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Abstract 
Human induced pluripotent stem cells (iPSCs) are a powerful tool for studying development and 
disease. However, different iPSC lines show considerable phenotypic variation. The lack of 
common well-characterised cell lines that are used widely frustrates efforts to integrate data 
across research groups or replicate key findings. Inspired by model organism communities who 
addressed this issue by establishing a limited number of widely accepted strains, we 
characterised candidate iPSC lines in unprecedented detail to select a well-performing line to 
underpin collaborative studies. Specifically, we characterised the morphology, growth rates, and 
single-cell transcriptomes of iPSC lines in the pluripotent state and assessed their genomic 
integrity using karyotyping, DNA microarrays, whole genome sequencing, and functional assays 
for p53 activity. We further tested their ability to be edited by CRISPR/Cas9 and used single-cell 
RNA sequencing to compare the efficiency with which they could be differentiated into multiple 
lineages. We found that there was significant variability in the performance of lines across the 
tested assays that enabled the rational selection of a lead line, KOLF2.1J, which is a gene-
corrected derivative of a publicly available line from the Human Induced Pluripotent Stem Cells 
Initiative (HipSci) resource. We are now using this line in an initiative from the NIH Center for 
Alzheimer’s and Related Dementias to derive hundreds of gene-edited and functionalized sub-
clones to be distributed widely throughout the research community along with associated 
datasets, with the aim of promoting the standardisation required for large-scale collaborative 
science in the stem cell field.  
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Summary 
The authors of this collaborative science study describe a deep characterisation of widely 
available human induced pluripotent stem cell (hiPSC) lines to rationally select a line that 
performs well in multiple experimental approaches. Analysis of transcriptional patterns in the 
pluripotent state, whole genome sequencing, genomic stability after highly efficient CRISPR-
mediated gene editing, integrity of the p53 pathway, and differentiation efficiency towards 
multiple lineages identified KOLF2.1J as an all-around well-performing cell line. The widespread 
distribution and use of this line makes it an attractive cell line for comparative and collaborative 
efforts in the stem cell field.  
 
Highlights 

• Deep genotyping and phenotyping reveal KOLF2.1J as an all-around well-performing 
cell line that is readily distributed and could serve as common reference line 

• Despite rare copy-neutral loss of heterozygosity (CN-LOH) events, iPSC lines retain 
genomic fidelity after CRISPR/Cas9-based gene editing 

• Our multifactorial pipeline serves as a blueprint for future efforts to identify other lead 
iPSC lines 

 
Introduction 

Human iPSCs are an increasingly widespread model for studying human disease.  They 
can be derived from individuals affected by different diseases, capturing genetic contributors to 
disease risk in pluripotent cells that can be differentiated into many disease-relevant cell 
populations. Additionally, iPSCs can be edited to introduce or correct specific disease-
associated genetic variants, generating isogenic disease models. Indeed, several recent studies 
have utilized isogenic lines to elucidate the biology contributing to disease states (Guttikonda et 
al., 2021; Konttinen et al., 2019; Kwart et al., 2019). For example, knock-in of Mendelian 
variants associated with Alzheimer’s disease (AD) into an isogenic genetic background 
identified convergent transcriptomic events after differentiation into neurons (Kwart et al., 2019). 
Isogenic cell lines can equally be used to examine mutational effects in non-neuronal cells 
(Konttinen et al., 2019).  

In theory, the results of isogenic experiments could be compared across genetic 
variants, cell types, and analysis modalities by different groups to reveal convergent molecular 
mechanisms of disease. However, a plethora of different cell lines are used by different groups, 
creating a major obstacle to data integration, since genetic background strongly influences 
cellular phenotypes (Bonyadi et al., 1997; Doetschman, 2009; Threadgill et al., 1995). This 
issue has been recognised by communities working with model organisms, who appreciated 
that the benefits of a common reference far outweigh whether a given particular line has 
idealized characteristics, since key results obtained on one genetic background can always be 
tested on another (Mackay and Huang, 2018; Sittig et al., 2016; Sterken et al., 2015). 
Consequently, there is an unmet need in the iPSC field for common, well-characterised cell 
lines that can be used as the basis of large-scale collaborative studies.  

 Several recent efforts have sought to address these challenges by developing edited 
iPSC lines from a common parental cell line. For example, the Allen Cell Collection has 
generated a series of publicly available and gene-edited iPSC lines on a common, genetically 
characterised parental line (Roberts et al., 2017, 2019). Here, we aim to identify a common cell 
line to underpin the recently announced iPSC Neurodegenerative Disease Initiative (iNDI) that 
will generate hundreds of single nucleotide variant (SNV) knock-in, revertant, gene knockout, 
and endogenously-tagged CRISPR/Cas9-edited lines relevant to Alzheimer’s Disease and 
Related Dementias (ADRD) on a single deeply characterised genetic background (Ramos et al., 
2021). When selecting candidate cell lines, we accounted for practical considerations including 
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the freedom to modify and distribute the line and its derivatives. To this end, we deeply 
characterised the genomic status, functional characteristics, and differentiation potential of 
multiple candidate iPSC lines, and identified KOLF2.1J as a standard cell line for future 
investment. 
 
Results 
 
Rationale and establishment of candidate cell line sub-clones  
We set out to identify one or more deeply characterised iPSC lines to serve as a common 
reference for the field (Ramos et al., 2021; Reilly et al.). Although it will be important in the long 
term to have a series of iPSCs from male and female donors of diverse genetic backgrounds, 
we initially prioritized male lines due to the possibility that random X-chromosome inactivation 
may contribute to variance in gene expression (Bar et al., 2019; Mekhoubad et al., 2012). Since 
human embryonic stem cell (hESC) lines face usage restrictions in many countries, we chose to 
prioritise hiPSC lines to enable broad sharing around the world. We therefore searched public 
repositories and curated a series of male iPSC lines, many of which already have whole 
genome sequencing available publicly (see graphical abstract). We then focused on a subset of 
lines with broad consents for data sharing and further dissemination of the line and its 
derivatives. These selected lines were: KOLF2_C1, KUCG3, LNGPI1, MS19-ES-H, NCRM1, 
NCRM5, NN0003932, NN0004297, and PGP1.  
 
After obtaining and thawing these lines, we noticed that the line MS19-ES-H was prone to 
spontaneous differentiation, and therefore excluded it from further study. We then established 
clonal sub-lines from each of the eight remaining parental cell lines to reduce heterogeneity 
from genetic and epigenetic drift in culture. Additionally, we used CRISPR/Cas9 editing (see 
Methods) to correct a mutation present in one copy of ARID2 in the KOLF2_C1 line (Hildebrandt 
et al., 2019). In parallel with our efforts, the same genetic correction was carried out at the 
Wellcome Sanger Institute, resulting in two distinct KOLF2_C1-corrected cell lines with 
diverging culture histories. To avoid confusion, we have named our sub-line KOLF2.1J to 
indicate its derivation at Jackson Laboratories and distinguish it from the KOLF2.1S sub-line 
derived at the Wellcome Sanger Institute.  
 
We then selected one to four of these sub-lines with typical stem cell morphology per parental 
cell line for further expansion and Giemsa-band karyotype analysis of metaphase chromosome 
spreads (Table S1A). The karyotype analysis indicated that almost all tested sub-lines were 
euploid (46; XY; Table S1B), but some lines harbored a subset of aberrant cells. For example, 2 
of the 20 analysed spreads for the selected KUCG3 sub-line showed a gain of chromosome 12. 
Based on this data, a single clonal sub-line was selected from each parental line for further 
expansion into replicate stock vials (Table S1A). To complement this analysis, we subjected the 
selected sub-lines to directional genomic hybridisation (Robinson et al., 2019) and scored 181 
to 200 high-quality metaphase spreads per sub-line at chromosomes 1, 2 and 3. We found that 
the rate of scored events was not significantly different between the eight sub-lines, and that the 
rate of translocations and inversions was low (Table S1C). Overall, our chromosome-scale 
analyses revealed that most sub-lines were karyotypically normal, except for KUCG3. Cells 
were thawed and passaged once prior to several simultaneously executed analyses, including 
morphological and transcriptional characterisation, karyotyping, P53 activity assay, and a 
CRISPR-based gene editing experiment.  
 
Morphology and proliferation rates  
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Each selected sub-line had the morphology expected for hiPSCs including a high nuclear to 
cytoplasmic ratio, prominent nucleoli, growth in colonies with well-defined borders, and an 
absence of differentiated cells (Figure 1A). To compare the survival and growth rates of these 
cell lines, we dissociated each line to a single-cell suspension, plated them in parallel, imaged 
them on an Incucyte live cell imager at 24 and 48 hours after plating to calculate their 
confluence, then dissociated and manually counted cells 48 hours after plating. We observed a 
significant difference between the sub-lines in their total numbers of cells after 48 hours (one-
way ANOVA, F7, 24= 185.1, p<0.0001; Figure 1B). Additionally, we observed a significant main 
effect of time (two repeated measures ANOVA; F2, 80 = 1836, p<0.0001) and cell line (F7, 80 = 97.85, 
p<0.0001), on confluency as well as a time x cell line interaction (F14,80=45.76, p<0.0001; Figure 
1C, Table S2). Together, these results show that all cell lines had similar morphology but varied 
in their survival and proliferation rates. 
 
Pluripotency 
The eight selected sub-lines were immunostained with antibodies against pluripotency markers 
TRA-1-60 and NANOG, and the percentage of immunopositive cells was quantified by flow 
cytometry analysis. We found that all analysed sub-lines are >90% positive for both markers, 
except PGP1, which was 84.2% positive for NANOG (Figure S1).  
 
Next, we performed single-cell RNA sequencing (scRNA-seq) on all eight iPSC sub-lines 
(Figure 1D), pooling lines together for joint single-cell library preparation and sequencing to 
minimize technical sources of variation and using genetic diversity to assign each single-cell to 
a particular cell line (Huang et al., 2019). Since sub-lines NN0003932 and NN0004297 were 
derived from the same donor, these are represented in our dataset as NN_combined (Figure 
S2A). UMAP projection of the data from 2,270 single cells revealed two distinct groups of cells, 
the largest corresponding to six genetically distinct lines and one small outlier group composed 
primarily of cells from one sub-line, LNGPI1. Louvain clustering identified 5 clusters within the 
larger group, which appeared to arise from variable cell cycle states of these proliferative cells 

(Figure S2B-C). Comparison of pluripotency markers across the 7 genetically distinct sub-lines 
showed consistent expression of core pluripotency-associated genes including SOX2, POU5F1 
(OCT4) and NANOG (Figure 1E, S2D). Interestingly, we found that the LNGPI1 line expressed 
higher levels of UTF1 and other genes associated with inefficient neuronal differentiation (Jerber 
et al., 2021). Together, these findings indicate that all analysed iPSC cell lines were pluripotent, 
and 6 of the 7 genetically distinct lines showed similar transcriptional profiles. 
 
Integrity of the p53 response to DNA damage   
Established iPSC lines are known to acquire genetic changes that impart a growth advantage in 
culture (Halliwell et al., 2020). Of these, mutations in the TP53 gene are of particular concern 
because they are recurrent (Avior et al., 2021; Merkle et al., 2017) and loss of a functional p53 
pathway may be selected for during CRISPR editing and clonal expansion (Ihry et al., 2018). To 
measure p53 pathway function in our hiPSC sub-lines, we transfected cells with a reporter 
plasmid that contains 13 copies of a p53 DNA binding site linked to mCherry (see Methods), 
challenged them with either a vehicle control or the DNA-damaging agent doxorubicin, and 
quantified induction of the mCherry reporter expression by flow cytometry. This analysis showed 
doxorubicin activated reporter expression in all eight selected sub-lines compared to TP53 
knockout cells (Figures 1F, S3), confirming integrity of the p53 pathway in all eight sub-lines 
(Hildebrandt et al., 2019), with particularly robust responses in lines KOLF2.1J, LNGPI1, 
NCRM1, and PGP1. 

Whole Genome Sequencing (WGS) 
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To more deeply characterise the genetic diversity in the eight parental cell lines, we sequenced 
their genomes at >30x coverage with paired-end reads (Illumina). The overall distribution of 
insertion-deletion (indel), loss-of-function (LOF), and missense single-nucleotide variants 
(SNVs) was similar across all sub-lines (Figure 2A) and similar to the human population 
database, gnomAD (Karczewski et al., 2020). When we restricted our analysis to those variants 
likely to be deleterious (allele frequency <0.001 and CADD score >30, (Huang et al., 2019)), we 
observed a modest number of potentially deleterious variants per cell line (Figure 2B, Table 
S3A). Most of these variants were of unknown significance, and none were annotated to be 
pathogenic in ClinVar (Landrum et al., 2020) or also annotated as haploinsufficient in ClinGen 
(https://www.clinicalgenome.org/) or predicted to be highly constrained based on LoFtool 
(Fadista et al., 2017).  
 
Since the goal of iNDI is to model neurodegenerative diseases, we examined WGS for known 
pathogenic mutations in ADRD-associated genes. We identified potentially damaging LOF 
variants in DRD4 (rs587776842 in lines NN0003932 and NN0004297) and MPDZ (rs376078512 
in line KUCG3) that are pathogenic in a homozygous or compound heterozygous state, but only 
as heterozygous mutations. 
 
To examine the role of common genetic variants associated with ADRD, we screened all iPSC 
lines for the AD risk gene APOE (rs429358 and rs7412), the frontotemporal dementia variant 
TMEM106B rs3173615, and MAPT haplotype rs1800547, associated with risk of Parkinson’s 
disease (PD). We found, for example, that NCRM1 and NCRM5 carry the APOE E4 allele that 
increases risk for AD (Table S4A). We also identified variants in other genes known to be risk 
factors for ADRD, such as rs113809142 in the PGP1 line and an ABCA7 splicing variant 
associated with increased risk of AD (Steinberg et al., 2015). Finally, we calculated polygenic 
risk scores for all eight iPSC lines based on their cumulative burden of common genetic variants 
associated with AD or PD in genome-wide association studies (Kunkle et al., 2019; Nalls et al., 
2019). (Figure 2C). Together, these findings show that the analysed cell lines do not have 
causal ADRD mutations and have a genetic background within the expected range of the 
population for overall cumulative risk of AD or PD (Figure 2C). 
 
CRISPR-based editing potential 
Since the selected hiPSC line will be used to generate CRISPR-edited derivatives, we next 
characterised the efficiency with which a SNV could be edited in each cell sub-line. Using 
improved conditions for homology-directed repair (Skarnes et al., 2019, 2021), we introduced a 
G to C SNV in exon 1 of the TIMP3 gene, resulting in an S38C missense mutation. Twenty-four 
edited clones from each line were genotyped by Sanger sequencing of PCR amplicons 
spanning the targeted site of the TIMP3 locus to quantify frequency of six possible genotypes 
(WT/WT, WT/SNV, WT/indel, SNV/SNV, SNV/indel, and indel/indel; Figure 3A). We observed 
that the overall editing efficiency was very high in most cell lines (Figure 3B) with a mean 
frequency of homozygous (SNV/SNV) edits of over 40%. We also found that ratio of SNV/WT 
and SNV/SNV edits generated by homology directed repair (HDR) to indels generated from 
non-homologous end joining (NHEJ) varied across the sub-lines, with a higher frequency of 
WT/indel and SNV/indel clones observed in NN0003932 and NCRM1, respectively. 
 
Since CRISPR-Cas9-induced DNA double strand breaks can lead to undesired editing (Merkle 
et al., 2015a; Weisheit et al., 2020) and because cells in culture may be selected for 
chromosomal abnormalities that confer growth advantage, we evaluated genomic fidelity of 
edited clones to the parental lines using high-density SNP arrays. We analysed genomic DNA 
from 20 to 24 gene-edited clones from each parental line, using the NeuroChip DNA microarray 
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(Blauwendraat et al., 2017) and compared these results with the whole genome sequencing for 
each parental line. First, we confirmed using pi-hat as a point estimate of genomic similarity 
between parental lines that each line was distinct (pihat <0.12) except for the two clones 
NN0003932 and NN004297 from the same donor (pihat ~0.999, Figure S4A). Examining 
subclones from each line after editing, the majority of lines showed very high concordance with 
the parental genotypes across the genome (pihat>0.986), suggesting that the number of 
acquired SNVs during CRISPR editing was lower than that detectable with our achieved call 
rates for this array (>0.968; Table S4B, Figure S4B). 
 
We then used the same DNA microarray genotyping data to evaluate the frequency of large 
chromosomal abnormalities in the edited subclones (Table S4B). Among the 185 analysed 
subclones, we identified 10 clones with chromosomal abnormalities involving chr12 (2 clones), 
chr20 (2 clones) or chr22 (6 clones). The parental line with the greatest number of abnormalities 
was KUCG3, whose subclones included two with duplications of Chr12 (Figure S4D), consistent 
with the Giemsa-band karyotyping above, and two subclones with duplications of the long arm 
of Chr20 (Figure S4E). These results are indicative of two distinct subclonal aneuploidies in the 
KUCG3 sub-line. We did not find either abnormality in the edited clones from any other parental 
line.  
 
We observed recurrent chr22 abnormalities in two homozygous edited clones of KOLF2.1J and 
one clone each of KUCG3, NCRM1, NN0003932 and PGP1. This abnormality represents copy-
neutral loss of heterozygosity (CN-LOH) from chr22q12.3 to the terminus (Figures 4, S4C). The 
distal end of this event corresponds to the location of the edited gene TIMP3 (Apte et al., 1994) 
suggesting that it was induced by CRISPR/Cas9 editing (Weisheit et al., 2020). However, it is 
important to note that at an estimated frequency of 6/185 (~3%) clones with this abnormality is 
lower than that seen with other methods of up to 40% (Weisheit et al., 2020).  
 
Differentiation Potential  
Since the generation of disease-relevant cell types is an important use of hiPSCs, we tested the 
ability of our candidate sublines to support cell differentiation. We tested four distinct established 
protocols, two of which use small molecules to recapitulate developmental differentiation 
trajectories, and two of which were based on the overexpression of transcription factors to force 
iPSCs to adopt a transcriptional program similar to the target cell type (Figure 5A). Specifically, 
we directed the differentiation of iPSCs into either cortical or hypothalamic neurons and 
expressed either the transcription factor NGN2 to induce the formation of excitatory forebrain 
neurons (iNeuron), or the transcription factors NGN2, ISL1, and LHX3 to induce the formation of 
lower motor neurons (iLowerMotorneurons). To assess differentiation efficiency, we profiled the 
differentiated cells using single-cell RNA-sequencing. 

For hypothalamic directed differentiation, cell lines were differentiated individually up to day 37 
and then combined for scRNA-seq library preparation, with each line having 2 technical 
replicates (Figure S6A). For the cortical directed differentiation, cell lines were pooled together 
in equal proportion, and pools were differentiated up to day 34 by distinct investigators in two 
different tissue culture facilities, with each investigator having two technical replicates (Figure 
S6B). This pooling approach reduces technical variability and has been shown to yield minimal 
non-cell-autonomous effects on differentiation efficiency (Jerber et al., 2021). The technical 
replicate pools from each investigator were then labelled with unique lipid-oligo MULTIseq 
barcodes before being combined for scRNA-seq library preparation. For iNeuron and 
iLowerMotorneuron differentiations, cell lines were individually differentiated in parallel up to day 
17 before being processed for scRNAseq in two different conditions, with each condition having 
two technical replicates. In one condition, cell lines were pooled in equal amounts three days 
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after differentiations were started, and in the second condition, cell lines were differentiated 
individually and combined immediately before scRNAseq library preparation (Figure S6C and 
D).  

After quality control, demultiplexing and doublet removal, we obtained 12,818 cells from the 
hypothalamic protocol, 9,656 cells from the cortical protocol, 27,708 cells from the iNeuron 
protocol, and 18,008 cells from the iLowerMotorneurons protocol. As described above for the 
demultiplexing of scRNAseq data from iPSCs in the pluripotent state, cell line identity was 
assigned to each cell using genotype information from the scRNA-seq reads. Louvain clustering 
revealed 17 clusters for hypothalamic differentiation and 13 clusters for the other 3 
differentiations, which were then annotated using literature-curated genes indicative of cell 
identity (Figure S5). Clusters were then grouped into four categories: 1) target neuron, defined 
as clusters that clearly expressed genes indicative of the target cell population 2) neurons, 
defined as clusters other than the target neurons that expressed high levels of genes indicative 
of neurons 3) immature neurons, defined as clusters that expressed genes indicative of 
neuroblast identity (e.g. neurogenins) or progenitor identity (e.g. vimentin), and 4) 
progenitor/other, defined as any other cell types (Figure 5C). We then defined differentiation 
efficiency as the percentage of cells from each cell line that gave rise to the target cell type. 

We found that across all four differentiation protocols, cell lines consistently generated the target 
cell type but with line-to-line differences in differentiation efficiency (Figure S6). We observed 
that the KOLF2.1, NCRM5, and NN_combined lines consistently generated a substantial 
fraction of target cell types, whereas LNGPI1 did not perform well in directed differentiation 
protocols. Indeed, UMAP projections show that this cell line does not cluster well with the other 
6 genetically distinct lines in most differentiations consistent with the high expression of UTF1 
and other genes that predict poor neuronal differentiation identified in the pluripotent state 
(Figure 1D). Overall, these data provide another important line of evidence to guide the rational 
selection of a cell line for future development. 

Selection of KOLF2.1J as a lead cell line 
Since the overall aim of this study was to identify a candidate cell line to underpin large-scale 
collaborative projects and improve reproducibility in the field, we asked if any of the eight lines 
we tested showed favourable properties across all of the measures we tested (Table S5). We 
removed LNGPI1 from consideration due to its unusual gene expression in the pluripotent state 
and poor differentiation properties. We also eliminated PGP1 due to possible residual 
expression of reprogramming factors suggested by GFP expression during FACS analysis, 
though other integration-free versions of this cell line exist (Lee et al., 2009). Though all lines 
were amenable to CRISPR/Cas9-mediated gene editing of individual DNA bases, lines 
NN0003932 and NCRM1 showed relatively low gene editing efficiencies at the tested locus. 
Lines KUCG3, NCRM5, and NN0004297 were fairly amenable to gene editing and differentiated 
well, but appeared to have slow growth kinetics relative to the other cell lines, including 
KOLF2.1J. Consequently, since KOLF2.1J performed well across all tested assays, we selected 
it as a candidate lead line. 
 
KOLF2.1J lacks obvious disease-causing genetic variants 
We reasoned that any cell line selected for large-scale studies should be extensively tested for 
the presence of genetic variants that might hinder the interpretation of molecular and cellular 
phenotypes. Furthermore, we reasoned that insights into the long-range haplotype structure 
of KOLF2.1J would facilitate the use of this line in disease modelling and might enable the 
identification of complex structural variants. We therefore submitted the genomes of both 
KOLF2.1J and the parental KOLF2-C1 line for 10x Genomics linked-read sequencing to 
generate phased genotyping data to complement our earlier Illumina short-range (150 bp) 30x 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted February 11, 2022. ; https://doi.org/10.1101/2021.12.15.472643doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.15.472643


 

10 

whole genome sequencing of KOLF2.1J. We then called high confidence and high quality SNV 
and insertion/deletion variants present across all three datasets. Only 25 coding variants were 
unique to KOLF2.1J and the remainder were shared between KOLF2.1J and the parent KOLF2-
C1 (Figure 6). None of the variants unique to KOLF2.1J were predicted to be rare (GnomAD 
allele frequency < 0.001) or deleterious (CADD score >30) (Table S3B), suggesting the clonal 
bottlenecks and cell expansion accompanying the genetic correction of ARID2 did not select for 
these types of deleterious variants. Among the variants shared between KOLF2.1J and its 
parental line, we found four flagged as potentially deleterious using the criteria described above, 
including loss-of-function (LOF) variants in genes FMO2, ACYP2, and FBF1, and a missense 
variant in FGD6. These variants were annotated to be either benign or of unknown clinical 
significance, and do not affect genes predicted to be loss-intolerant by LoFtool (Fadista et al., 
2017). Expanding our search beyond these criteria, we confirmed the presence of a previously 
described (Hildebrandt et al., 2019) splice site disruption in COL3A1, a loss-intolerant gene 
(LoFtool score of 0.02) associated with the autosomal dominant vascular disease Ehlers-Danlos 
Syndrome (OMIM 130050). Given the role of this gene in extracellular matrix (ECM) production, 
we speculate that the variant will have little effect on most neural cell types, but urge caution if 
using KOLF2.1J to study cell lineages or co-culture systems that interact with the ECM. 
Together with G-band karyotyping and dGH data showing the absence of large structural 
variants, these findings suggest that the genome of KOLF2.1J does not harbour genetic variants 
that would substantially compromise the utility of this line for modelling neurological disease. 
 
Distribution and community-based characterisation of KOLF2.1J  
In addition to KOLF2.1J being used as the lead line for the iNDI study, we hope it will be widely 
adopted by the community to facilitate data sharing, integration, and reproducibility. To facilitate 
adoption of this deeply-characterised KOLF2.1J cell line and its gene-edited derivatives, we 
distributed cells to multiple requesters, who then returned information on cell growth and 
differentiation potential using independent approaches. As of August 2021, 56 investigators 
across 3 continents and 10 countries have received the KOLF2.1J sub-line and have 
successfully differentiated iPSCs into numerous cell types, including three-germ layer cells 
(Figure S7A), NGN2-induced cortical neurons (Figure 7A-F; Figure S7B-C), skeletal myocytes 
(Figure 7G), forebrain neurons (Figure 7H), motor neurons (Figure 7I-J; Figure S7D), microglia 
and macrophages (Figure 7K-M), and dopaminergic neurons (Figure 7N; Figure S7E) and 
organoids (Figure 7O), using established differentiation protocols. Thus, KOLF2.1J can be 
robustly and reproducibly differentiated into many cellular phenotypes in laboratories across the 
world.  
 
Discussion  
The discovery of hiPSCs (Takahashi et al., 2007) has generated new ways to study 
developmental biology, model disease, and inform cell-based therapies. While banks of 
genetically distinct iPSCs enable studies to probe the functional effects of common genetic 
variants (Jerber et al., 2021; Mitchell et al., 2020) or serve as HLA-matched donors for cell 
transplantation (Umekage et al., 2019), the diversity of iPSCs in use today also presents 
challenges to the field. Since genetic background contributes to molecular and cellular 
phenotypes (Kilpinen et al., 2017), results obtained on one genetic background may not always 
be replicated (Sittig et al., 2016). To overcome this limitation, other research communities have 
adopted common reference lines to facilitate replication and data integration, which we have 
attempted to adopt for hiPSC lines here. To the best of our knowledge, this study represents the 
first deep multimodal genetic and phenotypic comparison to facilitate rational hiPSC cell line 
selection.  
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We believe that KOLF2.1J is an excellent choice to become a commonly used cell line. First, 
the parental KOLF2-C1 line was reprogrammed using non-integrating methods under feeder-
free conditions in chemically defined media and substrates (Kilpinen et al., 2017). The 
provenance and ethical derivation of the parental KOLF2-C1 line is well documented. Second, 
both the parental line (Bruntraeger et al., 2019; Skarnes et al., 2021) and KOLF2.1J 
(Bruntraeger et al., 2019) retain genomic fidelity during efficient CRISPR/Cas9-based gene 
editing. Third, the previous genetic characterisation of the line (Hildebrandt et al., 2019) and 
subsequent genetic correction of ARID2, followed by our detailed genomic characterisation here 
suggest that KOLF2.1J is free of obviously deleterious genetic variants. Fourth, we have 
functionally compared KOLF2.1J head-to-head with 7 other cell lines and found that it 
performed as well as, if not better than, other lines in all tested assays (see below). Fifth, to 
complement the international collaborative effort that went into the selection of KOLF2.1J, our 
community science approach indicates that this cell line behaves well across many independent 
groups and differentiation protocols (Figure 7, Figure S7).  
 
By comparison, several of the other lines evaluated here were less robust in all assays. For 
example, the PGP1 iPSC line (Lee et al., 2009) is widely used but the clone we analysed 
showed evidence of residual retroviral activity and was not prioritized. We also found clones that 
differentiated poorly (LNGPI1) or carried recurrent chromosomal abnormalities (KUGC3). We 
also found lines that were less efficiently edited than KOLF2.1J, at least for the test edit we 
performed here (NCRM1 and NN0004297). We also initially considered the WTC-11 iPSC line 
that is readily obtainable (Coriell GM25256), has been used to generate reporter lines (Roberts 
et al., 2017, https://www.allencell.org/genomics.html), and formed the basis of CRISPR screens 
(Tian et al., 2019, 2021). However, we did not consider this line further due to the presence of a 
potentially neuroprotective genetic variant (rs1990621) in TMEM106B (Li et al., 2020). Thus, it 
should be noted that we make no statement that KOLF2.1J is an idealized line for all purposes. 
Rather, it is fit for purpose for the development of a community-facing resource of isogenic 
edited lines relevant to ADRD (Ramos et al., 2021), an initiative of the Center for Alzheimer’s 
and Related Dementias (CARD) that aims to generate transformative foundational data and 
resources for AD/ADRD. 

KOLF2.1J is derived from a male Northern European donor, which is a result of our choice to 
initially work with male lines to avoid complications that might arise from the erosion of X-
chromosome inactivation during culture (Bar et al., 2019; Mekhoubad et al., 2012). Future 
studies should be directed towards the use of female lines from more varied genetic 
backgrounds, and we believe that the workflow described in this study can serve as a blueprint 
for such evaluations. All code used in these studies can be found at 
https://github.com/NIHCARD/INDI-README/tree/main/INDI-genetics to facilitate such efforts. 
While the characterisation performed in this study was aimed to be thorough, it was not 
comprehensive. We examined eight hiPSC lines and cannot exclude the possibility that other 
lines might be equally suitable for our purposes or for other studies. We did not assess 
structural variants smaller than the detection limit of G-band karyotyping and directional 
genomic hybridization (approximately 5 Mbp) or larger than approximately 50 bp as assessed 
by short-read whole genome sequencing. However, multiple whole genome sequencing data 
have been generated for KOLF2.1J and are available to the entire community on the 
Alzheimer’s Disease Workbench 
(https://fair.addi.addatainitiative.org/#/data/datasets/a_reference_induced_pluripotent_stem_cell
_line_for_large_scale_collaborative_studies). We did not fully investigate the possibility of “on 
target” effects of CRISPR in homozygous clones, such as deletions/insertions at the target site, 
which would require an NGS-based approach or qgPCR (Weisheit et al., 2020) to verify that 
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both alleles contain the edit of interest without additional local alterations. However, we were 
pleased to observe that the copy-neutral LOH events that initiate at the CRISPR target site and 
extend out to the telomere and are reported to affect up to 40% of edited clones using some 
editing approaches (Weisheit et al., 2020) only affected 6/185 clones (~3%) in this study, 
suggesting that the high gene editing efficiencies we observed were not achieved at the 
expense of genomic stability. Furthermore, we found that the p53 pathway was robustly 
inducible in all tested cell lines, suggesting that any advantages in growth rate for lines are not 
due to acquisition of oncogenic potential. For KOLF2.1J, we have not found recurrent 
abnormalities that support cell survival such as chr20 duplication (Assou et al., 2020), although 
it will be important to survey lines after additional editing and passages in culture. 

Finally, we have made the data in this study freely available to the community on the 
Alzheimer’s Disease Workbench 
(https://fair.addi.addatainitiative.org/#/data/datasets/a_reference_induced_pluripotent_stem_cell
_line_for_large_scale_collaborative_studies) and have established a pipeline to distribute these 
cell lines to minimise the regulatory and logistical hurdles that can frustrate the sharing of other 
cell lines. Groups can obtain the KOLF2.1J cell line at a similar passage as that analysed in this 
study to minimise the likelihood of genetic drift. Our vision is that the deep genotypic and 
phenotypic characterisation of this cell line, its proven performance in many laboratories, and its 
relative ease of distribution will lead to its widespread adoption by groups seeking to work with a 
trusted iPSC line.  
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Methods 

 
Plasmids 
The plasmids PB-TO-hNGN2 (Addgene plasmid #172115), PB-TO-hNIL (NGN2, ISL1, and 
LHX3, Addgene plasmid #172113), EFa1-Transposase (Addgene plasmid #172116) were used 
for transcription factor-based differentiation experiments. The PG13-mCherry p53 reporter 
plasmid was generated by replacing the luciferase sequence of PG13-Luc reporter plasmid (el-
Deiry et al., 1993) (Addgene plasmid # 16442), which contains 13 copies of a p53-binding site 
followed by the polyoma promoter, with the mCherry sequence by the In-Fusion HD Cloning 
Plus kit (Takara, 638910).  
 
Sub-cloning 
Eight candidate iPSC lines were put through a uniform workflow for subline generation, clone 
expansion, and archiving of clonal lines, as described in detail in the Supplementary 
Information. 
 
Proliferation rates 
Lines were maintained in Essential 8 medium (Thermo Fisher Scientific) on Matrigel (1:100, 
Corning)-coated plates and passaged at 70-80% confluence with Accutase (Thermo Scientific) 
to a single-cell suspension. Dissociated iPSC were plated onto a Matrigel coated 48 well plates 
at 30,000 cells/well in Essential 8 medium (Thermo Fisher Scientific) and 10µM Rock inhibitor 
Y-27632 (Selleck Chem, n=6 wells per line). After 24 hr, the media was changed to Essential 8 
medium. Plates were scanned in an Incucyte® S3 Live-Cell Analysis System every 24 h and 
confluence was analysed with Incucyte software. After 48 hr, iPSCs were dissociated with 
Accutase and total cell numbers counted (n=4 wells per line). 
 
Flow cytometry analysis of pluripotency markers 
iPSCs were dissociated into single cells using TrypLE (Thermo) for 5-10 minutes, pelleted by 
centrifugation at 200xg for 5 minutes, and then fixed in 500 µL 4% paraformaldehyde for 10-15 
minutes at room temperature. After fixation, cell pellets were washed with 1mL PBS, and 
incubated with 50 µl of permeabilization buffer (PBS plus 2% FBS and 0.2% Tween-20) for 10 
minutes. During the permeabilization, 1 µl antibody was diluted in a 5 µl permeabilization buffer 
and added to 96-well for each staining reaction, then 50 µl permeabilized cells were added to 
each well and incubated for 1 hour at 4oC with mixing occasionally. After staining, cell pellets 
were washed and resuspended with 200 µl per-well PBS for flow cytometry analysis. The 
antibodies and isotype controls used were: TRA-1-60 Monoclonal Antibody (TRA-1-60), DyLight 
488 (Life Technology MA1-023-D488X); Mouse IgM Isotype Control, DyLight 488 conjugate 
(Life Technology MA1-194-D488); CABS352A4 Milli-Mark™ Anti-Nanog-Alexa Fluor 488 
Antibody, NT (EMD Millipore FCABS352A4); Rabbit IgG isotype control, AlexaFluor 488 
conjugate, (Cell Signalling 4340S). 
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p53 reporter assay 
iPSCs were maintained in StemFlex medium (Thermo Fisher, A3349401) on Synthemax II-SC 
substrate (Corning). At 70% confluence, the culture medium was replaced with fresh medium 
supplemented with RevitaCell (Thermo Fisher) five hours before nucleofection. Cells were 
dissociated with pre-warmed Accutase (STEMCELL Technologies) at 37°C for 7 minutes and 
4x105 cells were transferred to a well of a 96-well V-bottom plate (Corning) then centrifuged at 
100xg for 3 minutes. Cell pellets were resuspended with 20 µL of P3 Primary Cell Buffer (Lonza) 
containing 5 µg of the PG13-mCherry reporter plasmid and transferred to a well of a 16-well 
Nucleocuvette strip, followed by nucleofection with the 4D-Nucleofector Unit (Lonza) using the 
CA-137 pulse code. After nucleofection, 1.5x105 cells (for the no treatment group) or 2.5x105 
cells (for the doxorubicin treatment group) were seeded in the StemFlex medium supplemented 
with RevitaCell on a well of a 48-well plate coated with Matrigel hESC-Qualified Matrix 
(Corning). One day after nucleofection, the medium was changed to StemFlex without 
RevitaCell. Two days after nucleofection, the medium was changed to StemFlex with or without 
20 nM doxorubicin (Bio-Techne, 2252). Three days after nucleofection, cells were dissociated 
with Accutase and mCherry expression in the singlet cell population was analysed using a 
FACSymphony A5 flow cytometer (BD Biosciences). TP53-deficient KOLF2 cells (W Skarnes, 
unpublished) were used as a negative control.  Non-viable cells were excluded by staining with 
4’,6-diamidino-2-phenylindole (Thermo Fisher, D1306). Flow-cytometric data were analysed 
using FlowJo software (BD Biosciences). 
 
DNA and RNA preparation 
DNA and RNA extraction was performed by the JAX Genome Technologies service, quantified 
by TapeStation (Agilent), and assigned a DIN or RIN value. The extracted DNA and RNA from 
each of the 8 sublines was submitted to Psomagen for Illumina short read whole genome 
sequencing. From an additional well, high molecular weight genomic DNA extraction was 
performed by the JAX Genome Technologies service, quantified by TapeStation (Agilent), and 
assigned a DIN value. The DNA from each of the 8 sublines was submitted to Psomagen for 
10x Genomics long read whole genome sequencing. From an additional well, genomic DNA for 
each line was also prepared using the DNeasy Blood and Tissue kit (Qiagen) and submitted to 
the JAX Genome Technologies service for Illumina short read whole genome sequencing. 
 
Whole genome sequencing and annotation of variants  
The parental iPSC lines and a National Institute of Standards and Technology (NIST) reference 
(HG-002) were sequenced with 30x coverage and paired-end through the Illumina short read 
sequencing and the 10x Genomics linked-read sequencing by Jax and/or Psomagen, Inc. For 
Illumina short read data, SNVs and indels were called using the HaplotypeCaller (link) following 
the Genome Analysis Toolkit (GATK) best practices and executed through the Google genomics 
alpha pipeline. FASTQ files were processed into unmapped BAM files using the paired-fastq-to-
unmapped-bam workflow on the human GRCh38 build. Initial variant calling was performed 
using the PairedSingleSampleWf. The joint discovery was then executed using the 
JointGenotypingWf. Variants were filtered using the variant quality score recalibration (VQSR) 
with default filtering parameters. The structural variant calling was performed using the Manta 
algorithm (Version 1.6.0) and then standardised using the structural variant tool kit (SVTK). For 
the 10x Genomics linked-read data, the SNP and indel variants and the structural variants were 
called using the 10x Genomics LongRanger wgs (version 2.2) pipeline. Sequencing reads were 
aligned to the human GRCh38 build containing decoy contigs and subjected to variant calling 
and phasing. The GATK’s HaplotypeCaller mode was applied to call SNPs and Indels.  
Variants were also annotated using ANNOVAR (Wang et al., 2010) including the ClinVar 
database (version clinvar_20200316) to identify potential known pathogenic variants. 
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Additionally, all data were screened for loss of function variants (stop, frame-shift and splicing) 
in INDI project genes and specific variants of interest including APOE haplotype (rs429358 and 
rs7412), MAPT haplotype (rs1800547) and TMEM106B (rs3173615) genotype. Polygenic risk 
scores for AD and PD were calculated using PLINK (v1.9) with the weights of recent GWAS 
(Kunkle et al., 2019; Nalls et al., 2019). As a reference population for the polygenic risk score 
we used AD (Data-Field 131037), PD (Data-Field 131023) and controls (no known 
neurodegenerative disease, no parent with a known neurodegenerative disease and >=60 years 
old at recruitment) from the UK Biobank (application ID: 33601)(Bycroft et al., 2018).  
 
CRISPR/Cas9 genome editing 
Editing was performed on each iPSC subline by high-throughput engineering of a missense 
mutation (S38C) in exon 1 of the TIMP3 gene, using optimized conditions for homology-directed 
repair (HDR) (Skarnes et al., 2019).  
Cas9 sgRNA to TIMP3 (CCAGGAGCGCTTACCGATGT/CGG) was chemically synthesized with 
2’-O-methyl and 3’-phosphorothioate end modifications (Synthego CRISPRevolution sgRNA) 
and resuspended in TE buffer at a concentration of 4 µg/µl. RNP was formed by combining 
SpCas9 nuclease (HiFi V3, IDT) with sgRNA at a molar ratio of 1:4. A 100-nt single stranded 
oligo donor (ssODN) containing a G to C SNV was synthesized with HDR-optimized end 
modifications (Alt-R™ HDR Donor Oligo, IDT) and resuspended in DPBS-/- at a concentration 
of 200 pmol/µl. For high-throughput introduction of Cas9 RNP and ssODN into human iPS cells, 
8 wells were transfected using Amaxa nucleofection with P3 Primary Cell 4D-Nucleofector 16-
well Strips (Lonza). Each well contained a single-cell suspension of 1.6 x 105 cells in 20 µl of 
Primary Cell P3 buffer with supplement (Lonza) containing 2 µg Cas9, 1.6µg sgRNA, and 40 
pmol ssODN. Nucleofection was performed using Amaxa program CA-137. Immediately 
following electroporation, cells were distributed to wells of a Matrigel-coated 24-well plate 
containing StemFlex, RevitaCell, and 30 µM final Alt-R® HDR enhancer (IDT). Cells were 
incubated at 32°C for 3 days before transfer to 37°C. At 24h post-nucleofection, and every other 
day thereafter, the media was replaced with only StemFlex. Upon reaching near confluency, 
cells were single-cell-plated into Synthemax-coated 10cm dishes as described above. At Day 
10, 24 colonies per cell line were manually picked as described (Skarnes et al., 2019) and 
incubated in Matrigel-coated 96-well plates for 4-5 days before being frozen down. 
Crude cell lysates for each clone were prepared as described (Skarnes et al., 2019) and used to 
amplify a 896 bp genomic region containing the CRISPR target site. Sanger sequencing of 
purified PCR products was carried out by the Genome Technologies service at The Jackson 
Laboratory in Bar Harbor, Maine. Sequence traces were aligned and analysed using 
SeqManPro (https://www.dnastar.com/software/lasergene/molecular-biology/) and Synthego 
ICE (https://ice.synthego.com/).  
Two additional wells of each clone were lysed, pooled, and genomic DNA was purified using the 
96-well high-throughput DNeasy Blood and Tissue kit (Qiagen). Array-based genotyping was 
performed on the resulting genomic DNA.  
 
Genotyping array genotyping of subclones 
To assess the genomic fidelity of IPSC lines and subclones after editing, DNA was isolated and 
Illumina genotyping array was performed using the NeuroChip array and standard Illumina 
genotyping protocols (Blauwendraat et al., 2017). In total 185 subclones were successfully 
genotyped including at least 20 clones per included IPSC line. Genomic fidelity was assessed 
using two strategies: 1) comparison between genotyping array data and WGS data and 2) 
Assessment of genome wide B-allele frequency and Log R ratio values. For the comparison 
between genotyping array and WGS data, all data was merged using PLINK (v1.9) and only 
overlapping variants were kept. Potential genetic differences were identified using the --merge-
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mode 7 option in plink which reports mismatching non-missing calls between two datasets. 
Variants discordant in more than 33% of the genotyped clones were excluded due to high 
likelihood of being genotyping errors. Mismatching non-missing calls were plotted using R 
(v3.6.1) per chromosome and visually inspected for large clusters of discordant array genotypes 
and WGS. Genotyping array data was also assessed for large events based on the B-allele 
frequency and Log R ratio values. The B-allele frequency and Log R ratio values were 
downloaded from Illumina GenomeStudio and processed and plotted using the GWASTools 
package in R (v3.6.1) (Gogarten et al., 2012). GenCall score variant filtering thresholds of >0.4 
and >0.7 were used to filter out calls likely arising from genotyping errors.  
 
Comparative whole genome sequence analysis of KOLF2-C1 and KOLF2.1 
To retrieve the highly confident variants for KOLF2.1, the three variant sets originally discovered 
from its default variant calling pipeline was subjected to filtering to exclude those the did not 
pass the thresholds of PASS, QUAL >= 30, DP >= 10, QP >= 2.0, and MQ >= 40. After filtering, 
the variant sets were intersected to generate the 3,278,414 common variants (SNPs/Indels) of 
high confidence, illustrated in Figure 5B. The common variants were subjected to annotation 
and effect prediction using VEP. About 88.9% variants were SNVs (Figure 5). Of the coding 
variants, 54.4% were found to be synonymous, 43.4% were missense, and the remainder were 
LOF, splice site, or other types of variant (Figure 5). KOLF2.1 highly confident SNPs/Indels 
were compared to KOLF-C1 SNPs/Indels to exclude the possibility that it gained deleterious 
variants after editing (Figure 5B). The rare and deleterious coding genes that were unique to 
KOLF2.1 were predicted using VEP (gnomAD_NFE_AF < 0.001 and CADD_PHRED > 30). 
Clinical relevance and dosage sensitivity of the predicted deleterious variants was annotated 
through ClinGen (Rehm et al., 2015). 25 protein-coding SNPs/Indels were found in KOLF2.1 but 
not in KOLF2-C1 (Table S3B). However, none had minor allele frequencies less than 0.001 or a 
CADD score greater than 30, suggesting that KOLF2.1 didn’t gain deleterious mutations after 
genomic editing and passaging. Four rare and deleterious variants were found in both KOLF2.1 
and KOLF-C1, but were not classified as pathogenic (Table S3C).  
 
Transcription Factor-NGN2 differentiation into cortical neurons 
We expressed human NGN2 under a tetracycline-inducible promoter as previously described 
(Fernandopulle et al., 2018) using a PiggyBac system for delivery. iPSCs were transfected with 
PB-TO-hNGN2 vector in a 1:2 ratio (transposase:vector) using Lipofectamine Stem (Invitrogen), 
then selected after 72 hrs for 2 weeks with 8 µg/mL of puromycin (Sigma-Aldrich). 
iPSCs with a stably integrated human NGN2 were single-cell dissociated using Accutase 
(Thermo Scientific), plated 1.5 million onto a Matrigel (1:100, Corning) coated-6 well for 3 days 
with neuronal induction media (NIM: Knockout DMEM/F12, 1X N2 Supplement, 1X Non-
Essential Amino Acids, 1X Glutamax (all from Thermo Fisher Scientific), 10 µM Rock inhibitor Y-
27632 (SelleckChem) and 2 µg/mL Doxycycline (Sigma-Aldrich)). On day 3, 1.5x106 cells were 
replated onto a poly-L-ornithine (PLO, Sigma-Aldrich) coated-6 well for 14 days using Brainphys 
(Stem Cell Technologies) 1X B27 Supplement (Thermo Fisher Scientific), 10 ng/mL BDNF 
(PeproTech), 10 ng/mL NT3 (PeproTech), 1 µg/mL Laminin (R&D) and 2 µg/mL Doxycycline 
(Sigma-Aldrich). For neuronal maintenance, half of the media was changed every 2-3 days. 
      
Transcription Factor-based differentiation into hNIL-expressing Lower Motor Neurons 
Over-expression of NGN2-ISL1-LHX3 (hNIL) (Fernandopulle et al., 2018) was performed as 
described with a PiggyBac system for delivery. iPSCs were transfected with PB-TO-hNIL vector 
in a 1:2 ratio (transposase:vector) using Lipofectamine Stem (Invitrogen), then selected after 72 
hours for 2 weeks with 8 µg/mL of puromycin (Sigma-Aldrich). The iPSCs with a stably 
integrated human NIL under a tetracycline-inducible promoter were exposed to doxycycline in 
neuronal induction medium (NIM) The iPSCs with a stably integrated human NIL under a 
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tetracycline-inducible promoter were exposed to doxycycline in neuronal induction medium 
(NIM). Briefly, on day 0 the iPSCs were single-cell dissociated using Accutase (Thermo 
Scientific), plated 1.5 million onto a Matrigel (1:100, Corning) coated-10cm dish in Essential 8 
medium (Thermo Fisher Scientific) and 10µM Rock inhibitor Y-27632 (Selleck Chem), on day 1 
the media was changed with NIM: DMEM/F12, 1X N2, 1X Non-Essential Aino Acids, 1X 
Glutamax (all reagents were from Thermo Fisher Scientific), added 10µM Rock inhibitor Y-
27632, 2µg/ml Doxycycline (Selleck Chem) and 0.2 µM Compound E (Stem Cell Technologies).  
On day 3, 1 million cells were re-plated onto a poly-L-ornithine (PLO, Sigma-Aldrich)-15 µg/mL 
Laminin (R&D) coated-6 well in NIM with 10µM Rock inhibitor Y-27632 (SelleckChem), 2 µg/mL 
Doxycycline (Sigma-Aldrich), 0.2 µM Compound E (Stem Cell Technologies), 1 µg/mL Laminin 
(R&D) and 40 µM BrdU (Thermo Fisher Scientific). On day 4, the media was changed to NIM 
with 1X B27 Supplement (Thermo Fisher Scientific), 1X Culture One Supplement (Thermo 
Fisher Scientific), 1 µg/mL Laminin (R&D), 20 ng/mL BDNF (PeproTech), 20 ng/mL GDNF 
(PeproTech) and 10 ng/mL NT3 (PeproTech), on day 7, ½ of the media was changed. On day 
10, half of the media was changed with Neurobasal, 1X B27, 1X N2, 1X Culture One (all from 
Thermo Fisher Scientific), 40 ng/mL BDNF (PeproTech), 40 ng/mL GDNF (PeproTech), 20 
ng/mL NT3 (PeproTech), 1 µg/mL Laminin (R&D) and 2 µg/mL Doxycycline (Sigma-Aldrich). For 
neuronal maintenance, half media was changed every 2-3 days. 
                            
Directed differentiation to cortical and hypothalamic lineages 
Prior to differentiation, hiPSC cell lines were maintained in mTeSR1 on geltrex (1:100, Thermo 
Fisher Scientific) and passaged with EDTA (0.5 µM, pH 8.0, Thermo Fisher, 15575-020) at 60-
80% confluence. For each line, we confirmed that colonies had clearly defined borders and 
cultures lacked differentiated cells when viewed under a phase contrast microscope. Lines were 
passaged at least twice under these conditions before differentiation experiments were initiated, 
and lines were synchronised by adjusting split ratios so that the last passage was 3-4 days 
before plating for differentiation. For differentiation, hiPSC lines were dissociated to a single-cell 
suspension with TrypLE, counted, and plated onto coated plates. Cell lines were pooled for 
cortical differentiation, and grown separately for hypothalamic differentiation. For cortical and 
hypothalamic differentiation we followed published methods (Kirwan et al., 2017; Merkle et al., 
2015b).  
Briefly, dissociated hiPSCs were plated at 10,000 cells/cm2 into 6-well plates in the presence of 
10 µM ROCK inhibitor (Y-27632, Tocris Bioscience, Bristol, UK). Cortical and hypothalamic 
differentiation took place on a substrate of geltrex (1:100) in N2B27 media containing 500 ml 
Neurobasal-A (Thermo Fisher Scientific, cat. no 10888022), 500 ml DMEM/F12 with GlutaMAX 
(Thermo Fisher Scientific, cat. no 31331093), 10 ml Glutamax (Thermo Fisher Scientific, cat. no 
35050038), 10 ml sodium bicarbonate (Thermo Fisher Scientific, cat. no 25080-094), 5 ml MEM 
Nonessential Amino Acids (Thermo Fisher Scientific, cat. no 11140035), 1 ml 200 mM ascorbic 
acid (Sigma-Aldrich, cat. no A4403) 10 ml 100x penicillin-streptomycin (Thermo Fisher 
Scientific, cat. no. 15140122), 20 ml 50x B27 supplement (Thermo Fisher Scientific, cat. no 
17504044), 10 ml 100x N2 supplement (Thermo Fisher Scientific, cat. no 17502048). Patterning 
to forebrain progenitors in this medium was directed using 100 nM LDN-193189 (Stemgent, cat. 
no. 04-0074), 10 μM SB431542 (Sigma-Aldrich, cat. no. S4317), and 2 μM XAV939 (Stemgent, 
cat. no. 04-0046). The concentrations of these small molecules were adjusted over time as 
previously described (Kirwan et al., 2017), and for hypothalamic differentiation the small 
molecules SAG (Fisher Scientific, cat. no. 56-666-01MG) and purmorphamine (Calbiochem, cat. 
no. 540220) were each added to a final concentration of 1 μM from day 2-8 of differentiation. To 
assess the efficiency of differentiation and the identity of progenitors, cells were plated in a 
separate 48-well plate at 400,000 cells/well on day 11 and fixed for immunofluorescence assay 
on day 16. 
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Cell dissociation for single-cell RNA sequencing 
iNeurons and iLowerMotorneurons were washed once with PBS after 17 days of differentiation. 
The lines were then either differentiated in separate wells and pooled in a single tube at the end 
of differentiation, or the lines were pooled at the beginning of differentiation and were 
resuspended in 1x PBS-0.04% BSA (Jackson Immunoresearch) and washed 3 additional times 
with this solution after single-cell dissociation. Single-cell pellets were resuspended in 1x PBS-
0.04% BSA, counted using an automated cell counter (Countess II) and the concentration was 
adjusted to 1x106 cells/mL.   
 
Cortical and hypothalamic neurons were washed once with 1X DPBS (Thermo Fisher, 14190-
144) before adding TrypLE containing 20 units/ml of papain after 5 weeks of differentiation (34 
days for cortical and 37 days for hypothalamic). Cultures were incubated at 37°C until the cells 
physically detached from each other when viewed under a phase contrast microscope and 
could be readily dissociated with a P1000 pipette. Enzyme mix was aspirated and cells were 
dissociated with a P1000 in DMEM:F12 (Thermo Fisher Scientific, 10565-018) supplemented 
with 10 µM Rock inhibitor, 33 μg/ml DNase I (Worthington, LK003170), and 45 uM Actinomycin 
D to block dissociation-induced transcription. The resulting cell suspension for each separate 
well was passed through a 40 µm cell strainer and brought to 10 ml in the dissociation solution 
centrifuged at 160x g for 5 minutes. For cortical differentiations, each well was uniquely 
barcoded using cholesterol-modified MULTIseq oligonucleotides to facilitate cell pooling during 
droplet-based single-cell cDNA library preparation based on a published protocol (McGinnis et 
al., 2019). After two additional washes, cells were resuspended in 1x DPBS containing 0.04% 
BSA (Sigma, A0281) and washed 3 additional times in 1x DPBS containing 0.04% BSA. Single-
cell suspensions were counted using an automated cell counter (Countess II). 
 
Chromium 10x Genomics library and sequencing 
For iPSC, iNeurons, and iLowerMotorneurons, single-cell RNA sequencing was performed 
using Chromium Single Cell 3’ Reagent kit V3.1 (PN-1000128) and 25,000 cells per condition 
were loaded into the 10x Genomics chip G. For cortical and hypothalamic neurons, Single-cell 
suspensions were processed by the Chromium Controller (10x Genomics) using Chromium 
Single Cell 3’ Reagent Kit v3 (PN-1000075) according to the manufacturer's specifications. On 
average, 15,000 cells from each 10x reaction were directly loaded into one inlet of the 10x 
Genomics chip. Barcoded libraries were sequenced using the Illumina Novaseq 6000 (one lane 
per 10x chip position) with 75 bp paired-end reads to an average depth of approximately 50,000 
reads per cell. 
 
scRNA-seq data processing and quality control 
Raw sequencing libraries were processed using 10x Genomics’ Cell Ranger platform (version 
3.1). Reads were aligned and quantified to the 10x Genomics provided human reference 
genome (GRCh38, Ensembl 93). The samples were then grouped based on differentiation 
protocols and each group were processed independently in subsequent downstream analysis. 
Droplets containing captured cells were called using the emptyDrops function from the 
DropletUtils R package (Lun et al., 2019), using varying UMI threshold per differentiation 
protocol groups and an FDR of 0.001. Low quality cells and outlier cells were then filtered based 
on the total unique molecular identifier (UMI) content, number of detected features/genes and 
fraction of mitochondrial content. Cells were discarded if their UMI content is more than ± 3 
median absolute deviation (MAD) away from the median, or the detected features is more than 
± 3 MAD away from the median, or the fraction of mitochondrial content is higher than 3 MAD 
from median. Gene expression levels were normalized using the logNormCounts function from 
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the scran R package (Lun et al., 2016), with size factors estimated using the 
computeSizeFactors function. 
 
Doublet detection 
Doublet identification was done in two stages – at the individual sample level and across 
samples within the same differentiation protocol. First, doublets were detected at the individual 
sample level using the hybrid method (cxds_bcds_hybrid function with estNdbl parameter set to 
true) from the scds R package (Bais and Kostka, 2020). This is followed by identification of 
‘guilt-by-association’ doublets, where doublets were further identified if there is enrichment of 
scds’ hybrid-based doublets in the neighboring cells (number of neighbor = 3 for iPSC and 5 for 
other differentiations). Clustering was then performed on cells in each sample (see below), and 
this was repeated for each identified cluster to form smaller sub-clusters. Finally, cells were also 
classified as doublets if cells belong to sub-clusters containing more than 50% of Vireo-
identified or MULTI-seq-identified doublets. 
For doublet identification across samples within the same differentiation protocol, samples were 
first batch corrected (see below) into a single dataset per differentiation protocol, followed by 
two rounds of clustering to identify cell sub-clusters. Cells were classified as cross-sample 
doublets if they belonged to sub-clusters with an enriched fraction of per-sample doublets (>3 
MAD away from the median). Cells which were classified as either per-sample doublets, cross-
sample doublets, Vireo doublets or MULTIseq doublets were excluded from further downstream 
analysis. 
 
Batch correction and dimensionality reduction 
For each differentiation protocol, samples were combined into a single dataset and corrected for 
batch effect using the fastMNN function from Batchelor R package (Haghverdi et al., 2018) on 
the first 50 principal components computed from highly variable genes (HVG). HVG were 
selected by fitting the mean-variance curve on the normalized gene expression across all 
samples within a differentiation group with modelGeneVar from scran R package and filtering for 
genes which have higher variance than the fitted trend. Mitochondrial genes and ribosomal 
genes for large and small ribosomal subunits were excluded from mean-variance curve fitting as 
these genes have both high variance and expression. For visualization, Uniform Manifold 
Approximation and Projection (UMAP) two-dimensional embedding (McInnes et al., 2018) were 
calculated from the corrected principal component with the following settings: spread = 1 and 
minimum distance = 0.4. 
 
Clustering and annotation 
Cells were grouped into clusters for each differentiation protocol using the community detection-
based Louvain clustering method. Briefly, shared nearest-neighbor graphs were constructed 
from the 50 corrected principal components, followed by clustering using the Louvain method 
(cluster_louvain function) from the igraph R package (Nepusz, 2006). Each cluster was then 
manually annotated with cell type based on a list of curated markers (Table S6) and further 
assigned into one of four cell type groups for evaluating differentiation efficiency of each cell 
line. 
 
Cell line and replicate demultiplexing 
Cell line identity was inferred based on genotype information using 10x Genomics VarTrix and 
Vireo tools (Huang et al., 2019). Variant count matrices for captured cells were produced by 
VarTrix using aligned reads from Cell Ranger output and variants called from whole genome 
sequencing data (see above). Cell line identity for captured cells were then determined with 
Vireo using the variant count matrix and variant information. Only variants from 7 cell lines were 
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utilized for cell line demultiplexing as 2 cell lines (NN0003932 and NN0004297 – denoted as 
NN_combined) were derived from the same parental lines. 
Replicate demultiplexing of MULTI-seq labelled samples was performed using the deMULTIplex 
R package. Briefly, MULTI-seq barcode reads from captured cells were aligned to the MULTI-
seq barcodes used for labelling each sample, followed by read deduplication based on UMI and 
generation of MULTIseq barcode count matrix. Replicate classification was then performed on 
the barcode count matrix iteratively until there are no negative classified cells, followed by a 
negative-cell reclassification to recover incorrectly classified negative cells. Cells were assigned 
to cell cycle phases based on the expression of the G2/M and S phase markers (Tirosh et al., 
2016) using the CellCycleScoring function from Seurat R package (Hao et al., 2021).  
 
Immunofluorescence and imaging 
Cells were fixed in 4% paraformaldehyde for 10 min at room temperature and washed 3x in 
PBS. Afterwards, the cells were incubated in blocking solution composed of PBS, 0.2% Triton-X 
and 4% donkey serum for 1 hr at 4°C. Primary antibody, anti-FOXA2 (R&D Systems AF2400) 
and anti-Lmx1 (Merck Millipore, AB10533) were added 1:100 into blocking solution (PBS, 5 % 
donkey serum, 0.1 % Triton X10) and the cells were incubated for 2 hr at room temperature. 
Samples were washed in 3x blocking solution before the addition of 1:500 donkey anti-goat IgG 
secondary antibody, Alexa Fluor® 561 (Thermo Fisher Scientific, Waltham, USA) and 1:500 
donkey anti-goat IgG (H+L) secondary antibody, Alexa Fluor® 647 (Thermo Fisher Scientific) to 
the cells for 1 hr at room temperature. Samples were washed 3x in blocking solution and 1x in 
PBS. 1:1000 Hoechst 33342 (Invitrogen, Thermo Fisher Scientific) was added to the cells in 
PBS before imaging them. 
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Figure 1. Functional characterization of candidate cell lines. (A) Representative images of colony
morphology of the eight iPSC sub-lines on day 3 after replating. Scale bar indicates 100 µm. (B) Mean
and SEM (n=4) of the total number of cells 48h after plating 30,000 cells/well. (C) Mean and SEM (n=6) of
percent confluence at 0, 24 and 48 h after plating 30,000 cells/well. (D) UMAP projection of 2,270 iPSC
cells color-coded by cell sub-line. (E) Beeswarm plots showing expression of selected genes associated
with pluripotency (top row) or poor neuronal differentiation potential (bottom row). (F) A representative
image of the TP53 reporter assay assessing p53 function in KOLF2.1J (red) or TP53 knockout cells
(blue). Basal expression of the p53-responsive fluorescent reporter increases in the presence of the DNA
damaging agent doxorubicin. See also Figures S1-S3. 
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Figure 2. Genetic analyses of eight candidate iPSC lines. (A) The percentage of variant classes 
present in the eight candidate iPSC lines, grouped by their consequences on coding sequences. (B) The 
number of total variants and predicted rare deleterious variants identified in the 8 iPSC lines. (C) 
Polygenic risk scores for Alzheimer disease and Parkinson disease for the eight iPSC lines. The y-axis is 
the population-centered Z score distribution for the Parkinson's disease genetic risk score in 2995 
Parkinson's disease cases (orange) and 96,215 controls (blue) from the UK Biobank. The x-axis is the 
population centered Z score distribution for the Alzheimer's disease genetic risk score in 2337 Alzheimer's 
disease cases (also orange) and the same controls.  
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Figure 3. Mock-editing experiment on the 8 candidate lines. (A) Schematic of experiment, created 
with BioRender.com (B) The number of clones out of 24 expressing each possible genotype at the 
targeted SNV.  
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Figure 4. (A) Ideogram of chromosome 22 with the TIMP3 gene indicated by a red bar, using the UCSC 
Genome Browser. (B) Chr22 loss of heterozygosity (LOH) in TIMP3-edited subclones of KOLF2.1J. 
Subclones of KOLF2.1 after TIMP3 editing were genotyped using NeuroArray. TIMP3 is located on 
22q12.3. One homozygous subclone was found to have LOH from chr22q12.3-ter; a normal homozygous 
clone (KOLF2.1J-02) is shown for comparison. Upper plots show Log R ratio (LRR) for bead arrays where 
mean LRR=0 (red line) across the length of Chr22. Middle panels show B allele frequency for bi-allelic 
probes along the arrays showing loss of heterozygosity (LOH). Ideograms of chr22 are shown below each 
image for scale. (C) and (D) Chromosome 22 loss of heterozygosity (LOH) in TIMP3 edited subclones 
from the (C) NCRM1 and (D) PGP1 lines. Three subclones from three different parental lines after TIMP3 
editing were genotyped using NeuroArray and found to exhibit LOH from chr22q12.3-ter. Upper plots 
show Log R ratio (LRR) for bead arrays, where mean LRR=0 (red line) across the length of Chr22. Middle 
panels show B allele frequency for bi-allelic probes along the arrays showing loss of heterozygosity (LOH) 
from chr22.q12.3-ter. Ideograms of chr22 are shown below each image for scale. See also Figure S4. 
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Figure 5. Differentiation potential of candidate cell lines. A. Schematic of experimental design for four
differentiation protocols evaluated in this study: hypothalamus and cortical differentiation (growth factor-
based protocols), and hNGN2 and hNIL differentiation (transcription factor-based protocols). B and C.
UMAP plot for each differentiation colored by cell line (B) and cell type (C). Cell type classification is
derived from grouping each cluster into target neuron, neuron, neuroblast and progenitor/other categories
based on the cluster annotation (Figure S5). (D) Bar plot showing proportion of cells assigned to each cell
type per cell line. See also Figures S5 and S6. 
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Figure 6. Whole genome sequencing of KOLF2.1J and KOLF2-C1 parental line. (A) Flowchart of the 
discovery, filtering, annotations, and comparisons of SNP/indel variants in the ARID2-corrected KOLF2.1J 
and its parental line KOLF2-C1. Schematic created with Biorender.com (B) The intersection of the three 
SNP/indel variant call datasets from two Illumina short sequencing services (Psomagen and Jax) and one 
long-read linked sequencing platform (10x Genomics). (C) The genetic compositions of the variant 
classes (pie plot on left) and their effect on coding genes (right) for the 3.28 million SNP/indels identified 
as high confidence.  
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-

 
Figure 7. (A) Differentiation of KOLF2.1J into NGN2-expressing cortical neurons. Bright field images of 
KOLF2.1J-hNGN2 throughout differentiation. Scale bar indicates 100 µm (top). Time-course of a neuron 
transduced with cytosolic mScarlet to identify neurites. Scale bar is 50 µm (bottom). (B) KOLF2.1 
differentiated into NGN2-expressing cortical neurons and stained for Tuj1 (grey) and the cortical layer 2/3 
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markers Brn2 (green) or FoxG1 (red). Scale bar denotes 50 µm. (C) Mixed neuronal culture of cortical, 
striatal, and dopaminergic KOLF2.1J-derived neurons, co-cultured with primary human astrocytes. Cells 
immuno-positive for cTip2 (magenta), TBR2 (cyan), MAP2 (blue), and tyrosine hydroxylase (TH; red) 
were observed. DAPI stain is yellow. (D) Live organelle imaging of d21 KOLF2.1J differentiated into 
NGN2-expressing cortical neurons. Cells were stained for MAP2 (purple) and either expressed a 
mEmerald-mito plasmid (green, left) or were stained for LAMP1 (yellow, right) at d21. (E) Time-lapse 
images of KOLF2.1J cells differentiated into NGN2-expressing cortical neurons. Images were taken every 
1.96 seconds. Scale Bar 5µm (F) KOLF2.1J neurons show robust calcium influx upon repetitive 
stimulation. Representative example of a KOLF2.1J neuron during calcium imaging (top). Kymograph of 
traces of intracellular calcium (Fluo5-AM) levels upon repetitive electrical stimulation (blue bars) in 
KOLF2.1J. (G) KOLF2.1J cells stained for the pluripotency marker Nanog (top left), then cells were 
differentiated into skeletal myocytes as in (Chal et al., 2016). Pax3 staining at d15 indicates pre-myogenic 
progenitors (top right), myoD at d20 labels myoblasts (bottom left), and myogenin at d30 indicates 
myocytes (bottom right). Scale bar denotes 10 µm. (H) KOLF2.1J differentiated into cortical neurons 
using a dual SMAD protocol described in (Gantner et al., 2021). By d55 of differentiation, cultures 
displayed a dense network of postmitotic TUJ1+ (green) neurons that were predominantly of deep cortical 
layers, as indicated by the expression of CTIP2 (blue) and TBR1 (red). Scale bar denotes 150 µm. (I) 
KOLF2.1J iPSCs were differentiated into motor neurons using an inducible transgenic system. Beta-III-
tubulin (cell body/axons) and HB9 (nuclear) expression indicates cells that successfully differentiated by 
d10. Scale bar denotes 50 µm. (J) KOLF2.1J-derived motor neurons (d30) in microfluidic chambers live-
imaged via SiR-tubulin (green), differentiated to motor neurons. (K) iPSC-derived macrophages at d7 of 
differentiation. Differentiated cells express the myeloid marker ionized calcium-binding adapter molecule 
1 (IBA1) in KOLF2.1J-derived macrophages. Scale bar indicates 50 µm. (L) KOLF2.1J cells were 
differentiated into astrocytes and fixed at day 12 in astrocytic media. (M) KOLF2.1J iPSC-derived 
microglial precursors at d21 post-engraftment onto mouse organotypic brain slice cultures at low (left) or 
high (right) magnification. Scale bars denote 200 µm (left) or 20 µm (right). Cultures were immunostained 
for IBA1 (magenta) and STEM101 (green, against human nuclear protein Ku80). (N) KOLF2.1J 
differentiation towards ventral midbrain dopamine neurons (O) A d35 midbrain organoid section indicating 
NURR1-positive nuclei (brown). Scale bar 100µm (left). d100 midbrain organoid sections are depicted in 
center and right images. Dopaminergic (DA) neurons are indicated by tyrosine hydroxylase-positive 
staining (TH; center), and astrocytes are indicated by GFAP-positive staining (right) in brown. Scale bar 
50 µm. Unless indicated in the subpanel, nuclei are labeled in blue. See also Figure S7. 
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Supplemental Figures 
 

 
Figure S1. Flow cytometry sorting of pluripotency markers in each of the candidate cell lines. A. 
KOLF2.1J, B. KUCG3, C. LNGPI1, D. NCRM1, E. NCRM5, F. NN0003932, G. NN0004297, and H. 
PGP1. Related to Figure 1.  
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Figure S2. Transcriptomic characterization of candidate lines. A. Bar plot displaying the proportion of
the cell line assayed. B, C. UMAP plots of all iPSC cells faceted by cell line and colored by clusters
identified (B) and predicted cell cycle phase (C). D. UMAP plots of all iPSC cells coloured by expression
of selected pluripotency markers. Related to Figure 1. 
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Figure S3. p53 reporter assay assessing p53 function in each candidate cell line (red) or TP53 knockout 
cells (blue) in the presence of vehicle control (A) or the DNA damaging agent doxorubicin (B). Related to 
Figure 1.  
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Figure S4 Genomic fidelity of 8 candidate cell lines. (A) Pairwise comparisons of pi-hat (color scale)
between all parental lines from whole genome sequencing. Only the two lines from the same donor,
effectively clonal to each other, show high pi-hat values while the remaining lines show pi-hat values
similar to expected for unrelated samples of a given population. (B) Pairwise comparison of pi-hat (color
scale) from WGS for all parental lines on the vertical axis against subclones from array genotyping on the
y-axis. Note that all edited clones show high genomic fidelity to the parental line from which they were
derived. (C) Bar graph of the number of chr22 abnormalities observed in the edited candidate lines. (D)
Three subclones of KUCG3 after TIMP3 editing were genotyped using NeuroArray. Two subclones
(KUCG3-05 and KUCG3-07) were found to have duplication of chr12; a normal clone (KUCG3-01) is
shown for comparison. (E) Chromosome 20q duplication in two subclones of KUCG3 (KUCG3-09 and
KUCG3-17) after TIMP3 editing; a normal clone (KUCG3-01) is shown for comparison. Upper plots show
Log R ratio (LRR) for bead arrays where mean LRR=0 for the normal clone and LRR>1 for the abnormal
clones (red line). Middle panels show B allele frequency for bi-allelic probes along the arrays with
evidence of duplicated alleles across the chromosome. Ideograms of chr12 (D) or chr20 (E) are shown
below each image for scale. Related to Figure 4. 
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Figure S5. Cluster identity and marker expression across differentiation protocols. A-D. UMAP
plots for each of the four differentiation protocols evaluated in this study – hypothalamus (A), cortical (B),
hNGN2 (C) and hNIL (D) – colored by cluster identity. E-H. Beeswarm plots showing expression of
informative differentiation-specific curated markers for each of the four differentiation protocols;
hypothalamus (E), cortical (F), hNGN2 (G) and hNIL (H). Related to Figure 5. 
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Figure S6. Differentiation performance of candidate cell lines across replicates. A-D. Schematic of 
experimental replicate structure for the four differentiation protocols evaluated in this study. For 
hypothalamic differentiation, the differentiations were performed individually for each cell line with each 
line having two replicates (A); while for cortical differentiation, the differentiations were performed with all 
the lines pooled together by two different users, with each user having two replicates (B). In the hNGN2 
and hNIL differentiations, cells lines were differentiated both individually for each cell line (C, indicated as 
Combined in G and H) and with all lines pooled together after initial transcription factor induction at day 3 
(D, indicated as Pool in G and H), with each differentiation method having two replicates. E-H. Bar plots 
showing proportion of cells assigned to each cell type per replicate, faceted by cell line, for each of the 
four differentiation protocols – hypothalamus (E), cortical (F), hNGN2 (G) and hNIL (H). Lefthand 
schematics were created with Biorender.com. Related to Figure 5. 
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Figure S7. Additional KOLF2.1J use cases. (A) KOLF2.1J iPSCs differentiate into endoderm (SOX17-
positive, left), mesoderm (brachyury-positive, center), and ectoderm (nestin-positive, right) layer cells. 
Scale bar indicates 100 µm. (B) KOLF2.1J cells differentiated into cortical glutamatergic neurons. At 
d100, KOLF2.1J cells were positive for the upper-layer cortical marker Satb2 (magenta) and deep-layer 
cortical marker Ctip2 (green). Neuronal identity was confirmed by immunostaining for Tuj1 (red). Scale 
bar is 50 µm. (C) KOLF2.1J neurons differentiated to cortical neurons and immunostained for Tau DA9 
(green), synapsin (red), and MAP2 (gray; left), or to microglia and immunostained for Iba1 (green). Scale 
bar indicates 50 µm. (D) KOLF2.1J neurons differentiated to motor neurons and stained positively for 
SMI32 (red). Scale bar indicates 50 µm. (E) KOLF2.1J-derived midbrain dopaminergic neurons were 
triple-positive for TH (green), FOXA2 (red), and NURR1 (blue) at d28. Scale bar indicates 100 µm. 
Nuclear stains are in blue, unless denoted in the figure panel. Related to Figure 7.  
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