heatmap depicting Spearman correlation coefficients between pseudo-bulk expression profiles of 7 WIBR3 

clusters identified in (C) compared to pseudo-bulk expression profiles of 11 FOUNDIN-PD cell types.  

(F) Schematic depicting in vitro microglia differentiation protocol from WIBR3 hESCs.   

(G) Representative phase contrast image of iMGs derived from subclone WIBR3-S1 (terminal differentiation day 

14; Scale bar 50 µm). 

(H-J) Quantification of flow cytometry (FACS) analysis described in Supplementary Figure 5A for the expression of 

CD14/CD16 and CD11b/CD45 in iMPs (H,I) and P2RY12/CX3CR1 in matured iMGs (J) derived from the parental 

WIBR3 hESCs and subclones WIBR3-S1, S3, S3 (N = 4; mean ± SD; N represents biological replicates 

WIBR3(parental) and clones WIBR3-S1,2,3).  

(K-N) Representative immunostaining images of in vitro differentiated iMGs derived from subclone WIBR3-S2 

showing microglia-specific markers IBA1, P2RY12, and CX3CR1, along with the nuclear marker DAPI (terminal 

differentiation day 14; scale bar, 10 µm). 

Source data are provided as a Source Data file. 

 

Figure 3. Gene editing workflow to generate iSCORE-PD collection. 

(A) Schematic illustrating genome editing pipeline A. This approach involves (i) FACS-based enrichment of 

nucleofected cells containing the gene editing reagents including a fluorescent reporter, (ii) the isolation of 

clonally expanded cell lines and (iii) the NGS-based genotyping to identify correctly edited cell lines.  

(B) Schematic illustrating genome editing pipeline B. This approach utilizes a high-throughput cell isolation system. 

This approach includes (i) nucleofection of the gene editing reagents, (ii) the plating of cells in a limited dilution 

(~10 cells/well) to isolate wells containing correctly targeted cells by NGS and (iii) subcloning, expansion and NGS-

based genotyping to isolate correctly targeted clonal cell line. 

(C) Table summarizing the gene editing strategies used to generate the iSCORE-PD collection. These include: (i) 

CRISPR/Cas9 facilitated homology directed repair (HDR) using ssODNs containing the desired genetic modification 

as repair template for CRISPR/Cas9 induced double strand break. (ii) The use of competing HDR templates 

(ssODNs) containing synonymous mutations in the gRNA-target site to favor the generation of heterozygous over 

homozygous mutations. (iii) TALEN-facilitated HDR using ssODNs containing the desired genetic modification as 

repair template for CRISPR/Cas9 induced double strand break. (iv) Prime editing approach to insert the PD-
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associated point mutations into hESCs. (v) Dual CRISPR approach using 3’ and 5’ sgRNAs flanking the desired 

deletion to recreate large genomic structural alterations identified in PD patients. 

(D) Overview depicting genome engineering and quality control steps in the generation of the iSCORE-PD 

collection.  

 

Figure 4. Genetic variation in the iSCORE-PD collection. 

(A) Schematic representation of the potential source of genetic variability found in the iSCORE-PD collection, 

including shared and clone-specific founder mutations (SNVs/Indels), propagated founder mutations, and 

genome editing-induced variations (on- and off-target edits). For clarity of illustration, different shades of blue, 

green and yellow represent distinct sets of mutations.  

(B) Schematic of WGS analysis pipeline to identify unique and shared SNVs/indels for each editing group.  

(C) Table of all editing groups in iSCORE-PD collection and SNVs/Indels related information: number of clones, 

editing method used to generate them and average SNV/Indel count.  

(D) Correlation between the number of clone-specific SNVs/Indels and passage number determined based on last 

clonal event for each cell line. Orange dots indicate parental subclone lines (WIBR3-S1,2,3), light red dots indicate 

WIBR3_EWTS1-8 and dark red dots all other edited cell lines. Indicated regression lines are calculated based on 

all cell lines (solid black line; y=17.3x-168.9; R2: 0.3820; 95% CI: 11.52 to 23.08; N=60), edited cell lines only (dark 

red dotted line; y=14.23x-101.5; R2: 0.2801; 95% CI: 7.537 to 20.93; n=49) or control lines only (WIBR3_S1-3 and 

WIBR3_EWT_S1-8; light red dotted line; y=23.25x-291.5; R2: 0.5564; 95% CI: 7.597 to 38.90; N=11).  

(E) Graph showing number of unique and shared SNVs/indels in SNCA A53T group. 

(F) Graph showing number of unique and shared SNVs/indels in SNCA A30P group and EWT1-3 isolated from the 

same editing experiment (editing group). Shared SNVs/indels show evidence for pre-existing mutations in the 

parental cell line prior to editing (founder mutations). 

(G) Graph showing number of unique and shared SNVs in DJ1/PARK7 group. Data shows a significant clonal 

founder effect between DJ1_X1-5del_Het_2067 and clones DJ1_X1-5del_2860/2872/2876 (compare 

Supplemental Fig. 10). 

Different color bars indicate unique or shared SNVs/Indels between different cell lines. Dark red indicates unique 

SNVs/Indels in edited lines, light red indicates unique SNVs/Indels in EWT lines, light blue indicates shared 

SNVs/Indels only found on EWTs/1st editing (DJ1/PARK7), green indicates shared SNVs/Indels between edited cell 

lines/2nd editing (DJ1/PARK7) and EWTs/1st editing (DJ1/PARK7) and dark blue indicates shared SNVs/Indels only 

found in edited cell lines/2nd editing (DJ1/PARK7). 

Source data are provided as a Source Data file. 

 

Figure 5. Off-targets and phylogeny. 

Analysis of off-targets was performed on all gene-edited cell lines and EWT_S1-5. 

(A-C) NGS results of predicted off-target loci (compare Supplementary Data 8) and reference WIBR3 (parental) 

showing genomic location and nearest gene. All off-target events described are heterozygous, intronic and non-

coding. PAM sequence bases were bolded in blue for clarity. 

(D) Phylogenetic relationship of all analyzed cell lines in iSCORE-PD. Cell lines displayed in orange represent WIBR3 

(parental) + WIBR3-S1,2,3 subclones and light red represents untargeted EWT_S1-8 cell lines.   
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wild 

type 

(EWT) 

- - - - - 

Prime 

editing, 

CRISPR/Cas

9 (HDR) 

Prime editing (6) + CRISPR/Cas9 

(2) 

 

Table 1. iSCORE-PD cell line collection (overview). 1 Mixed inheritance; 2 Adapted from Blauwendraat et. al., 20224 

 

 

 

 

 

 

 

 

Editorial summary: Researchers generated an isogenic collection of 65 genome-edited hPSC lines with mutations 

in 11 Parkinson’s disease genes. This resource enables controlled comparisons, improving disease modeling and 

clarifying how variants drive neurodegeneration. 

Peer review information: Nature Communications thanks Elena Grigor’eva, Kei-ichi Ishikawa, Diana Sorogina and 

the other, anonymous, reviewer(s) for their contribution to the peer review of this work. A peer review file is 

available. 
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