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SUMMARY
Translating genetic findings for neurodevelopmental and psychiatric disorders (NPDs) into actionable disease biologywould benefit from

large-scale and unbiased functional studies of NPD genes. Leveraging the cytosine base editing (CBE) system, we developed a pipeline for

clonal loss-of-function (LoF) allelemutagenesis in human induced pluripotent stem cells (hiPSCs) by introducing premature stop codons

(iSTOP) that lead to mRNA nonsense-mediated decay (NMD) or protein truncation.We tested the pipeline for 23 NPD genes on 3 hiPSC

lines and achieved highly reproducible, efficient iSTOP editing in 22 genes. Using RNA sequencing (RNA-seq), we confirmed their plu-

ripotency, absence of chromosomal abnormalities, and NMD. Despite high editing efficiency, three schizophrenia risk genes (SETD1A,

TRIO, andCUL1) only had heterozygous LoF alleles, suggesting their essential roles for cell growth.We found thatCUL1-LoF reduced neu-

rite branches and synaptic puncta density. This iSTOP pipeline enables a scaled and efficient LoF mutagenesis of NPD genes, yielding an

invaluable shareable resource.
INTRODUCTION

In the past decade, genome-wide association studies

(Schizophrenia Working Group of the Psychiatric Geno-

mics Consortium, 2014; Grove et al., 2019; Howard et al.,

2019; Meng et al., 2024; Mullins et al., 2021; Purcell

et al., 2009; Ripke et al., 2011, 2013; Shi et al., 2009; Stahl

et al., 2019; Stefansson et al., 2009; Trubetskoy et al.,

2022; Wray et al., 2018) and whole-exome sequencing

studies (Satterstrom et al., 2020; Singh et al., 2022) on neu-

rodevelopmental and psychiatric disorders (NPDs), such as

schizophrenia (SZ), autism spectrum disorder, bipolar dis-

order, and major depression, have identified a growing

number of risk genes. However, translating these exciting

genetic discoveries into translational actionable biology

has been impeded by our limited knowledge of gene func-

tion and related disease mechanisms. A bottleneck in the

field is that genes are often studied individually, slowing

the progress and posing potential bias in functional inter-

pretation. To overcome such limitations, the NIMH (Na-

tional Institute of Mental Health)-initiated SSPsyGene

(Scalable and Systematic Neurobiology of Psychiatric and

Neurodevelopmental Disorder Risk Genes) Consortium

(sspsygene.ucsc.edu) aims to functionally characterize the
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contribution of 150–250 NPD genes. The selected NPD

genes mostly have disease-associated rare protein-trun-

cating variants (PTVs) that likely cause gene loss of func-

tion (LoF) (Palmer et al., 2022; Satterstrom et al., 2020;

Singh et al., 2022) and have strong effect sizes (sspsygene.

ucsc.edu/resources), which will help interpret their indi-

vidual biological relevance and determine any convergent

or divergent biology across disorders. A large-scale, unbi-

ased, and parallel study of these NPD genes in disease-rele-

vant model systems will substantially deepen our under-

standing of the pathophysiology of NPDs.

Human induced pluripotent stem cells (hiPSCs) and their

derived neural cells empowered by CRISPR-mediated gene

editing provide promising cellular models for studying

NPD genes (De Los Angeles et al., 2021; Duan, 2023;

Michael Deans and Brennand, 2021; Muhtaseb and

Duan, 2022; Wang et al., 2020; Wen et al., 2016) and for

scaling up the assay. A ‘‘cell village’’ approach (Wells

et al., 2023) enables the co-culture of tens to hundreds of

hiPSC lines in a dish together, followed by assaying a spe-

cific cellular phenotype and being able to genetically infer

individual cell identity. Such cell village approach may be

combined with pooled screening using CRISPRi (Holtzman

and Gersbach, 2018) or CRISPRoff (Nunez et al., 2021) to
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scale up the number of targeted genes for LoF assay. While

an invaluable approach, the pooled CRISPR screening in

hiPSC-derived neural models is limited by cell line-specific

or LoF allele-specific unequal cellular growth, possible non-

autonomous effects, and restrictive phenotypes amenable

for screening.

CRISPR-Cas9 editing can be used to systematically create

small DNA insertions or deletions (indels) or exon deletions

in protein-coding regions through non-homologous end

joining repair of double-strand breaks (DSBs) (Ran et al.,

2013), resulting in protein-truncating mutations. Alterna-

tively, LoF mutation can be generated by using CRISPR-

based cytosine base editors (CBEs) to introduce premature

protein stop codons (i.e., nonsense mutations; an iSTOP

approach) that lead to mRNA nonsense-mediated decay

(NMD) and/or protein truncates (Billon et al., 2017;

Cuella-Martin et al., 2021; Hanna et al., 2021; Xu et al.,

2021). Compared to the traditional CRISPR-Cas9 gene edit-

ing system, the CBE makes ‘‘C’’ to ‘‘T’’ changes in DNAs

without creating cell-toxic DSBs as the Cas9 nuclease does

(Ran et al., 2013) and with minimized potential off-target

DNA editing (Billon et al., 2017; Cuella-Martin et al., 2021;

Hanna et al., 2021; Xu et al., 2021). Furthermore, compared

to theCRISPR-Cas9 editing-induced small indels thatmayor

maynotdisrupt aprotein sequence reading frame, aCBE can

precisely introduce a premature stop codon, which makes

the clonal LoF allelic confirmation more straightforward

and cost-effective in a scaled LoF mutagenesis workflow.

Finally, the CBE-engineered premature stop codon muta-

tions are more reminiscent of the rare patient-specific PTVs

or LoF mutations associated with NPD (Satterstrom et al.,

2020; Singh et al., 2022). Recently, a DNA base editing re-

porter gene system has been developed to enrich the edited

cells, thereby increasing thebaseediting efficiencyofa target

gene (Standage-Beier et al., 2019), including inhiPSCs (Tekel

et al., 2021).However, the use of aCBE in editinghiPSC lines

has been scarce (Sürün et al., 2020), and its usefulness in

developing a scaled and efficient clonal LoF mutagenesis in

hiPSCs has not been tested.

As part of the SSPsyGene Consortium, our Assay and

DataGenerationCenter for theModel of iPSC-derivedNeu-
Figure 1. Improved iSTOP base editing efficiency by enriching ce
(A) BFP cassette of the CBEmax_Enrich reporter vector. C to T chan
apolipoprotein B mRNA editing catalytic polypeptide-like, the base e
(B) High C to T editing efficiency of two iSTOP sgRNAs (iSTOP#1 on th
Left: the cell gating patterns of the dissociated single cells (transfec
(C) Improved C to T editing efficiency in hiPSCs for the same iSTOP
unintended by-standing C to T editing. Editing efficiency in (B) and (C)
DNA base composition under each sequencing trace peak.
(D) Target gene (APOE) expression knockdown in hiPSC lines homozy
and iSTOP2 sgRNAs. Two donor lines are shown, and the mRNA expre
N = 3 independent cell cultures. Data are presented as Mean±S.E.M.
rons for NPD (MiNND) aims to employ the CBE-based iS-

TOP approach to generate isogenic hiPSC lines carrying

LoF alleles for about 150–200NPD genes onmultiple donor

genetic backgrounds. Here, leveraging an improved re-

porter gene editing enrichment system that can substan-

tially increase the CBE iSTOP editing efficiency in hiPSCs,

we established a semi-automated pipeline for parallel and

efficient clonal LoFmutagenesis of a large number of genes.

We tested the workflow on 23 NPD genes with 3 donor

hiPSC lines (KOLF2.2J, CW20107, and MGS_CD14). We

obtained high and reproducible iSTOP editing efficiency

across all three hiPSC lines. We systematically character-

ized the engineered isogenic iSTOP hiPSC lines for pluripo-

tency, karyotyping, neuron differentiation capacity, and

the expected NMD and LoF.
RESULTS

The CBEmax DNA base-editing enriching system

substantially increases ‘‘C’’ to ‘‘T’’ editing in hiPSCs

A key for generating LoF alleles by using a CBE to introduce

premature stop codons (C to T changes; i.e., iSTOP

approach) (Billon et al., 2017; Popp and Maquat, 2016)

on a large scale is to have sufficiently high gene editing ef-

ficiency. Although DNA base editors have high SNP editing

efficiency (>50%) in some commonly used cell lines such as

HEK293 (Rees and Liu, 2018), hiPSCs are less tested. We

opted to employ a base editing reporter gene system to

enrich the gene-edited cells (Standage-Beier et al., 2019),

thereby increasing iSTOP editing efficiency of a target

gene in selected cells. In this CBE editing enriching system

(CBEmax_Enrich), a blue fluorescent protein (BFP) reporter

on the reporter plasmid pEF-BFP will turn into a functional

EGFP reporter when it is edited from CAC (H66) to TAC

(Y66) in cells co-transfected with pEF-AncBE4max and sin-

gle-guide RNAs (sgRNAs) (Figure 1A). We first individually

tested the two iSTOP sgRNAs (Table S1) that target the apoli-

poprotein E (APOE) gene in HEK293 cells. We transiently co-

transfected HEK293 cells with CBEmax_Enrich and sgRNA

construct, followed by fluorescence-activated cell sorting
lls with the reporter gene edited
ge turns BFP to EGFP in cells undergoing base editing. APOBEC,
diting enzyme.
e left and iSTOP#2 on the right) in HEK293 cells upon enrichment.
ted; upper) and the editing-enriched GFP+ cells (lower).
sgRNAs as in (B). Red arrow: intended C to T editing; black arrow:
was calculated by using EditR (Kluesner et al., 2018) that displayed

gous or heterozygous for the T allele after editing using the iSTOP1
ssion was quantified by qPCR and normalized to GAPDH expression.
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(FACS) to enrich GFP+ cells (i.e., with the reporter gene edi-

ted) for testing editing efficiency by Sanger sequencing

(Figure 1B). For each sgRNA, we found a substantial in-

crease in the target gene editing efficiency (C to T) in

FACS-sorted GFP+ cells compared to the transfected BFP+

cells (from 42% to 86% and from 29% to 81%, respectively)

(Figure 1B).

Next, we similarly tested for the iSTOP editing efficiency

in two hiPSC lines (Figure 1C) andwhether the introduced

iSTOP codons led to the expected NMD (i.e., LoF) (Fig-

ure 1D). For both iSTOP sgRNAs, we observed a robust in-

crease, although to a less extent than in HEK293, of the

target gene editing efficiency in FACS-sorted GFP+ cells

compared to the transfected BFP+ cells (from 24% to

66% and from 5% to 31%, respectively) (Figure 1C).

More importantly, as expected from the iSTOP-mediated

NMD of mRNAs, we found 86% and 98% of APOE expres-

sion reduction in hiPSC clones homozygous for iSTOP1

and iSTOP2, respectively, and �50% expression reduction

in hiPSC clones heterozygous for iSTOP mutations

(Figure 1D).

Taken together, these results show that the CBEmax_

Enrich system can significantly increase the iSTOP editing

efficiency, which enables us to generate LoF alleles on a

large scale by introducing premature stop codons.

A scalable workflow for efficiently deriving clonal LoF

alleles in hiPSCs using CBEmax_Enrich

Our goal is to develop an efficient pipeline that involves

single hiPSC cell sorting for deriving clonal LoF alleles of

hundreds of NPD genes in multiple hiPSC lines. To achieve

this goal, a key is to obtain a relatively high single hiPSC

clonal survival rate after FACS of the enriched GFP+ cells

(Figures 1B and 1C). It has been recently shown that the

CEPT small molecular cocktail can increase single hiPSC

cloning efficiency compared to ROCK inhibitor (Y-27632;

ROCK-I) (Tristan et al., 2023). We thus tested the perfor-

mance of CEPT by treating the hiPSCs with CEPT both dur-

ing CBEmax_Enrich transfection (for iSTOP sgRNAs of 4

genes) and the FACS sorting of single cells into 96-well

plates 48 h post-transfection. However, we observed a

very low single hiPSC clonal survivability (�5%) despite a

high editing efficiency (�70%) (Figures S1A and S1B).

Combining routine ROCK-I treatment of hiPSCs at trans-

fection with CEPT treatment during 48 h post-transfection

cell sorting gave us a much higher single hiPSC clonal sur-

vivability (�27%), and even higher survivability (�35%)

when we sorted cells 72 h post-transfection while main-

taining high gene editing efficiency (Figures S1A and S1B).

After these optimizations to achieve high gene editing ef-

ficiency and single hiPSC clonal survivability, we designed

a semi-automated pipeline for deriving clonal LoF alleles in

hiPSCs for 23 NPD genes for each batch (Figure 2A). Briefly,
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the CBEmax_Enrich vector, the reporter BFP plasmid, and

the sgRNA vector carrying the reporter sgRNA and a target-

ing sgRNA were transiently transfected into hiPSCs in a

24-well plate, eachwell with one of the 23 targeted LoFmu-

tations or a non-transfection (sgRNA)-control (NTC) for 1

donor hiPSC line. We then sorted out GFP+ cells that

were enriched for base editing and distributed 96 single

cells per gene/LoF in a 96-well plate. A handful of single

hiPSC colonies from each 96-well plate were further sub-

jected to Sanger sequencing to verify the C to T changes

(LoF allele). Then 2–3 hiPSC clones, preferably homozy-

gous for a LoF allele, were banked. The selected hiPSC

clones were also subjected to RNA sequencing (RNA-seq)

to confirm the absence of chromosomal abnormality by

eSNP-Karyotyping and pluripotency test. With this pipe-

line, we have generated LoF alleles, mostly homozygous,

for 22 of the 23 selected SSPsyGene Consortium-prioritized

NPD genes (no editing found for HERC1, Table S3),

including 9 (ARID1B, CACNA1G, CHD8, DLL1, GABRA1,

KMT2C, SCN2A, SHANK3, and SMARCC2) out of the 10

‘‘capstone genes’’ (genes prioritized by the SSPsyGene Con-

sortium to be tested for technical consistency across all

consortium sites) for which we could design sgRNAs, on

3 donor lines of European ancestry (KOLF2.2J, CW20107,

andMGS_CD14) (Figure 2B; Table S2). Our MiNND project

within the SSPsyGene Consortium aims to produce LoF al-

leles for about 150–200 NPD genes on 6 different hiPSC

lines. The derivation of many iSTOP LoF alleles enables

us to systematically evaluate the performance of iSTOP

base editing on hiPSCs and its efficiency in leading to LoF.

iSTOP CBE base editing in hiPSCs is efficient and

reproducible in different hiPSC lines

The performance of the CBE in hiPSCs, especially in the

context of the iSTOP design and with reporter gene editing

enrichment, has not been systematically evaluated. With

data from the iSTOP base editing of 23 genes across 3 donor

hiPSC lines (Figure 2; Table S3), we found, on average, the

post-editing single-cell clonal viability to be 35%–47% (Fig-

ure 3A) and the reporter gene editing efficiency to be 31%–

50% (Figure S1C). After reporter gene editing enrichment,

the average target gene editing efficiency was �60%, with

a strong correlation among different cell lines (Pearson’s

R = 0.91–0.95) (Figures 3B, S1D, and S1E), demonstrating

the highly efficient and reproducible iSTOP CBE editing

across all three hiPSC lines. About half of the genes showed

editing efficiency higher than 90%, and only 5 genes with

editing efficiency less than 10% (including the onewithout

editing) (Figure 3B). Despite the robust increase of target

gene editing efficiency after reporter gene editing enrich-

ment (Figure 1), there was a weak correlation between re-

porter gene editing efficiency and target gene editing

efficiency (Figure S1F), suggesting target gene editing
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Figure 2. The efficient iSTOP base editing pipeline introduces LoF alleles on a large scale
(A) The workflow that enables the iSTOP editing in batches of 24 (23 target genes +1 control). The hiPSC transfection was performed on a
24-well plate, followed by single hiPSC sorting, single clone expansion on a 96-well plate, clonal sequencing confirmation, and hiPSC
banking.
(B) Genes and hiPSC lines were used in the current study. Nine prioritized genes (capstone genes) by the SSPsyGene Consortium are listed
in the gray box. Other genes are those NPD risk genes selected by the SSPsyGene Consortium to have the strongest disease associations and
highest priorities for creating LoF alleles.
efficiency is predominately determined by gene-specific

sgRNA performance.

Overall, we obtained clonal hiPSC lines carrying putative

LoF alleles for 22 targeted genes (no editing found for

HERC1), of which 15 are homozygous (Figure 3B). We

found that although the genes with heterozygous LoF

alleles tended to have low editing efficiency (<10%)

(ANKRD11, KMT2C, GABRA1, and AKAP11), some had

high editing efficiency (SETD1A with 29%–38%, TRIO

with 46%–71%, andCUL1with 33%–50%) (Figure 3B), sug-

gesting that for some NPD genes homozygous LoF alleles

may have deleterious effects on hiPSC survival or growth.

It is noteworthy that all three genes (SETD1A, TRIO, and

CUL1) with only heterozygous LoF clones, despite their

relatively high editing efficiency, are top-ranking SZ risk

genes found by the SZ Exome Sequencing Meta-Analysis

(SCHEMA) Consortium to have rare and highly penetrant

SZ-associated PTVs (Singh et al., 2022). Of these genes,

TRIOwas found to initially have homozygous hiPSC clones

grown in the 96-well plate post sorting; however, only het-

erozygous clones (Figure 3C) were found to show sustained
normal hiPSC growth, which is consistent with the known

necessary role of TRIO for cell migration and growth (Dein-

hardt et al., 2011; Seipel et al., 1999).

The CBE-edited iSTOP hiPSC clones are pluripotent

and have minimal chromosomal abnormalities

Next, we characterized the selected iSTOP hiPSC clones for

stem cell pluripotency, chromosomal abnormalities, and

neuron differentiation capability. Immunofluorescence

staining of stem cell pluripotency markers (OCT4, SOX2,

and TRA-1-60) of the engineered hiPSC lines for 6 selected

LoF alleles confirmed their pluripotency (Figures 4A and

S2A). To further evaluate the pluripotency of all the

selected hiPSC LoF clones at the genomic and molecular

level, we carried out RNA-seq for each hiPSC clone and

used CellNet to quantify how closely the engineered hiPSC

populations transcriptionally resembled human embry-

onic stem cells (ESCs) compared to other non-ESC somatic

cells (Cahan et al., 2014). All hiPSC clones exhibited

high stemness scores (0.93–0.97) and no traces of other so-

matic cell types (Figures 4B, S2B, and S2C). With the same
Stem Cell Reports j Vol. 19 j 1489–1504 j October 8, 2024 1493
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Figure 3. High and reproducible C to T base editing efficiencies across genes and hiPSC lines
(A) High rate of single hiPSC clonal survivability after post-transfection cell sorting.
(B) High iSTOP LoF allele editing efficiency and reproducibility. The genotypes were confirmed by Sanger sequencing for the selected
individual hiPSC clones from each gene editing.
(C) Examples of Sanger sequencing traces to confirm LoF alleles of two genes, SCN2A (left) and TRIO (right), in all three hiPSC lines. The
shown sequencing traces are near the iSTOP-sgRNA region, with the PAM sequence highlighted in transparent yellow boxes and the
genotype of the LoF mutation site marked in red box.
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Figure 4. Characterization of isogenic base-edited hiPSC lines carrying iSTOP LoF alleles
(A) The iSTOP mutant lines were stained positive for pluripotent stem cell markers (OCT4, SOX2, and TRA-1-60). Scale bar: 50 mm.
(B) CellNet analysis of RNA-seq data of hiPSC lines confirmed their pluripotency. Pluripotency scores showed transcriptional similarity of
the edited iSTOP LoF hiPSC lines to ESC but not other non-ESC cell types. Only one batch of hiPSC lines is shown, and the data for the other
two batches are in Figure S2.

(legend continued on next page)
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RNA-seq data, we also confirmed the absence of large chro-

mosomal abnormalities due to base editing using eSNP-

Karyotyping (Weissbein et al., 2016; Zhang et al., 2023)

(Figures 4C and S3) by analyzing the moving average of

the allelic ratio of each expressed SNP along the genome

(left panel) and stretches of common SNP heterozygosity

on each chromosome for eachbatch of hiPSC lines. In total,

for the assayed 69 hiPSC lines of all three batches, eSNP-

Karyotyping identified only one hiPSC line from batch 3

(NTC line with barcode V4167) showing chromosomal ab-

normality on Chr12 (57759165–76048101 bp; hg38)

(Figure S3 andhttps://zenodo.org/records/11591445; Table

S4). Finally, we confirmed that all the selected iSTOP hiPSC

lines (n = 6) could be successfully induced into neurons

(MAP2+/Syn+) after Ngn2 transduction (Figure 4D).

Most iSTOP hiPSC lines show the expected mRNA or

protein reduction with the confirmation of SHANK3

LoF phenotype in Ngn2-induced neurons

Because we have employed the iSTOP approach to intro-

duce premature stop codons that are predicted to cause

NMD (Table S1), we first tested whether we could observe

the expected expression reduction for each NPD gene in

the engineered hiPSC lines using RNA-seq data. Compared

to the unedited cell line, the iSTOP lines for about 12 genes

showed partial or near-complete expression knockdown

(KD) (compared to the unedited line) as expected for

NMD (Figure 5A). Comparing the Z-scored expression

values (counts per million reads) of each gene in each iS-

TOP LoF hiPSC line for all three batches (Figure S4) showed

similar patterns of reduced gene expression of those 12

genes as in Figure 5A. The strongest expression KD was

observed for hiPSC lines homozygous for SCN2A, CHD8,

and CACNA1G iSTOP LoF alleles, exhibiting a 70%–90%

expression reduction. The lack of the expected NMD for

some genes may be due to possible cell type-specific

NMD regulation (Huang et al., 2011), incomplete mRNA

degradation, or inaccurate NMD prediction in sgRNA

design. Our qPCR further confirmed the incomplete

mRNA degradation or even increased mRNA production

(e.g., HCN4, SP4) for genes that did not show the expected

NMD in RNA-seq (Figure 5B).

Regardless of any detectable NMD from RNA-seq or

qPCR, we expected those premature stop codons at the first

half of a target gene would result in protein truncations

(i.e., the loss of full-length proteins). To confirm this hy-
(C) eSNP-Karyotyping showed no large chromosomal abnormalities. Le
the genome; right: stretches of homozygosity on each chromosome.
available at https://zenodo.org/records/11591445.
(D) Some selected iSTOP LoF hiPSC lines were successfully differentia
two different magnifications (203 and 633). Scale bar: 20 mm. NTC,
LoF allele and the cell line number (starting with ‘‘V’’) were listed.
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pothesis, we performed western blotting for 5 selected

genes that did not show the expected mRNA NMD

(CUL1, ANKRD11, SP4, RB1CC1, and ARID1B) (Figures 5A

and 5B) using cell lysates of their respective iSTOP hiPSC

lines (CUL1+/�, ANKRD11+/�, SP4�/�, RB1CC1�/�, and

ARID1B�/�) (Figure 5D). Here, we have included both ho-

mozygous and heterozygous lines to examine whether we

can observe the expected dosage-dependent LoF effect on

protein expression. We found that compared to the uned-

ited hiPSC line (NTC), all 5 LoF lines showed the expected

protein reduction based on their genotype, with heterozy-

gous LoF lines showing �50% decrease of the intact pro-

teins (CUL1 and ANKRD11). In contrast, homozygous

LoF lines exhibited near-complete KD (SP4, ARID1B, and

RB1CC1) (Figure 5D). To confirm whether the antibody

used for western blot targets the major transcript isoforms

that did not show the expected NMD of mRNA, we re-

analyzed the RNA-seq data using a pseudo-alignment-

based model (Kallisto) (Bray et al., 2016) to obtain isoform

expression in each hiPSC line (Table S5). We found that

each antibody targets all major isoforms that did not

show the expected NMD for each gene except for SP4, in

which the antibody targets only one major isoform (Fig-

ure S5; Table S5); however, the SP4 transcript isoform tar-

geted by the antibody accounts for�61%of the SP4 expres-

sion and also showed an increase of RNA expression in the

SP4 �/� line (Figures 5A and 5B). Thus, despite the absence

of the expected NMD for CUL1, ANKRD11, SP4, RB1CC1,

and ARID1B, the detected protein KD of these genes was

unlikely due to alternative isoforms not detected by an

antibody. All together, these results strongly suggest that

most LoF alleles engineered by our iSTOP base editing

approach effectively led to the expected gene expression

KD or complete abolishment of the gene expression, i.e.,

a LoF effect, at the protein level.

To further corroborate the LoF effect by the introduced

iSTOP mutation, we assessed whether we could replicate

the previously reported morphological phenotypes in

SHANK3-deficient human neurons (Yi et al., 2016). We

derived excitatory (Ex) and inhibitory (Inh)-induced neu-

rons by ectopic expression of the Ngn2 or Ascl1/Dlx2 tran-

scription factors (Halikere et al., 2020; McGowan et al.,

2018; Yang et al., 2017; Zhang et al., 2013) (see Methods)

fromthehiPSC lines that carryhomozygous iSTOPLoFallele

of SHANK3. We also included an edited hiPSC line that car-

ried the iSTOP LoF allele of CUL1, a strong SZ risk gene
ft: moving average of the allelic ratio of each expressed SNP along
An example of one hiPSC line is shown. Data for all the lines are

ted into excitatory neurons (Syn+/MAP2+). Images were taken with
non-transfected control line. In (A) and (C), the gene name for the

https://zenodo.org/records/11591445
https://zenodo.org/records/11591445
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(legend on next page)
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(Singh et al., 2022) that only had heterozygous clones (Fig-

ure 3B). With the co-cultures of Ex- and Inh neurons, we as-

sayed the neurite outgrowth, branches, and synaptic puncta

density of the tdTomato-labeled Ex neurons using high con-

tent imaging (HCI). The built-in neurite outgrowth module

on the ImageXpress system was used for cell segmentation

for assaying neurite outgrowth and branches (Figure S6A),

and a customized synaptic puncta module with binary

masks was used for assaying puncta density (Figure S6B).

Compared to the Ex neurons from the isogenic control

hiPSC line, the SHANK3 iSTOP LoF line showed�2/3 reduc-

tion of neurite outgrowth and branches but no significant

change of synaptic puncta (Synapsin1+) density (Figures 6

and S6), which are partially consistent with the reported

cellular phenotypes of SHANK3-haploinsufficiency in hu-

man neurons: SHANK3�/� neurons showed a reduction of

both neurite length/branches and synaptic puncta, while

SHANK3+/� neurons only showed a reduction of neurite

length/branches (Yi et al., 2016). For the SZ risk gene

CUL1, we observed a significant reduction of Ex neuronal

neurite outgrowth and branches by �60% as well as a

reduced synapticpuncta (Synapsin1+) densityby�40%(Fig-

ures 6 and S6). It is noteworthy that neuronswith Cul1 defi-

ciency exhibit severe dendrite pruning defects inDrosophila

(Wong et al., 2013), while small interfering RNA KD of Cul1

in rat hippocampal neurons increases synaptic F-actin but

decreases Synapsin1 (Falkovich et al., 2023).

To validate the observed neurite deficits (Figure 6) in a

sparse neuronal culture, we performed an independent

experiment with a lower cell density (Figures S6C and

S6D). We found that the patterns of the neurite

outgrowth/branch differences for CUL1 and SHANK3 LoF

lines (compared to NTC line) were overall similar between

‘‘higher’’ and ‘‘lower’’ density neuron groups (Figures S6C

and S6D). However, the phenotypes were less pronounced

in lower density cultures, highlighting the importance of

specific experimental conditions for detecting the dramatic

deficits observed in higher density cultures in HCI. Taken

together, our observed NMD of mRNA, protein expression

reduction, and neural phenotypic changes in the assayed

iSTOP hiPSC lines collectively suggest that most iSTOP
Figure 5. Characterization of NMD and LoF for iSTOP LoF hiPSC lin
(A) Heatmap of relative expression (Z-scored) of each mutant line (vs
million). The values in the diagonal boxes show the fold change of a
indicate those showing NMD.
(B) qPCR confirmation of the expression fold change in RNA-seq (vs.
(C) Strong correlation of expression fold changes (vs. NTC) between R
(D) Western blots showed the expected reduction of protein abundanc
(A) and (B). NTC, non-transfected control. Mouse brain protein extr
specific signals below 250 kDa, expected sizes for ARID1B, were appar
Each lane represents a cell lysate from 4 independent cell cultures of 2
Data are presented as: Mean±S.E.M.
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hiPSC lines for NPD genes are expected to show LoF effect

on protein expression.
DISCUSSION

Although CRISPR editing of individual NPD risk genes/vari-

ants in hiPSCs has been widely used in the past decade (De

Los Angeles et al., 2021; Duan, 2023; Michael Deans and

Brennand, 2021; Muhtaseb and Duan, 2022; Wang et al.,

2020; Wen et al., 2016; Zhang et al., 2020, 2023), a scaled

and efficient pipeline for clonal LoF mutagenesis in hiPSCs

has not been established. Our reported CBE iSTOP editing

workflow benefited from the improved gene editing effi-

ciency of the CBEmax_Enrich system, the precision of

iSTOP mutagenesis, the streamlined RNA-seq-based assays

for pluripotency, eSNP-Karyotyping, and iSTOP-mediated

NMD and/or LoF. These factors simplified the workflow

and made it more amenable for automation to increase

throughput while keeping the pipeline cost-effective. More-

over, because our pipeline only involved transient transfec-

tion of hiPSCs, the engineered iSTOP hiPSC lines were

genome-integration-free, as opposed to CRISPR pooled

screening that often entails hiPSC genome integration

with exogenous virus fragments that may confound down-

stream phenotypic assay readouts. The derived iSTOP hiPSC

lines carrying LoF alleles for the current list of 22 (out of 23)

edited genes on 3 donor hiPSC lines, and many more engi-

neered LoF hiPSC lines to be generated, will be an invaluable

sharable resource for the NPD genetics research community.

We observed high editing efficiency for most genes that

were highly reproducible across all three hiPSC lines, sug-

gestingCBE iSTOP performancewas not hiPSC line-specific

but rather mainly determined by sgRNAs. As expected,

genes with high editing efficiency tended to have more

clones homozygous for iSTOP LoF alleles. Interestingly,

for three strong SZ risk genes (SETD1A, CUL1, and TRIO)

identified by SCHEMA, we only obtained heterozygous

LoF hiPSC clones despite high editing efficiency, suggest-

ing the likely deleterious effect of LoF on stem cell survival.

Indeed, possible lethal effects of LoF of the three genes are
es
. NTC) using normalized RNA-seq expression value (CPM, count per
specific line with LoF mutation. The fold change values in red fonts

NTC).
NA-seq and qPCR data.
e for the LoF alleles of 5 selected genes that did not exhibit NMD in
acts were used as a positive control for each blot. Note that non-
ent in the blots; only the putative signal of ARID1B was quantified.
different passages (2 for each passage). The parent line is CW20107.



A

B

Figure 6. High-content imaging of excitatory and inhibitory neurons co-cultured with mouse glia for iSTOP LoF hiPSC lines
(A) Representative images of neural cultures with hiPSC-differentiated excitatory neurons labeled by tdTomato (red). Neurons were
stained for MAP2, SYN1, tdTomato, and DAPI. TdTomato and DAPI staining were used to quantify neurite growth/branches; tdTomato,
MAP2, and SYN1 staining were used to analyze synaptic puncta. Scale bar: 20 mm.
(B) Summarized imaging result for neurite outgrowth and branches and synaptic puncta (left to right) for SHANK3 (�/�) and CUL1 (+/�)
LoF alleles on donor hiPSC line CW20107. Each data point represents the measurement of an independent well of neuron culture on a
96-well plate; N = 8 wells. The upper limit of the horizontal line is 5%, and the lower limit is 95%; the box has three limites: 25%, 50% and
75%. All %s are fractions as defined by the Box and Whisker plot function in Prism 7.
supported by the existing body of literature: Setd1a, encod-

ing a histone methyltransferase, was found to be required

for embryonic and neural stem cell survival (Bledau et al.,

2014), and only heterozygous SETD1A-haploinsufficiency

hiPSC lines (Chong et al., 2022; Wang et al., 2022; West

et al., 2019) or mouse models (Mukai et al., 2019; Naga-

hama et al., 2020) have been reported for functional char-

acterization; CUL1 has E3 ubiquitin-protein ligase activity

and homozygous deletion of Cul1 in mice causes arrest
in early embryogenesis and embryonic lethality at E6.5

(Wang et al., 1999); and TRIO functions as a guanosine

diphosphate to guanosine triphosphate exchange factor

and is necessary for cell migration and growth (Deinhardt

et al., 2011; Seipel et al., 1999). It is noteworthy that highly

penetrant patient-specific PTVs in these NPD genes are all

heterozygous; thus, the obtained heterozygous LoF hiPSC

clones can be valuable for ascertaining more disease-rele-

vant cellular phenotypes.
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Our clonal LoF mutagenesis pipeline leverages the precise

control of the CBE iSTOP editing approach to introduce a

premature stop codon that is predicted to cause NMD of

mRNAs or lead to a protein truncation. However, only 12

out of the22editedNPDgenes showedpartial ornearly com-

pleteNMDinhiPSC.Other thanpossible inaccuracyofNMD

prediction, the lack of the expected NMD for some genes is

likely due to: (1) RNA-seq may have still detected partially

degraded mRNAs; (2) an intricate feedback network main-

tains both RNA surveillance and the homeostasis of normal

gene expression in mammalian cells (Huang et al., 2011);

and (3) some cells do escape NMD either by translational

readthrough at the premature stop codon or by a failure of

mRNA degradation after successful translation termination

(Sato and Singer, 2021). However, our western blotting anal-

ysis showed that most iSTOP mutations, even without

detectableNMD, likely led toLoFbyyieldinga truncatedpro-

tein too short to be detected. Although a truncated protein

mayarguablyhavenormal functionorevengainof function,

the sgRNA in our iSTOP design often targets the protein

N-terminal, thus more likely to show LoF. It is reassuring

that even for genes that do not show NMD (e.g., CUL1) or

even increased mRNA level (likely due to negative feedback

regulation, e.g., SP4) in hiPSCs, our western blotting showed

the expected protein expression KD, suggestingmost iSTOP

mutant alleles are likely to show LoF in neurons.

Among other limitations, our iSTOP design relies on

NMD or protein truncation to achieve LoF, where the

extent of LoF may not be as complete as obtained from

complete knockout (KO) using CRISPR-Cas9. However, a

complete gene KO may need multiple sgRNAs targeting

multiple genomic regions, which poses a challenge for

clonal LoF mutagenesis on a large scale and, more impor-

tantly, may cause large chromosomal arrangements. More-

over, although our scaled pipeline is suitable for studying

gene LoF, it may not apply to some patient-specific muta-

tions (or natural alleles) or copy-number variants that do

not involve C to T changes but are also important for

NPD. Furthermore, we acknowledge the limitation of our

eSNP-Karyotyping in its inability to detect indels of non-

coding regions or balanced translocations as well as its

low sensitivity for genes with low expression in hiPSCs,

which may leave some genetic lesions undetected in our

present study. Future G-band karyotyping or genome-

wide genotyping will provide a more comprehensive char-

acterization of different types of genomics abnormalities in

these hiPSC lines. Lastly, our clonal iSTOP LoFmutagenesis

pipeline may be complemented by pooled CRISPR

screening in combination with the rapidly evolving spatial

transcriptomics and phenotyping to ascertain LoF allelic ef-

fects at single-neuron resolution simultaneously. Albeit

limitations, our scaled and efficient clonal LoFmutagenesis

pipeline showed robust performance in generating easily
1500 Stem Cell Reports j Vol. 19 j 1489–1504 j October 8, 2024
sharable individual hiPSC lines carrying LoF alleles for a

large number of NPD genes. In addition to engineering

LoF alleles, the pipeline can be easily adopted for precise

SNP editing (C to T changes by CBE, and A to G changes

by adenine base editors [ABE]) in hiPSC for studying coding

or noncoding disease risk variants. The scaled LoF muta-

genesis pipeline thus empowers hiPSC as a promising

cellular model for understanding the disease biology of

NPD and other complex genetic disorders.
EXPERIMENTAL PROCEDURES

Methods

hiPSC lines and cell culture
CW20107 was from the California Institute for Regenerative Med-

icine. KOLF2.2J was an updated version of KOLF2.1J (Pantazis

et al., 2022) and is available at The Jackson Laboratory via special

request. The other hiPSC line (CD14) is specific to theMiNNDproj-

ect and is from the Duan lab (Shi et al., 2009; Zhang et al., 2020,

2023). CD14 was originally derived from the lymphocytes of a

healthy donor of the Molecular Genetics of Schizophrenia cohort

(Shi et al., 2009). Detailed information is in Table S2. The institu-

tional review board of NorthShore University HealthSystem

approved the study.

Gene selection and iSTOP base editing design
The reported 23 geneswere part of the�250NPD genes selected by

SSPsyGene Consortium (sspsygene.ucsc.edu). For designing iSTOP

sgRNAs, the iSTOP web tool was used (Billon et al., 2017).

iSTOP base editing pipeline

The LoF mutagenesis was performed in batches, each containing

23 genes and an NTC on a 24-well plate format. The sorted single

cells were cultured on a 96-well plate for Sanger sequencing

genotyping.

hiPSC characterization

LoF mutant lines were characterized for stem cell pluripotency by

both immunofluorescence staining and by using CellNet analysis

of RNA-seq data (Cahan et al., 2014). For chromosomal abnormal-

ity, we used eSNP-Karyotyping (Weissbein et al., 2016) as described

(Zhang et al., 2020, 2023).

Neuron differentiation from hiPSCs

We used the two commonly used methods: NGN2 + rtTA for excit-

atory neuron differentiation (Zhang et al., 2013) and ASCL1 +

DLX2 + rtTA for inhibitory neuron differentiation (Yang et al.,

2017).

Neuron morphological characterization

The neurons were imaged using Molecular Devices’ (San Jose, CA)

ImageXpress Micro Confocal High-Content Imaging System. The

neurite phenotypes were analyzed using the built-in module. We

used a customized synaptic assay module to assay synapse density.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents

should be directed to andwill be fulfilled by the lead contact, Jubao

Duan (jduan@uchicago.edu).

https://sspsygene.ucsc.edu
mailto:jduan@uchicago.edu


Materials availability

The hiPSC lines will be made available as part of the SSPsyGene

Consortium to fulfill the NIMH (National Institute of Mental

Health) material/data-sharing commitment.

Data and code availability

All the reported data and code used during analysis, including the

full hiPSC eSNP-Karyotyping results are deposited at https://doi.

org/10.5281/zenodo.13273149. The RNA-seq data’s GEO acces-

sion number is GSE262442.
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