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Abstract 

Autism Spectrum Disorder (ASD) is a genetically heterogeneous neurodevelopmental condition 

driven by rare de novo variants, copy number variations, and polygenic risk. SFARI-curated genes 

show high mutational constraint and enriched expression in cortical neurons and glia. This review 

highlights recent advances in CRISPR-based functional genomics using human pluripotent stem cells 

and induced pluripotent stem cells differentiated into neural progenitors, excitatory and inhibitory 

neurons, astrocytes, microglia, and brain organoids. CRISPR modalities including knockouts, 

CRISPRi and CRISPRa, base and prime editing, and Cas13 enable pooled and arrayed screens with 

high coverage at low multiplicity of infection. Integration of multimodal readouts such as Perturb-

seq, single-cell and spatial transcriptomics, proximity labeling proteomics, and functional assays 

including microelectrode arrays and calcium imaging provides system-level insights into ASD gene 

function. Computational frameworks like MIMOSCA and SCEPTRE facilitate network 

reconstruction and pseudo-time inference. Case studies reveal Wnt and BAF complex dysregulation, 

microglial pruning deficits, and non-cell autonomous effects. Translational approaches target haplo-

insufficient genes such as CHD8 and SCN2A using AAV or antisense oligonucleotides supported by 

isogenic iPSC models. Remaining challenges include model immaturity and scalability, while future 

directions focus on spatial perturb-omics, AI-driven causal inference, and standardized biobanks for 

precision ASD therapeutics. 

Keywords: CRISPR-Perturbomics; hPSC-derived neural models; Autism Spectrum Disorder (ASD); 

functional genomics; single-cell multiomics 

 

Introduction 

Autism Spectrum Disorder (ASD) is a complex and heterogeneous neurodevelopmental 

condition characterized by persistent deficits in social communication and restrictive, repetitive 

behaviors [1]. Clinical presentation varies widely, ranging from individuals with mild impairments 

who achieve independence to those requiring lifelong support due to profound cognitive and 
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adaptive deficits. ASD affects roughly 1–2% of the global population, with recent estimates indicating 

a prevalence of 1 in 31 children aged 8 years in the U.S. [2]. This increase reflects improved diagnostic 

criteria, greater awareness, and potentially environmental contributions, although diagnostic 

expansion accounts for a substantial proportion of the observed trend. In the U.S., prevalence is 

estimated at 1 in 31 among 8-year-olds (2022 cohort)[3];. ASD is diagnosed approximately four times 

more often in males than females, highlighting sex-specific vulnerability. The disorder is profoundly 

heterogeneous, encompassing a wide spectrum of cognitive abilities, language skills, and 

neurological comorbidities, including intellectual disability (~30–50% of cases), epilepsy (~20–30%), 

and anxiety disorders [4,5]. Heterogeneity extends to brain cell types and developmental stages, with 

excitatory neurons, interneurons, and glia affected in distinct ways. The term “the autisms” is 

increasingly used to capture this phenotypic diversity. Lifelong support is often required for daily 

living, and the cumulative personal and economic costs are substantial: lifetime costs for an 

individual with ASD can exceed $2.4 million in the U.S. [6], driven by healthcare, education, and lost 

productivity. Annual costs per child may exceed $17,000, with a disproportionate burden on schools 

and families. Worldwide, ASD prevalence is estimated at ~1 in 100 individuals [7]. 

ASD exhibits high heritability, with estimates ranging from 50% to 90% based on twin studies, 

showing 60–90% concordance in monozygotic twins versus 0–30% in dizygotic pairs [8]. Hundreds 

of ASD-associated genes and variants have been identified, yet traditional genetic approaches alone 

are insufficient to explain the full spectrum of disease. Many identified variants are classified as 

Variants of Unknown Significance (VUS), representing up to 80% of exome sequencing findings. The 

functional relevance of these variants cannot be inferred reliably without experimental assays [9]. The 

genetic landscape of ASD is further complicated by pleiotropy, wherein single genes, such as CHD2, 

CHD8, or SHANK3, influence multiple biological pathways and phenotypes. Pleiotropic effects 

extend beyond neurodevelopment to non-brain-limited mechanisms, including tubulin regulation, 

cell cycle progression, DNA damage, and sex-specific traits. This complexity interacts with 

phenomena such as the “female protective effect,” where females may require a higher genetic load 

to manifest ASD [10]. Cell-type specificity adds another layer of complexity: ASD genes show 

preferential expression in specific neuronal and glial populations at particular developmental 

windows [11]. For instance, upper-layer cortical excitatory neurons are implicated in social deficits, 

whereas oligodendrocyte anomalies contribute to myelination defects. Transcriptomic and single-cell 

studies underscore that ASD pathology manifests in a cell-context-dependent manner, complicating 

the translation of genotype to phenotype. Constraint metrics, such as pLI >0.9 from population 

datasets (gnomAD v4), highlight loss-of-function intolerance in ~20% of ASD genes, yet these 

resources do not account for dynamic, context-dependent effects [12]. The genetic architecture 

comprises rare de novo variants, inherited risk alleles, copy number variants (CNVs), and polygenic 

contributions, with loci such as 16p11.2 showing variable penetrance; approximately 20–30% ASD 

diagnosis among carriers, encompassing a wide NDD spectrum [13], further emphasizing 

heterogeneity. Environmental modifiers, including maternal immune activation, may epigenetically 

influence gene expression, creating an interplay between genetics and environment [14]. 

Given these complexities—VUS, pleiotropy, genetic heterogeneity, and cell-type specificity—

systematic functional genomics is essential to map causal relationships between genes, cell types, and 

phenotypes [15]. High-throughput experimental frameworks enable controlled perturbation of 

candidate genes in relevant cell systems, allowing scalable evaluation of gene function. Curated gene 

databases, such as the Simons Foundation Autism Research Initiative (SFARI) Gene resource, 

categorize approximately 1,200 ASD-associated genes across evidence tiers, from syndromic 

(Category S) to suggestive (Category 3) [16]. These curated lists provide a rational basis for 

prioritizing genes in functional screens. Functional assays must account for diverse mechanisms: 

some genes are haploinsufficient, others are influenced by regulatory elements or CNVs. Genetic 

association alone is insufficient; experimental validation through cellular models is required to 

interpret the pathogenicity of ASD variants. 
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Recent technological advances in CRISPR gene-editing and human pluripotent stem cell (hPSC) 

platforms provide an unprecedented opportunity to trace the causal chain from variant to mechanism 

[17]. hPSCs, either embryonic (hESCs) or induced (iPSCs) from patients, can be differentiated into 

relevant neural cell types, including neurons, astrocytes, microglia, and oligodendrocytes. CRISPR 

tools—nucleases, base editors, prime editors, CRISPRi/a—allow precise perturbation of genes or 

individual mutations within their endogenous genomic context. By generating libraries of hPSC-

derived cells with targeted knockouts or specific edits across multiple ASD genes, researchers can 

systematically assay cellular phenotypes, including transcriptomic, epigenomic, proteomic, and 

functional endpoints. For example, CRISPRi knockdown of high-confidence ASD genes in cortical 

neurons has revealed downregulation of synapse-related transcripts and reductions in excitatory 

synapses, implicating roles in synaptogenesis [18]. Organoid systems replicate aspects of early 

corticogenesis, including progenitor proliferation, neuronal migration, and laminar organization, 

offering human-specific models that overcome limitations of animal systems. Pooled perturbation 

screens, such as Perturb-seq, link genetic edits to single-cell transcriptomes, enabling network-level 

analysis. Anchored examples of pooled organoid screening, such as CHOOSE [19], highlight the 

ability to interrogate genetic perturbations at scale. Vascularized organoids address maturation and 

necrosis limitations, while AI-based trajectory inference predicts variant effects across development. 

These platforms allow interrogation of high-risk genes (SFARI categories 1–3) and have revealed 

convergent mechanisms, such as defects in neuronal protein quality control, despite diverse 

upstream genetic perturbations. This convergence supports a shift from “gene hunting” to pathway 

discovery, offering more tractable therapeutic targets than individual gene interventions. 

ASD imposes substantial societal and economic burdens. In 2021, an estimated 61.8 million 

individuals were autistic worldwide, making ASD a leading contributor to non-fatal health burdens 

among youth [20]. The lifetime cost of care ranges from $1.4 to $2.4 million per individual, with 

special education representing the largest contributor to non-healthcare expenditures [21]. Families 

face chronic stress, higher rates of mental health challenges, and limited support infrastructure [22]. 

Effective early interventions, such as applied behavior analysis, speech therapy, and occupational 

therapy, are resource-intensive yet variably efficacious, emphasizing the need for mechanistic 

insights to guide personalized therapeutic strategies. 

ASD is therefore a genetically and phenotypically heterogeneous condition with profound 

societal, economic, and personal consequences. Variants of unknown significance, pleiotropy, cell-

type specificity, and environmental modifiers challenge the translation of genetic findings into 

mechanistic understanding. Systematic functional genomics using CRISPR and hPSC platforms 

bridges this gap, enabling causal mapping from gene to cell type to phenotype to mechanism [23]. 

These approaches facilitate the identification of convergent pathways, offering a rational framework 

for targeted interventions and personalized medicine, while also informing early diagnosis, support 

strategies, and resource allocation. 

2. Autism Genetics Primer 

2.1. Rare De Novo Variants, Inherited Risk, CNVs, and Common Polygenic Risk 

Recurrent CNVs such as 16p11.2 deletions/duplications and 22q11.2 deletions are well-

established ASD risk factors. For example, the 16p11.2 CNV, affecting 29 genes, is associated with 

head size anomalies and occurs in ~1–2% of cases [23]. Importantly, 16p11.2 demonstrates variable 

penetrance; approximately 20–30% of carriers receive an ASD diagnosis, encompassing a wide 

neurodevelopmental disorder (NDD) spectrum [23]. De novo variants often contribute 

disproportionately to severe ASD cases, particularly those with intellectual disability, due to strong 

purifying selection. 

Inherited rare variants, including private missense or protein-truncating mutations, contribute 

particularly in multiplex families or consanguineous populations (~10% of cases) [24]. These variants 

generally exhibit lower penetrance compared to de novo mutations, yet their additive effects can 

influence risk in the context of other genetic factors. 
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Common variants, predominantly single nucleotide polymorphisms (SNPs), individually have 

small effects but collectively explain a substantial portion of ASD heritability (~20%) [25]. Polygenic 

risk scores (PRS) indicate that individuals in the top decile of PRS have an ~3-fold increase in ASD 

risk. Notably, rare de novo and common polygenic variants are not mutually exclusive; the 

combination of a high-impact de novo mutation and elevated polygenic risk can modulate penetrance 

and phenotypic severity (“double-hit” model) [26]. 

ASD impacts approximately 1–2% worldwide, with a prevalence of 1 in 31 among 8-year-olds 

in the US (2022 cohort) [27]. Global prevalence is estimated at ~1 in 100 children [17]. As illustrated 

in Figure 1, the schematic overview depicts the functional genomics pipeline for ASD gene discovery, 

detailing the workflow from gene prioritization to mechanistic inference and potential therapeutic 

insights. 

 

Figure 1. Functional genomics pipeline for ASD gene discovery. Schematic overview of a pooled CRISPR 

screening workflow in hPSC-derived neural models. Modules (from left to right) include gene prioritization 

(SFARI, WGS, GWAS), sgRNA library design (KO, CRISPRa/i), hPSC differentiation (neurons, glia, organoids), 

pooled perturbation screens, multimodal phenotyping (transcriptomics, electrophysiology, imaging), and 

mechanistic inference. Arrows indicate the flow from genetic perturbation to therapeutic insight. 

2.2. High-Confidence vs Candidate ASD Genes 

To systematically prioritize genes for functional studies, the Simons Foundation Autism 

Research Initiative (SFARI) maintains a gene scoring system based on the strength of evidence linking 

genes to ASD [28]. SFARI categorizes genes into four main groups as depicted in Table 1. 

Table 1. SFARI gene categories and examples of ASD-associated genes. 

SFARI Category Description Example Genes 

Syndromic (S) 
Monogenic syndromes featuring ASD (often 

with ID, seizures, etc.) 

FMR1, TSC2, MECP2, 

PTEN 
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1 (High 

Confidence) 
Strong evidence (≥3 de novo LoF mutations) 

CHD8, SCN2A, 

SYNGAP1, ADNP 

2 (Strong 

Candidate) 

Moderate evidence (e.g. ≥2 de novo LoF or 

replicated association) 

GRIN2B, CTNND2, 

ANK2 

3 (Suggestive) 
Preliminary evidence (e.g. single de novo LoF 

or small studies) 
CHRNA7, RAI1, DSCAM 

Tiered functional genomics approaches use these categories: Tier 1 often includes Category S 

and 1 genes (with high constraint metrics, pLI >0.9), while Tiers 2–3 incorporate categories 2–3 genes 

with relevant developmental expression. A comprehensive list of SFARI autism risk genes is 

presented in Table 2, including their SFARI category, genetic constraint metrics (pLI score), 

developmental brain expression patterns, and associated phenotypes. 

Table 2. Comprehensive Overview of SFARI Autism Risk Genes with Genetic Constraint, Developmental 

Expression, and Associated Phenotypes. 

Gene 
SFARI 

Category 

pLI Score 

(gnomAD 

v4.0) 

Constraint 

Metric 

(o/e) 

Developmental 

Brain Expression 

Pattern 

Associated 

Phenotypes 

FMR1 Syndromic 0.99 0.10 

Widely expressed 

in neurons; early 

development 

Fragile X 

syndrome, 

intellectual 

disability, 

seizures 

TSC2 Syndromic 0.99 0.08 

Neuronal 

progenitors; 

cortical regions 

Tuberous 

sclerosis 

complex, 

epilepsy, ID 

MECP2 Syndromic 0.98 0.09 

Methyl-CpG 

binding; glia and 

neurons 

Rett syndrome, 

regression 

PTEN Syndromic 0.98 0.07 

High in early 

cortical 

progenitors 

Macrocephaly, 

ASD, tumor 

susceptibility 

CHD8 
1 (High 

Confidence) 
1.00 0.05 

High in prenatal 

cortex; excitatory 

neurons 

Macrocephaly, 

intellectual 

disability 

SHANK3 1 1.00 0.08 
Synaptic regions; 

postnatal peaks 

Phelan-

McDermid 

syndrome, 

social deficits 
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SCN2A 1 0.99 0.12 

Neuronal ion 

channels; early 

development 

Epilepsy, severe 

ASD 

ARID1B 1 1.00 0.04 

Chromatin 

remodeling; 

progenitors 

Coffin-Siris 

syndrome, 

growth delays 

SYNGAP1 1 1.00 0.06 

Synaptic 

plasticity; 

excitatory neurons 

Epilepsy, 

intellectual 

disability 

ADNP 1 1.00 0.03 
Chromatin; 

neural progenitors 

Helsmoortel-

Van der Aa 

syndrome 

GRIN2B 
2 (Strong 

Candidate) 
0.99 0.11 

Glutamate 

receptors; 

synapses 

West syndrome, 

seizures 

CTNND2 2 0.97 0.17 

Neuronal 

adhesion; cortical 

layers 

Intellectual 

disability, ASD 

ANK2 2 0.98 0.13 
Cytoskeleton; 

excitatory neurons 

ASD, cardiac 

arrhythmias 

FOXP1 2 0.98 0.15 
Transcription; 

cortical layers 

Language 

impairments, 

motor delays 

TCF4 2 0.97 0.18 

Neuronal 

differentiation; 

interneurons 

Pitt-Hopkins 

syndrome, 

hypotonia 

CHRNA7 
3 

(Suggestive) 
0.96 0.20 

Cholinergic 

neurons; 

hippocampus 

Seizures, 

cognitive 

impairment 

RAI1 3 0.95 0.22 

Chromatin 

regulator; multiple 

brain regions 

Smith-Magenis 

syndrome, 

behavioral 

issues 

DSCAM 3 0.94 0.25 
Axon guidance; 

cortical layers 

Down 

syndrome-

related 

phenotypes 
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2.3. Functional Annotation and Population Resources 

Prioritization of autism spectrum disorder (ASD) risk genes can be strengthened through the 

integration of population genetics data, gene constraint metrics, and developmental expression 

profiles. Population genetics resources such as gnomAD (v4.0, 2024) provide allele frequency 

information and constraint parameters including the probability of loss-of-function intolerance (pLI), 

loss-of-function observed/expected upper bound fraction (LOEUF), and observed/expected (o/e) 

ratios. Genes exhibiting high pLI scores or low o/e values (for example, CHD8 and SCN2A, with 

SCN2A displaying an o/e of 0.12) are generally considered haploinsufficient, indicating that 

disruptive mutations in these loci are likely to be deleterious [29]. Clinical variant repositories such 

as ClinVar further contribute pathogenicity annotations, which assist in filtering out common benign 

variants; however, coverage of ASD-associated genes within ClinVar remains limited, necessitating 

integration with functional evidence to ensure robust gene prioritization [30]. In parallel, 

developmental expression atlases such as BrainSpan and the Allen Brain Atlas enable the mapping 

of spatiotemporal gene expression patterns. Notably, ASD risk genes are enriched in the mid-

gestational cortex, particularly within neural progenitors, deep-layer excitatory neurons, and specific 

interneuron populations. Single-cell transcriptomic studies corroborate this cell-type specificity, 

further implicating synaptic and chromatin regulatory networks in ASD pathogenesis [31]. 

2.4. Challenges in ASD Genetics 

Autism spectrum disorder (ASD) research is challenged by several inherent complexities that 

complicate gene discovery and mechanistic understanding. A major factor is genetic heterogeneity, 

as hundreds to thousands of genes contribute to ASD risk, with each accounting for only a small 

proportion of cases. Consequently, traditional recurrence-based genetic approaches have limited 

statistical power when mutations are largely unique across individuals [32]. Variable penetrance 

further complicates interpretation, as not all carriers of pathogenic variants manifest ASD 

phenotypes; for instance, 22q11.2 deletions demonstrate approximately 50% penetrance. Such 

outcomes are strongly influenced by polygenic background and environmental modifiers, 

underscoring the context-dependent nature of phenotypic expression [33]. Pleiotropy also represents 

a key challenge, as single genes frequently contribute to multiple neurodevelopmental disorders. For 

example, mutations in SCN2A have been associated with ASD, epilepsy, and intellectual disability, 

while SHANK3 variants are implicated in both ASD and schizophrenia [34]. Moreover, cell-type 

specificity plays an important role, as ASD risk genes may exert distinct effects across neuronal and 

glial subpopulations, necessitating high-resolution models to delineate pathogenic mechanisms. 

Epistasis and broader genetic interactions further complicate analyses, as network-level effects can 

modulate the impact of individual variants, requiring integrative frameworks that combine genetic, 

transcriptomic, and functional datasets [35]. Finally, inference from polygenic additive models has 

been shown to amplify the contribution of rare variants and provide explanatory power for 

phenotypic heterogeneity. In this context, functional genomics combined with artificial intelligence 

(AI)-driven integration of polygenic risk scores (PRS) offers promise for early risk prediction and the 

development of tailored therapeutic interventions. 

3. Human Stem Cell Platforms for ASD Functional Genomics 

3.1. Human Pluripotent Stem Cell Types: hESCs vs iPSCs 

Human pluripotent stem cells (hPSCs) comprise both human embryonic stem cells (hESCs) and 

induced pluripotent stem cells (iPSCs), each with unique characteristics that make them suitable for 

modeling neurodevelopmental disorders such as autism spectrum disorder (ASD) [36]. Table 3 

compares the main features of hESCs and iPSCs. hESCs are derived from early embryos and exhibit 

“naïve” pluripotency, are genetically stable, and can be expanded robustly over long-term culture. 

They provide a uniform baseline and are ideal as reference lines, but their use is limited by ethical 

considerations, regulatory constraints, and restricted availability of lines with specific patient 
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genotypes [36]. Furthermore, hESCs may not perfectly capture genetic diversity and are associated 

with potential immune mismatch if used for therapeutic applications. 

Table 3. Comparative Features of hESCs and iPSCs. 

Aspect hESCs iPSCs Notes 

Source Surplus embryos 
Patient fibroblasts / 

somatic cells 
Defines origin 

Genetic 

Background 

Limited diversity; 

allogenic 

Patient-specific; captures 

variants 

Impacts disease 

modeling 

Reprogramming 

Artifacts 
None 

Epigenetic memory; 

somatic mutations 
Only in iPSCs 

Ethical Concerns Embryo destruction 
Minimal; informed 

consent 
Critical for approval 

Expansion 

Potential 

High; stable 

karyotype 

High; clonal instability 

possible 
Affects scale-up 

Differentiation 

Efficiency 

Consistent across 

lines 

Variable; donor-

dependent 

Important for 

reproducibility 

Disease Modeling 

Requires genome 

editing (e.g., 

CRISPR) 

Direct from patients; 

idiopathic conditions 

(e.g., ASD) 

Relevance to patient-

specific studies 

Immune 

Compatibility 
Allogenic mismatch Autologous potential Consider for therapy 

Cost / Accessibility Restricted access 
Widely available; 

biobanks 
Affects practical use 

In contrast, iPSCs are reprogrammed from adult somatic cells, such as fibroblasts or blood, and 

retain the donor’s genetic background, including disease-associated variants. This makes iPSCs 

particularly valuable for generating patient-specific models and isogenic controls, allowing direct 

investigation of the causal effects of genetic variants. iPSCs circumvent the ethical concerns associated 

with embryonic material and enable the study of personalized disease mechanisms. However, the 

reprogramming process can introduce genetic and epigenetic variability, including clonal 

differences, aneuploidy, and residual epigenetic memory, which may influence differentiation 

outcomes and introduce experimental noise. Despite these limitations, both hESCs and iPSCs are 

amenable to genome engineering, such as CRISPR–Cas9-mediated gene editing, and the choice 

between them depends largely on whether uniform reference lines or patient-specific insights are 

desired. 

3.2. Differentiation Endpoints: Neural Lineages 

A critical strength of hPSCs is their capacity to differentiate into diverse central nervous system 

lineages, enabling the study of ASD-relevant biology in the most pertinent cell types  [37]. Neural 

progenitor cells (NPCs) represent multipotent early precursors expressing markers such as SOX2 and 

PAX6. NPCs can be expanded extensively, providing a scalable platform for high-throughput 

screening, but they represent an early developmental stage and are primarily suited for probing 

proliferation or cell fate decisions. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 November 2025 doi:10.20944/preprints202511.1997.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.1997.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 45 

 

Excitatory glutamatergic neurons, typically generated through dual-SMAD inhibition combined 

with WNT pathway modulation, express markers such as TBR1, VGLUT, and CTIP2, form synapses 

in vitro, and display spontaneous activity over several weeks. These neurons are highly relevant for 

ASD studies because many disease-associated genes are enriched in excitatory cortical neurons, 

although full maturation may take months and cultures often retain fetal-like characteristics. 

Inhibitory interneurons, patterned with SHH agonists to mimic medial ganglionic eminence 

development, express GAD67, DLX2, and subtype-specific markers such as somatostatin and 

parvalbumin. These interneurons are essential for investigating excitation–inhibition balance, a key 

feature in ASD pathology, but achieving homogeneous and fully mature populations is technically 

challenging. 

Astrocytes arise from extended NPC differentiation or directed protocols using BMP and FGF 

signaling, express GFAP and S100β, and contribute to synapse formation, neurotransmitter recycling, 

and non-cell-autonomous effects on neuronal function. 

Microglia, derived from yolk sac-like myeloid progenitors using cytokines such as IL-34 and 

GM-CSF, express IBA1 and P2RY12 and play crucial roles in synaptic pruning and 

neuroinflammation, processes increasingly recognized in ASD [38]. Because microglia originate from 

a different embryonic lineage, they are generated separately and co-cultured with neurons or 

organoids to study neuro–immune interactions. 

Oligodendrocytes, the myelinating glia expressing OLIG2 and MBP, require prolonged 

differentiation protocols and are implicated in neural wiring and connectivity relevant to ASD. 

Although their inclusion in CRISPR screens is limited due to slow differentiation, organoids can give 

rise to oligodendrocytes during extended culture periods. Collectively, these differentiated cell types 

enable multifaceted modeling of ASD, reflecting both cell-autonomous and non-cell-autonomous 

contributions to neural development. 

3.3. Three-Dimensional Models 

Three-dimensional brain models extend the utility of hPSC-derived cultures by recapitulating 

cellular architecture, multicellularity, and early neural circuit formation. Brain organoids are self-

organizing structures that form layered arrangements of progenitors, neurons, astrocytes, and 

sometimes oligodendrocytes. They allow investigation of cortical development, disease modeling, 

and patient-specific phenotypes [39]. 

Regional patterning using morphogens permits the generation of organoids representing 

specific brain regions, such as the cortex, hippocampus, or midbrain, producing more homogeneous 

cell populations. Recent advances have led to the creation of assembloids, formed by fusing region-

specific organoids, which facilitate modeling of inter-regional neuronal migration and long-range 

circuit connectivity, such as dorsal cortical interneuron migration from ventral forebrain regions. 

Multi-region brain organoids (MRBOs; defined here as fused assemblies of three or more patterned 

organoids) further integrate multiple brain regions and may include vascular or microglial 

components, enabling the study of non-cell-autonomous effects, circuit-level pathology, and 

interactions between distinct neural subtypes [40]. 

Vascularized organoids, achieved through co-culture with endothelial cells or in vivo 

engraftment, improve nutrient and oxygen delivery, enhance maturation, and can recapitulate 

rudimentary blood–brain barrier function. Despite these innovations, limitations persist: organoids 

are typically restricted to fetal-like development, lack full cortical folding, and exhibit batch-to-batch 

variability [41]. To mitigate these, best practice now includes documenting seed dimensions, media 

lot numbers, extracellular matrix (ECM) lot identifiers, and rotation velocity [19]. 

Recent engineering approaches, including spinning bioreactors and microfabricated scaffolds, 

have reduced variability, while single-cell genomics has mapped the diversity of progenitors, 

excitatory and inhibitory neurons, astrocytes, and other cell types. Patient-derived organoids with 

mutations in genes such as CHD8 or 16p11.2 demonstrate phenotypes including over-proliferation 

and synaptic deficits, illustrating their utility for studying ASD pathology [42]. 
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3.4. Co-Culture Systems and Microphysiological Platforms 

To accurately model the brain’s complex cellular environment, hPSC-derived neurons are 

frequently co-cultured with astrocytes, oligodendrocytes, or microglia. These systems recapitulate 

critical cell–cell interactions, including neuro–immune communication, synaptic pruning, and glial 

support for neuronal maturation [43]. 

Microfluidic platforms and microphysiological systems enhance these co-culture setups by 

providing compartmentalization, controlled connectivity via microchannels, and fluid perfusion that 

mimics shear stress and dynamic nutrient delivery. Blood–brain barrier chips incorporate endothelial 

cells, pericytes, and astrocytes in tubular flow chambers, modeling vascular interactions, while multi-

organ chips and neurovascular organoids allow the study of neuroinflammation in a more 

physiologically relevant context [44]. 

Emerging approaches also highlight dual-barcode co-culture Perturb-seq methods, which 

distinguish between cell-autonomous and non-cell-autonomous influences, such as microglial 

pruning versus neuronal response [45]. Collectively, these advanced platforms provide a bridge 

between traditional 2D cultures and in vivo systems, facilitating mechanistic studies of multi-cellular 

interactions relevant to ASD [46]. 

3.5. Practical Considerations 

Working with hPSC-derived neural models requires meticulous attention to batch effects, 

maturation stage, reproducibility, and scalability. Variability between iPSC clones, passages, or 

donors can influence differentiation efficiency and gene expression, and extended culture may 

introduce drift or altered phenotypes [47]. Neural maturation is critical, as hPSC-derived neurons 

remain developmentally immature relative to adult tissue, with synaptic density, ion channel 

expression, and network activity evolving over weeks to months. 

Strategies to mitigate variability include using multiple clones, standardized protocols, 

cryopreservation of NPCs at defined stages, and the application of electrical stimulation to accelerate 

maturation [48]. Scaling experiments, particularly pooled CRISPR screens, demands large numbers 

of cells to maintain library representation; pooled designs require ≥500× coverage, and Perturb-seq 

requires ~100–200 cells/guide for robust power [49]. Transduction should occur at the NPC stage with 

MOI < 1 to ensure representation. 

Additional considerations include randomizing guides across variations, adjusting with 

Harmony or MNN, and incorporating biological replicates [49]. Confirming karyotype and TP53 

status is essential due to p53-dependent toxicity induced by DSBs; ribonucleoprotein (RNP) delivery 

with brief exposure, or the use of base/prime editors, reduces genomic instability [50]. 

Employing robust experimental designs with isogenic validation strategies (e.g., knockout plus 

cDNA rescue or CRISPRa) ensures causality [49]. Automated platforms such as liquid handlers and 

bioreactors facilitate high-throughput production. 

Hybrid approaches are now being explored: for example, spatially resolved CRISPR screens in 

organoids to map genotype–phenotype interactions with respect to tissue structure [51]. Likewise, 

assay triage strategies can streamline workflows, beginning with pooled (viability/FACS), followed 

by multi-electrode arrays (MEA) for network outputs, and culminating in organoid-based or spatial 

platforms when structure is central. 

Collectively, iPSC-derived MRBOs represent a powerful platform for capturing ASD 

heterogeneity, revealing non-cell-autonomous phenomena such as microglial pruning deficits, while 

limitations in cellular maturity suggest that hybrid approaches involving in vivo engraftment may be 

necessary for full validation [52]. A summary of the different human stem cell models, culture 

systems, and brain organoid platforms, along with their key features, cellular complexity, functional 

readouts, applications, and limitations, is provided in Table 4. 
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Table 4. Overview of Human Stem Cell Models, Culture Systems, and Brain Organoid Platforms. 

Model / 

System 

Key 

Features / 

Cell Types 

Cellular 

Comple

xity 

Structural 

Fidelity 

Functional 

Readouts 

Applications 

/ Pros 

Limitation

s / Cons 

hESCs 

(Embryonic 

Stem Cells) 

Naïve 

pluripoten

t stem cells 

from 

embryos 

Single-

cell 

pluripot

ent 

Minimal 

Differentiati

on potential; 

lineage 

tracing 

Highly 

pluripotent, 

uniform; 

stable 

karyotype; 

high 

expansion 

potential 

Limited 

lines; 

ethical 

concerns 

(embryo 

destruction

); immune 

mismatch 

iPSCs 

(Induced 

Pluripotent 

Stem Cells) 

Reprogra

mmed 

adult 

somatic 

cells; 

patient 

genotype 

Single-

cell 

pluripot

ent 

Minimal 

Differentiati

on potential; 

disease 

modeling 

Patient-

specific; 

scalable; 

autologous 

potential; 

widely 

available 

from 

biobanks 

Variability 

from 

reprogram

ming; 

epigenetic 

memory; 

donor-

dependent 

differentiat

ion 

efficiency 

Neural 

Progenitor 

Cells 

(NPCs) 

Expandabl

e neural 

precursors 

(SOX2+, 

PAX6+) 

Early 

neural 

lineage 

Minimal 

Proliferation, 

differentiatio

n assays 

Easily 

amplified; 

suitable for 

high-

throughput 

screening 

Lacks 

mature 

neuronal/g

lial 

functions 

Cortical 

Excitatory 

Neurons 

Glutamate

rgic 

neurons 

(TBR1+, 

VGLUT+) 

Post-

mitotic 

neurons 

Minimal to 

2D 

networks 

Electrophysi

ology, 

synapse 

assays 

Model 

cortical 

synapses; 

relevant to 

ASD 

Require 

weeks to 

mature; 

fetal-like 

features 

GABAergic 

Inhibitory 

Neurons 

Interneuro

ns 

(GAD67+, 

Post-

mitotic 

neurons 

Minimal to 

2D 

networks 

Electrophysi

ology, 

migration 

assays 

Study E/I 

balance and 

migration 

Complex 

induction 

(SHH 

patterning)
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PVALB/SS

T) 

; long 

maturation 

Astrocytes 

Glial cells 

(GFAP+, 

S100β+) 

Glia Minimal 

Support 

synaptogene

sis, calcium 

signaling 

Support 

neurons and 

synapse 

formation; 

study cell-cell 

interactions 

Require 

prolonged 

culture 

Microglia 

Brain 

macropha

ges 

(IBA1+, 

TMEM119

+) 

Myeloid

-lineage 

glia 

Minimal 

Cytokine 

release, 

migration, 

synaptic 

pruning 

Model 

neuroinflam

mation; study 

microglia-

neuron 

interactions 

Separate 

differentiat

ion 

needed; no 

endogenou

s myeloid 

cells unless 

co-cultured 

Oligodendr

ocytes 

Myelinatin

g glia 

(MBP+, 

OLIG2+) 

Glia Minimal 
Myelination 

assays 

Study 

myelination 

dynamics 

Differentiat

ion is very 

slow 

(months) 

2D 

Monolayer 

Culture 

Neurons, 

astrocytes, 

glia 

Low Minimal 

Single-cell 

imaging, 

electrophysi

ology, 

bulk/scRNA-

seq 

Cost-

effective, 

scalable; 

suitable for 

high-

throughput 

screens 

Lacks 

tissue 

architectur

e; limited 

to cell-

autonomou

s effects 

3D Brain 

Organoids 

Self-

organizing 

3D tissues 

with 

neurons 

and glia 

Multipl

e cell 

types 

Recapitula

tes early 

developme

nt and 

cytoarchite

cture 

Gene 

expression, 

morphology, 

development

al trajectory 

Models in 

vivo 

complexity; 

bridges 2D 

culture and in 

vivo brain 

Diffusion 

limits; lack 

vasculariza

tion; 

limited 

long-term 

maturation 

Assembloid

s / MRBO 

Fused 

region-

specific 

organoids 

Multipl

e cell 

types, 

multipl

Models 

inter-

regional 

Electrophysi

ology, 

connectivity, 

Model non-

cell-

autonomous 

effects and 

High 

technical 

difficulty; 

costly; 
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(e.g., 

cortex + 

subpalliu

m) 

e 

regions 

connectivit

y 

gene 

expression 

circuit 

pathology 

limited 

long-term 

stability 

Vascularize

d Organoids 

Organoids 

plus 

endothelia

l cells or 

implanted 

vasculatur

e 

Multipl

e cell 

types 

Enhanced 

structural 

fidelity 

with 

vasculatur

e 

Long-term 

viability, 

nutrient 

diffusion 

Improved 

nutrient 

supply; 

prolonged 

longevity 

Difficult to 

reproduce 

uniform 

vasculature 

Microfluidic 

Co-culture 

2–3 cell 

types (e.g., 

neurons + 

microglia) 

Low to 

moderat

e 

N/A 

Microglial 

migration, 

inflammator

y signaling, 

cytokine 

release 

Enables 

controlled 

study of 

neuro-

immune 

crosstalk 

Does not 

model 3D 

architectur

e; limited 

to specific 

interaction

s 

4. The CRISPR Toolbox: Modalities and Deliverables 

4.1. CRISPR-Cas Modalities and Their Application in ASD 

The CRISPR-Cas system has evolved into a versatile toolkit capable of interrogating the genetic 

and epigenetic complexity of disorders like autism spectrum disorder (ASD). Each modality offers 

distinct strengths for modeling loss-of-function, hypomorphic, gain-of-function, or precise variant 

effects. Table 5 provides an overview of CRISPR-Cas modalities employed for modeling genetic and 

epigenetic perturbations in Autism Spectrum Disorder (ASD), detailing their mechanisms, types of 

perturbations, library design strategies, relevant ASD use cases, and the respective advantages and 

limitations of each approach. Figure 2 provides a comparative overview of CRISPR-based 

approaches—including CRISPR-KO, CRISPRi, CRISPRa, and base/prime editing—highlighting their 

mechanisms, gene-level effects, and example applications in ASD research. 

Table 5. CRISPR-Cas modalities for modeling genetic and epigenetic perturbations in Autism Spectrum 

Disorder (ASD). 

Modality 
Mechanis

m 

Perturbation 

Type 

Library 

Design 

ASD Use 

Cases 

Advanta

ges 

Disadvant

ages 

CRISPR-

KO 

(Nuclease

-based 

editing) 

Cas9 

nuclease 

induces 

DSBs 

repaired 

by NHEJ, 

Complete 

loss-of-

function 

sgRNA 

libraries 

targeting 

coding exons 

Modeling 

high-

penetrance 

LGD 

variants 

(e.g., CHD8) 

Robust 

LoF 

phenotyp

es, 

simple 

Potential 

lethality 

for 

essential 

genes; 

p53/DSB 
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introducin

g indels 

design, 

scalable 

toxicity; 

mosaicism 

CRISPRi 

(Interfere

nce) 

dCas9-

KRAB 

represses 

transcripti

on 

Tunable 

hypomorph 

(partial 

knockdown) 

Promoter-

proximal 

sgRNA 

libraries 

Modeling 

dosage-

sensitive or 

toxic LoF 

(e.g., 

SCN2A 

variants) 

Non-

lethal, 

reversible

, dose-

depende

nt effects 

Variable 

repression 

efficiency; 

off-target 

chromatin 

effects 

CRISPRa 

(Activatio

n) 

dCas9 

fused to 

activators 

(VP64-

p65-Rta) 

upregulate

s 

transcripti

on 

Gain-of-

function / 

compensation 

Promoter-

proximal 

sgRNA 

libraries 

Rescue of 

haploinsuffi

cient genes; 

modeling 

GoF 

variants 

Endogen

ous 

regulatio

n, rescue 

strategies 

feasible 

Limited to 

genes with 

accessible 

promoters; 

variable 

activation 

strength 

Base 

Editors 

(CBE/AB

E) 

Cas9 

nickase + 

deaminase 

mediates 

targeted 

base 

conversion 

(C→T or 

A→G) 

Single-

nucleotide 

substitution 

sgRNA 

libraries with 

editable 

PAM-

proximal 

sites 

Missense or 

nonsense 

variants 

(e.g., 

SHANK3) 

Precise, 

efficient 

point 

mutation

s; avoids 

DSBs 

Window 

and PAM 

constraints

; bystander 

edits 

Prime 

Editors 

Cas9 

nickase + 

RT + 

pegRNA 

enables 

programm

able 

substitutio

ns, small 

indels 

Any base 

substitution, 

small indel 

pegRNA 

libraries with 

optimized 

design (nick-

to-edit 

distance, PBS 

length) 

Patient-

specific 

VUS 

modeling; 

fine-tuned 

variant 

editing 

Broad 

editing 

scope; 

reduced 

mosaicis

m 

Lower 

efficiency; 

complex 

design; 

delivery 

challenges 
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Epigeneti

c Editors 

dCas9 

fused to 

epigenetic 

modifiers 

(e.g., 

DNMT3A, 

LSD1, 

p300) 

Reversible 

transcriptiona

l 

silencing/acti

vation 

sgRNA 

libraries 

targeting 

promoters, 

enhancers, 

non-coding 

elements 

Modeling 

imprinting 

defects, 

non-coding 

variants 

Reversibl

e, non-

genome-

disruptiv

e; 

context-

specific 

modulati

on 

Epigenetic 

changes 

may be 

unstable; 

off-target 

chromatin 

remodelin

g 

RNA 

Editors 

(Cas13-

based) 

Cas13 

targets 

RNA; with 

ADAR 

fusion 

mediates 

A→I 

editing 

Transcript 

knockdown 

or RNA 

editing 

sgRNA 

libraries 

targeting 

mRNA/trans

cripts 

Transient 

knockdown 

or 

reversible 

editing in 

ASD genes 

No DNA 

modificat

ion; 

reversible

; RNA-

level 

precision 

Transient 

effects; off-

target 

RNA 

cleavage; 

delivery 

limits 

 

Figure 2. Comparative overview of CRISPR modalities for ASD functional genomics. Comparison of CRISPR-

KO, CRISPRi, CRISPRa, and base/prime editing platforms in neuronal models. Each panel depicts the 

mechanism of action, gene-level perturbation, and example ASD-relevant applications. The central table 

summarizes key attributes, including perturbation type, library format, typical use cases, and modality-specific 

advantages and limitations. 

4.1.1. Nuclease-Based Editing (CRISPR-KO) 

The foundational approach, CRISPR knockout (CRISPR-KO), employs a Cas9 nuclease guided 

by a single-guide RNA (sgRNA) to induce double-strand breaks (DSBs) [53]. The cell’s error-prone 

non-homologous end joining (NHEJ) repair pathway typically introduces small insertions or 

deletions (indels), resulting in frameshift mutations and complete loss-of-function alleles. CRISPR-

KO is particularly suited for modeling high-penetrance, likely-gene-disrupting (LGD) variants 

identified in ASD patients (e.g., CHD8). Complete knockout of essential genes, however, can be lethal 

[54]. To minimize p53/DSB-related toxicity, ribonucleoprotein (RNP) delivery and brief Cas9 

exposure are recommended, alongside confirmation of karyotype integrity and TP53 status post-

editing [54]. 
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4.1.2. CRISPR Interference and Activation (CRISPRi/a) 

To enable tunable modulation of gene expression without introducing genomic double-strand 

breaks, catalytically inactive Cas9 (dCas9) can be fused to transcriptional effector domains. In CRISPR 

interference (CRISPRi), dCas9 is coupled with the KRAB repressor domain to suppress transcription, 

thereby generating a hypomorphic state. This approach is particularly valuable for modeling partial 

dosage effects, which is critical for genes where complete knockout would be deleterious, such as 

SCN2A gain-of-function variants [55]. Conversely, CRISPR activation (CRISPRa) employs dCas9 

fused to transcriptional activator domains (e.g., VP64-p65-Rta) to enhance expression from 

endogenous promoters, thereby facilitating gain-of-function analyses or rescuing haploinsufficient 

gene states. These complementary strategies are essential for modeling subtle regulatory 

perturbations and dosage-sensitive mechanisms, both of which are frequently implicated in ASD. For 

rigorous isogenic validation, edit-and-rescue strategies are recommended, such as combining loss-

of-function mutations with cDNA-based rescue or employing CRISPRa-mediated compensation [56]. 

4.1.3. Base and Prime Editors 

To enable precise genome modifications without the induction of double-strand breaks (DSBs), 

advanced editing platforms such as base editors and prime editors have been developed. Base 

editors, including cytosine base editors (CBE) and adenine base editors (ABE), function by combining 

a Cas9 nickase with a cytidine or adenosine deaminase, thereby facilitating the direct conversion of 

C→T (CBE) or A→G (ABE). These systems allow for the modeling of pathogenic missense variants 

or premature stop codons in genes such as SHANK3 [57]. Importantly, editing efficiency is influenced 

by the sequence context and the preferred activity window of the base editor, factors that must be 

carefully considered during experimental design [57]. Prime editors expand the scope of genome 

modification by coupling a Cas9 nickase with a reverse transcriptase and employing a prime editing 

guide RNA (pegRNA). This system enables the introduction of all 12 possible base substitutions, as 

well as small insertions and deletions, thereby allowing precise modeling of patient-specific variants 

of uncertain significance (VUS) with reduced mosaicism, particularly in stem cell systems [57]. The 

efficiency of prime editing is critically dependent on pegRNA design parameters, such as the nick-

to-edit distance, which must be optimized for successful editing outcomes [57]. 

4.1.4. Epigenetic and RNA Editors 

Epigenetic editors, generated by fusing dCas9 with chromatin-modifying enzymes such as 

DNMT3A, LSD1, or p300, enable reversible modulation of gene activity through targeted DNA 

methylation or histone modifications. This approach is particularly advantageous for investigating 

non-coding variants or correcting imprinting defects [58]. In addition, RNA-targeting strategies 

utilizing Cas13 nucleases allow transient knockdown of transcripts or, when coupled with an 

adenosine deaminase, facilitate RNA base editing (A→I). Such methods provide reversible 

perturbation at the RNA level without introducing permanent alterations to the genome [59]. 

4.2. Guide RNA Design 

Effective CRISPR-based experiments require the design and utilization of high-quality single-

guide RNAs (sgRNAs) to ensure maximal on-target activity while minimizing off-target effects. On-

target efficiency is typically predicted using computational algorithms, such as the Doench scoring 

system, which facilitates the selection of sgRNAs with strong cleavage potential. Minimization of off-

target effects involves careful evaluation of potential unintended genomic binding sites, with the 

exclusion of sgRNAs predicted to exhibit a high probability of off-target interactions. In addition, 

protospacer adjacent motif (PAM) specificity must be considered, as the choice of Cas variant (e.g., 

SpCas9 requiring an NGG PAM sequence) determines the spectrum of compatible target sites. 

Furthermore, it is critical to avoid designing sgRNAs that overlap single nucleotide polymorphisms 

(SNPs), since such polymorphic variations may reduce binding efficiency, particularly in human 
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pluripotent stem cell (hPSC) and induced pluripotent stem cell (iPSC) lines derived from genetically 

diverse backgrounds [60]. 

4.2.1. Tiling and Saturation Mutagenesis 

Tiling and saturation mutagenesis represent powerful strategies to enhance the resolution and 

interpretability of functional genomic screens in autism spectrum disorder (ASD). In tiling 

approaches, single-guide RNAs (sgRNAs) are designed to systematically span coding or regulatory 

regions, thereby enabling the identification and mapping of critical functional domains within target 

genes. Complementarily, saturation mutagenesis employs base or prime editing technologies to 

generate all possible point mutations within a given locus, facilitating comprehensive interpretation 

of variant effects at single-nucleotide resolution. Together, these approaches maximize the sensitivity 

of screening platforms and enable functional annotation of both coding and non-coding variants that 

are implicated in ASD. 

4.3. CRISPR Library Design 

4.3.1. Genome-Wide vs. Focused Libraries 

Genome-wide CRISPR libraries encompass nearly all genes, typically incorporating more than 

100,000 single guide RNAs (sgRNAs), and thereby enable the unbiased discovery of novel genes 

influencing phenotypic outcomes. In contrast, focused libraries are designed to target pre-selected 

gene sets, such as ASD Tier 1 and Tier 2 genes, synaptic regulators (e.g., SYNGAP1), or chromatin 

remodelers. These focused approaches allow for deeper coverage per gene, reduce experimental 

complexity, and enhance statistical power in downstream analyses. 

4.3.2. Library Formats 

CRISPR screening approaches can be broadly categorized into pooled and arrayed library 

formats. In pooled library screens, all single guide RNAs (sgRNAs) are combined and delivered 

collectively into a population of cells, with phenotypic outcomes assessed through sequencing-based 

readouts, either at bulk or single-cell resolution. This format is highly scalable, cost-effective, and 

well-suited for relatively simple phenotypes such as cell viability, fluorescence-activated cell sorting 

(FACS), or single-cell RNA sequencing (scRNA-seq). To ensure sufficient statistical power and 

reproducibility, pooled screens typically require a coverage of at least 500-fold representation, with 

a minimum of 100–200 cells per sgRNA recommended for Perturb-seq experiments [60]. In contrast, 

arrayed library screens involve delivering individual perturbations into separate wells of multiwell 

plates (e.g., 96- or 384-well formats), enabling detailed phenotypic assessments such as high-content 

imaging or electrophysiological recordings. Although arrayed screens allow for more complex 

phenotyping, they are inherently lower in throughput compared to pooled designs. 

4.4. Barcode Strategies and Readout Integration 

Reliable assignment of phenotypes to specific perturbations is essential in pooled screening 

approaches. In this context, several strategies have been developed to link perturbations with 

transcriptional outcomes at single-cell resolution. For instance, CROP-seq embeds the sgRNA 

sequence within a polyadenylated transcript, enabling its capture alongside endogenous mRNAs 

during single-cell RNA sequencing (scRNA-seq). Alternatively, direct gRNA capture employs 

custom reverse transcription primers complementary to the sgRNA scaffold, thereby facilitating 

precise sequencing of guide identities. Another widely used approach involves barcode–sgRNA 

vector systems, which link unique molecular barcodes to sgRNAs to allow deconvolution of 

perturbations. Collectively, these strategies provide high-fidelity mapping of perturbations to 

cellular phenotypes, a requirement for high-content functional genomics studies in ASD. To ensure 

transparency and reproducibility, deposition of raw and processed data in repositories such as GEO 

or SRA, together with the submission of analysis notebooks (e.g., using Scanpy or Seurat) and guide–

cell assignment maps, is strongly recommended [60]. 
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4.5. Advantages for ASD Research 

The CRISPR-Cas toolbox offers a versatile set of approaches to model diverse genetic 

perturbations relevant to autism spectrum disorder (ASD). CRISPR-mediated knockout (CRISPR-

KO) enables the generation of complete loss-of-function (LoF) models, mimicking de novo truncating 

mutations. CRISPR interference (CRISPRi) and base editing facilitate the modeling of hypomorphic 

effects or partial LoF, which are particularly informative for haploinsufficient genes. Conversely, 

CRISPR activation (CRISPRa) provides a means to rescue insufficient gene expression. Prime editing 

allows for precise modeling of patient-specific variants while reducing mosaicism in induced 

pluripotent stem cell (iPSC) systems. In addition, epigenetic editors and RNA-targeting Cas13 

systems enable interrogation of regulatory variants and transient perturbations. Collectively, these 

methodologies provide an integrated platform for systematic interrogation of ASD genetics across 

genomic, epigenomic, and transcriptomic levels [61]. 

5. Building CRISPR-Engineered Stem Cell Libraries (Practical Guide) 

5.1. Gene/Variant Selection Strategy 

The first critical step in designing a functional genomics screen is defining a gene and variant 

selection strategy. A curated framework such as the SFARI Gene database provides tiered categories 

that prioritize genes for inclusion [62]. A multi-tier library can be constructed: Tier 1 includes 

Category S and 1 (high-confidence) genes (~100–150) along with control guides, while Tier 2 adds 

Category 2 genes and strong candidates, totaling several hundred more. This allows phased 

screening and focuses on convergent pathways in ASD. 

Selection is further refined using computational and population-based metrics. Constraint 

scores, such as pLI > 0.9 or low LOEUF (as of gnomAD v4), identify genes intolerant to loss-of-

function variants. Genes frequently mutated in ASD cohorts or encoding synaptic proteins or 

chromatin remodelers are prioritized [63]. Clinically reported Variants of Unknown Significance 

(VUS) can also be included for patient-specific studies, enabling functional reclassification. For 

variant-specific studies, recurrent missense mutations (e.g., in SCN2A or CHD8) are targeted using 

base or prime editors to recapitulate pathogenic alleles [64]. 

In summary, gene/variant selection integrates curated knowledge (SFARI, literature), 

population-genetic constraint, and experimental focus (e.g., synaptic vs transcription factor genes), 

enabling targeted and interpretable screening. 

5.2. Library Architecture 

CRISPR library architecture is strategically designed to maximize on-target activity, 

redundancy, and statistical confidence in screening outcomes. A standard approach involves 

incorporating 4–10 gRNAs per gene to ensure robust knockout or knockdown efficiency while 

simultaneously mitigating guide-specific off-target effects. The inclusion of redundant guides 

enhances confidence in gene-level hits, as true hits are expected to demonstrate consistent dropout 

or enrichment across multiple guides. Appropriate controls are critical for the validity of these 

experiments. Negative controls, typically comprising non-targeting or scrambled guides (~5–10% of 

the library), establish baseline phenotypes, whereas positive controls, such as guides targeting 

essential genes (e.g., POLR2A) or reporter genes, enable the monitoring of screen performance. More 

advanced library designs include dual-gRNA constructs, which facilitate exon or regulatory region 

deletions and enable saturation mutagenesis through systematic tiling of guides across specific loci. 

These constructs can be engineered with unique molecular handles for PCR amplification or cloning, 

thereby streamlining quality control and downstream analyses [65]. In the context of autism spectrum 

disorder (ASD), focused libraries are generally composed of 200–500 genes, providing a balance 

between scale and depth, and are particularly useful in uncovering convergent molecular networks 

such as Wnt signaling in neural progenitors. 

5.3. Cloning, Synthesis, and Quality Control 
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CRISPR libraries are generated as oligonucleotide pools, either synthesized commercially via 

microarray or prepared in arrayed format followed by pooling after PCR amplification. These 

oligonucleotides are subsequently cloned into lentiviral vectors employing techniques such as Gibson 

assembly or Golden Gate cloning. Transformation into bacterial hosts necessitates high coverage, 

typically ≥1000 colonies per single-guide RNA (sgRNA), to prevent bottleneck effects. Quality control 

(QC) of the library is performed using Next-Generation Sequencing (NGS) to ensure uniform guide 

representation, with read counts maintained within approximately 2–3 fold of the mean, minimal 

dropout of guides, and retention of representation following viral packaging [66]. Such rigorous QC 

measures are essential to guarantee that the outcomes of CRISPR screens accurately reflect biological 

effects rather than artifacts introduced by library preparation. 

5.4. Delivery to hPSCs and Derivatives 

The selection of an appropriate delivery method for CRISPR-based experiments is dictated by 

the specific experimental objectives. Lentiviral vectors are the standard choice for pooled screens, as 

they stably integrate single-guide RNAs (sgRNAs) into both dividing and non-dividing cells. 

Maintaining a low multiplicity of infection (MOI 0.3–1) ensures that each cell receives a single guide; 

however, lentiviral delivery carries risks of insertional mutagenesis and requires biosafety level 2 

(BSL-2) containment [67]. Adeno-associated virus (AAV) offers a non-integrating alternative with 

low immunogenicity, making it suitable for post-mitotic neurons, though its small packaging 

capacity (~4.7 kb) and limited transduction efficiency in dividing human pluripotent stem cells 

(hPSCs) constrain its utility [68]. Ribonucleoprotein (RNP) electroporation allows direct delivery of 

Cas9 protein pre-loaded with sgRNA, providing transient but highly efficient genome editing (~80–

90%) with minimal off-target effects, making it ideal for individual edits or small pooled screens [69]. 

The PiggyBac transposon system enables non-viral integration of large genetic cargos, facilitating 

stable expression of Cas9 or CRISPR interference (CRISPRi) machinery; however, random genomic 

integration may perturb endogenous genes. Additionally, the use of stable Cas9 or dCas9-KRAB 

hPSC lines simplifies library delivery by requiring only the sgRNA pool, ensuring uniform editing 

across cells. The typical workflow for pooled CRISPR knockout (CRISPR-KO) or CRISPRi screens in 

hPSC-derived neurons involves generating a stable Cas9/dCas9-KRAB line, producing a lentiviral 

sgRNA library, infecting cells at low MOI, differentiating the cells, and subsequently assaying 

relevant phenotypes. 

5.5. Generation of Isogenic Clones for Validation 

Follow-up validation of candidate hits is typically conducted using isogenic human pluripotent 

stem cell (hPSC) lines harboring precise genetic modifications. Traditional CRISPR-mediated 

homology-directed repair (HDR) allows replacement of endogenous sequences but is limited by 

efficiency and the potential for indel formation. In contrast, base editing and prime editing enable 

high-efficiency, double-strand-break-free introduction of pathogenic single-nucleotide variants or 

small deletions, such as modeling or correcting 16p11.2 duplications [70]. Edited clones are rigorously 

genotyped to confirm the presence of exact intended modifications without off-target alterations. 

Subsequent parallel differentiation of wild-type and mutant clones facilitates high-resolution 

phenotypic analyses, including electrophysiological recordings and imaging. This strategy 

establishes causality and permits rescue experiments to verify that observed phenotypes arise 

specifically from the targeted variant or gene. Notably, focused gene libraries encompassing 200–500 

targets achieve an optimal balance between experimental depth and scale. The inclusion of multi-

guide redundancy, appropriate controls, and stringent quality control measures ensures reliable data 

interpretation. Isogenic validation is most robust when implemented in edit-and-rescue designs—

combining loss-of-function modifications with cDNA rescue or CRISPR activation (CRISPRa)—

thereby confirming causal effects and supporting downstream mechanistic studies in hPSC-derived 

models. 
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6. Screening Formats and Experimental Design 

6.1. Pooled Negative/Positive Selection Screens 

Pooled CRISPR screens are a scalable and efficient method for interrogating gene function in 

hPSC-derived cells, such as neural progenitors or early neurons [71]. In this approach, cells are 

transduced with a pooled gRNA library and cultured over time. Guides targeting essential genes, 

including “housekeeping” genes, result in cell death or growth arrest, causing depletion of those 

sgRNAs (“dropout”), whereas guides conferring a growth advantage become enriched. This 

negative/positive selection strategy is analogous to screens performed in cancer cells to identify 

essential genes [72]. 

In ASD models, such screens can identify genes required for neural progenitor survival or 

proliferation. For example, differentiating iPSC progenitors into neurons allows assessment of gene 

knockouts that lead to neuron loss (sgRNA depletion) or excessive proliferation (sgRNA enrichment). 

While many ASD-associated genes are not strictly essential for survival, this approach remains a 

useful initial screen to verify library performance using positive controls and detect strong viability 

phenotypes. Notably, in hPSCs, double-strand break (DSB)-triggered p53 activation can bias selection 

tendencies; mitigating strategies include use of RNP delivery, base or prime editing to reduce DSB 

load, and rigorous clone screening [50]. 

6.2. Phenotypic Pooled Screens with Bulk Readouts 

Phenotypic pooled screens extend beyond simple viability measurements by linking genetic 

perturbations to quantifiable cellular phenotypes. In this approach, a reporter or marker is engineered 

to reflect the phenotype of interest, and cells are subsequently separated using fluorescence-activated 

cell sorting (FACS) or alternative selection methods, with the associated single-guide RNAs 

(sgRNAs) in each fraction identified via next-generation sequencing (NGS). Representative examples 

of this strategy include the use of synaptic marker expression, where GFP is placed under the control 

of a synaptic protein promoter, such as PSD95, enabling the sorting of neurons exhibiting low versus 

high synaptic protein levels; cell surface markers, which can be assessed through FACS with antibody 

labeling; neurite outgrowth, measured via staining and imaging to capture structural phenotypes; 

transcriptional reporters, achieved by knocking GFP into genes of interest; and functional reporters, 

such as calcium indicators used to monitor neural activity [73]. This screening format facilitates the 

identification of regulators of cellular differentiation, including neuronal versus glial fate decisions, 

signaling pathways such as those revealed by phospho-flow, and cellular stress responses. Notably, 

limitations of this approach include its reliance on robust phenotypic markers and the potential loss 

of subtle phenotypic variations. FACS-based pooled screens have been successfully applied to 

analyze neuronal differentiation markers and synaptic proteins. 

6.3. High-Content Pooled Single-Cell Readouts (“Perturbomics”) 

High-content single-cell methodologies, including Perturb-seq and CROP-seq, integrate pooled 

CRISPR-based genetic screens with single-cell RNA sequencing (scRNA-seq) to directly link genetic 

perturbations with high-dimensional transcriptional phenotypes [74]. In these approaches, each cell’s 

transcriptome is captured along with its single-guide RNA (sgRNA) identity, allowing for precise 

profiling of gene expression alterations and cell-state transitions induced by individual perturbations. 

As shown in Figure 3, various CRISPR screening strategies have been applied in stem cell-derived 

neural systems, ranging from single-cell transcriptomic perturbations to spatial and functional assays 

in organoids and microglia. In human pluripotent stem cell (hPSC)-derived neural models, Perturb-

seq facilitates the dissection of complex phenotypes, such as changes in neuronal subtype 

composition following transcription factor knockout [75,76]. Key technical considerations include the 

lower transcript counts observed in post-mitotic neurons, which necessitate either increased 

sequencing depth or larger cell numbers, as well as the heterogeneous populations generated during 

hPSC differentiation, which single-cell approaches can deconvolute to reveal cell-type-specific effects. 

Additionally, adequate statistical power typically requires profiling approximately 100–200 cells per 
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guide [49], while controlling for multiplet rates, dropout events, and batch effects is essential, 

achievable through the use of unique molecular identifiers (UMIs) and experimental replicates. 

Perturb-seq has been successfully applied to excitatory and inhibitory neurons, as well as cerebral 

organoids, enabling the elucidation of gene-specific transcriptional networks pertinent to ASD. For 

instance, perturbation of FOXP1 preferentially impacts interneurons, highlighting cell-type-specific 

biases in ASD-relevant models [75,76]. 

 

Figure 3. CRISPR screening strategies in stem cell-derived neural systems. (A) Pooled Perturb-seq in NPCs links 

single-guide perturbations to transcriptomic changes using scRNA-seq, (B) Spatial CRISPR screens in organoids 

combine pooled perturbation with spatial transcriptomics to reveal tissue-level phenotypes, and (C) CRISPRi 

screen in microglia assesses gene-specific effects on synaptic pruning via a fluorescent phagocytosis assay. 

6.4. Spatially Resolved Pooled Screens and Integration with Spatial Transcriptomics 

Emerging approaches integrate CRISPR perturbations with spatial transcriptomics to retain 

tissue context while profiling gene function [77]. Cells in organoids or neural cultures can be infected 

with a pooled guide library and later analyzed using spatial transcriptomic platforms, such as Slide-

seq, MERFISH, or Visium. Spatial capture of sgRNA barcodes alongside gene expression allows 

assessment of non-cell-autonomous effects, tissue architecture, and cell–cell interactions [78]. 

Proof-of-concept studies demonstrate that spatial CRISPR screens can reveal phenotypes 

inaccessible via dissociated cell assays, including cortical layer formation and neuron migration in 

brain organoids [79]. Recent examples, such as CHOOSE [19], highlight pooled organoid screens as 

anchors for this approach. Next-generation platforms like AVITI24 aim to detect sgRNAs, protein 

markers, and morphology in a single automated workflow, streamlining spatial functional genomics. 

6.5. Arrayed Screening for Electrophysiology and Calcium Imaging Readouts 

Certain cellular phenotypes necessitate the use of arrayed formats, in which each perturbation 

is applied to an individual well or microculture, thereby enabling high-content assays for each 

specific perturbation [80]. This approach is particularly critical for morphological analyses, where 

automated imaging can quantify parameters such as neurite length, branching patterns, synapse 

number, and cell viability in 96- or 384-well plate formats [81]. In the context of electrophysiological 

studies, multi-electrode arrays (MEAs) facilitate the measurement of network-level activity, 

including firing rates and synchrony, whereas automated patch-clamp systems provide single-cell 

resolution [82]. Similarly, calcium imaging using GCaMP indicators combined with high-throughput 

microscopy or plate readers allows assessment of neuronal excitability and network connectivity [83]. 
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Although arrayed formats generally exhibit lower throughput compared to pooled screens, they are 

advantageous for longitudinal studies and for capturing subtle structural and functional phenotypes. 

Consequently, they are frequently employed to validate hits identified from pooled CRISPR screens. 

7. Readouts and Multimodal Profiling 

7.1. Single-cell RNA-seq 

Single-cell RNA sequencing (scRNA-seq) has become a foundational readout for pooled CRISPR 

screens, providing an unbiased, high-resolution view of transcriptional consequences of genetic 

perturbations across thousands of individual cells [84].  In perturbation screens, each cell contains 

an associated guide RNA (gRNA), which can be captured via barcodes or CROP-seq cassettes. Unique 

molecular identifiers (UMIs) tag transcript molecules, allowing accurate quantification of transcript 

copies per cell [85]. 

Common platforms include microfluidic droplet systems (e.g., 10x Genomics Chromium) and 

plate-based methods (e.g., SMART-Seq on sorted cells). Droplet-based systems capture thousands of 

cells per run but at a shallow sequencing depth (~10,000–50,000 reads per cell), while plate-based 

methods achieve deeper coverage (~100,000+ reads per cell) at the cost of lower throughput. The 

choice between depth and throughput requires balancing sufficient cells per perturbation for 

statistical power versus adequate detection of genes of interest, especially in neural cells with large 

transcriptomes. 

Quality control metrics include total UMIs per cell, number of genes detected, mitochondrial 

RNA fraction (a proxy for cell stress), doublet detection (two cells captured together), and the fraction 

of cells with exactly one guide RNA to ensure low multiplicity of infection (MOI) [86]. The scRNA-

seq ultimately produces a digital gene expression matrix and a guide-cell matrix, enabling differential 

expression analysis per perturbation. 

7.2. Single-cell ATAC-seq and Multiome for Regulatory Effects 

Gene expression is modulated not only by DNA sequence but also by chromatin state. Single-

cell ATAC sequencing (scATAC-seq) uses a Tn5 transposase to tag open chromatin regions, revealing 

regulatory elements such as enhancers and promoters [87]. Data are typically represented as “peak-

by-cell” matrices, which can be aggregated by perturbation or cell type to identify differential 

chromatin accessibility. 

The advent of single-cell multiome assays (e.g., 10x Multiome kit) enables simultaneous profiling 

of transcriptomes and epigenomes in the same cell [88]. This integration allows direct mapping of 

how perturbations alter regulatory element accessibility and gene expression, providing causal links 

between non-coding variants and transcriptional outcomes. Such analyses are particularly relevant 

in autism spectrum disorder (ASD), where a substantial portion of genetic risk is believed to reside 

in non-coding and regulatory regions [77]. 

Integrative analyses can link differential peak accessibility to target gene expression, 

constructing a comprehensive regulatory network affected by each perturbation. This is critical for 

understanding how mutations in chromatin remodelers (e.g., ARID1B, CHD8) impact neuronal gene 

networks. 

7.3. Spatial Transcriptomics 

While single-cell and multi-omic assays provide detailed molecular profiles, they lack spatial 

context, which is essential for studying tissue organization and non-cell-autonomous effects. Spatial 

transcriptomics technologies, such as 10x Visium, Slide-seq, MERFISH, and seqFISH, capture gene 

expression along with spatial coordinates [89]. 

In CRISPR perturbation screens, spatial transcriptomics can be applied to fixed sections of organoids 

or tissues. sgRNA identities can be co-detected spatially using barcoded probes, allowing researchers 

to map which perturbations occur in specific tissue regions [90]. For example, in cortical organoids, 

cells with a particular knockout may cluster in certain layers or exhibit disrupted migration. These 
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approaches are vital for analyzing non-cell-autonomous phenotypes, a hallmark of ASD pathology, 

where a mutation in one cell type can affect neighboring cells or overall tissue architecture. Recently, 

spatially resolved CRISPR screens have been introduced, linking genetic modifications directly to 

tissue structure and organization [91]. 

7.4. Proteomics and Proximity Labeling 

The transcriptome is an imperfect proxy for functional state, as mRNA levels do not always 

correlate with protein abundance, post-translational modifications, or activity. Proteomics, including 

mass spectrometry-based phosphoproteomics, provides a snapshot of global protein expression, 

signaling states, and modifications [92].  For perturbation screens, cells sorted by guide RNA can be 

analyzed to detect changes in protein abundance or phosphorylation, revealing post-transcriptional 

effects such as kinase activity or signaling cascade alterations. 

Proximity labeling proteomics, using engineered enzymes like TurboID, BioID, or APEX, maps 

transient and weak protein-protein interactions [93].  This method can be combined with CRISPR to 

tag endogenous loci of genes, enabling interaction network mapping of gene products. Such 

approaches are particularly valuable for studying missense mutations, which may alter protein 

interactions or subcellular localization without changing expression levels. Integrating proteomics 

with transcriptomics uncovers mechanisms not apparent from RNA data alone. 

7.5. Functional Phenotyping 

High-throughput molecular datasets must be complemented with functional assays to establish 

causal relationships between genetic perturbations and cellular phenotypes [94]. Key functional 

phenotyping strategies encompass multiple complementary approaches. Electrophysiological 

techniques, including multi-electrode arrays (MEA) and patch-clamp recordings, allow measurement 

of neuronal activity and network properties, wherein genetic perturbations can alter firing patterns, 

burst activity, or synchrony. Synaptic assays employ imaging-based quantification of synapse 

number, morphology, and connectivity using markers such as PSD95 and Synapsin, with automated 

image analysis providing high-resolution insights into synaptic organization. Calcium imaging, 

utilizing fluorescent indicators such as GCaMP, enables monitoring of dynamic neural activity and 

serves as a proxy for neuronal excitability [95]. Synaptic pruning assays, involving co-culture of 

human iPSC-derived microglia with neurons, facilitate evaluation of microglial phagocytosis of 

synaptic material, and CRISPRi screens in microglia have identified key regulators of pruning and 

microglial states, including ADNP [96]. Collectively, these functional assays interrogate molecular, 

cellular, and network-level phenotypes, providing orthogonal evidence to elucidate the impact of 

genetic perturbations on neural circuits. 

7.6. Multimodal Integration and Inferences 

Combining scRNA-seq, scATAC-seq/multiome, spatial transcriptomics, proteomics, and 

functional phenotyping enables a holistic view of genetic perturbations [97].  Integrative analysis, 

often aided by AI or computational models, can infer causal chains, e.g., a CHD8 perturbation altering 

Wnt signaling, leading to progenitor cell imbalance [98]. This multimodal framework connects 

molecular, cellular, and tissue-level changes, providing mechanistic insights into ASD and other 

neurodevelopmental disorders. 

8. Computational Pipelines and Statistical Analysis 

The scale and complexity of data generated by pooled single-cell CRISPR screens necessitate 

sophisticated computational pipelines and statistical methods. This presents a significant bottleneck 

for researchers lacking bioinformatics expertise [99]. Rigorous computational workflows are essential 

to ensure high-quality, interpretable results from these high-dimensional perturbation experiments. 

8.1. Preprocessing and Quality Control 
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The first critical step in any pooled screening analysis is preprocessing the raw sequencing data. 

This includes aligning reads to the reference genome using tools such as STAR or CellRanger, 

demultiplexing cell barcodes, and accurately assigning sgRNA barcodes to each single-cell 

transcriptome to generate a cell-by-guide matrix [100]. Unique Molecular Identifiers (UMIs) are 

collapsed to count unique transcripts per gene per cell, producing a cell-by-gene count matrix. 

Quality control (QC) is paramount at this stage to filter out low-quality cells, doublets, and other 

artifacts that could confound downstream analysis. Standard QC metrics include the number of UMIs 

and genes per cell, the fraction of mitochondrial reads (high values indicate poor-quality cells), 

detection of doublets via anomalous transcript counts or software like DoubletFinder or Scrublet 

[101], and the distribution of cells per guide to ensure roughly uniform initial representation. Cells 

failing these QC thresholds are excluded, as the quality of all subsequent analyses depends on the 

rigor of this initial preprocessing step. 

8.2. Differential Expression Analysis 

Once the data is preprocessed and cleaned, differential expression (DE) analysis identifies genes 

whose expression is altered by specific perturbations [101]. In standard approaches, counts from cells 

sharing the same perturbation can be aggregated into pseudobulk data and analyzed using 

conventional RNA-seq tools such as edgeR, DESeq2, or limma-voom. However, specialized methods 

have been developed to handle the unique structure of single-cell perturbation data. MIMOSCA 

(Multi-Module Single-Cell CRISPR Analysis) uses a linear modeling framework to regress gene 

expression on perturbations while accounting for technical covariates and single-cell variability [102]. 

Similarly, SCEPTRE jointly models guide assignments and expression to control false positives [103]. 

Signature genes are identified transcriptome-wide for each perturbation, with statistical power 

dependent on the number of cells and effect sizes. Multiple testing correction, such as false discovery 

rate (FDR), is applied to avoid spurious findings. For Perturb-ATAC and related modalities, 

analogous analyses examine differential accessibility using logistic regression or other appropriate 

models [104]. Targeting 500–1000 cells per perturbation is typically required to achieve ~80% 

detection power [104]. 

8.3. Pseudotime and Trajectory Analyses 

Pseudotime analysis is a powerful computational tool for mapping developmental trajectories, 

particularly in differentiating cell populations or organoid models relevant to neurodevelopmental 

disorders such as ASD [105]. Algorithms like Monocle and Slingshot order single cells along 

continuous developmental paths, enabling researchers to determine whether perturbations 

accelerate, delay, or divert cell fate decisions. By overlaying perturbation identities, one can detect 

developmental delays or arrests caused by gene knockouts. For example, ARID1B knockout in neural 

progenitors leads to a stall in progenitor states, reducing the number of cells reaching mature neuron 

stages. Perturbations can also be clustered by their effects along pseudotime, revealing functional 

groupings; in the CHOOSE brain organoid screen [19], members of the same chromatin remodeling 

complex exhibited similar shifts, highlighting shared regulatory mechanisms among ASD risk genes 

[106]. 

8.4. Network Reconstruction 

Perturbation screens also facilitate the reconstruction of gene networks. Co-expression networks 

can be inferred across single cells using methods like WGCNA or graph-based clustering to identify 

modules of co-regulated genes. Perturbations of transcription factors or chromatin regulators allow 

the construction of causal networks, where consistent downregulation of a gene following a specific 

knockout indicates a directed influence (e.g., TF X → Gene Y) [107]. Tools such as SCENIC and 

ARACNe can infer regulatory networks, while Bayesian or dynamic causal modeling further refines 

the network by incorporating perturbation edges. Integrating co-expression with perturbation data 
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prioritizes hub genes or pathways affected across multiple perturbations, providing a more tractable 

set of actionable targets for therapeutic or functional studies. 

8.5. Integration of Multi-Omic Datasets 

A growing frontier in functional genomics is the integration of multiple data modalities, 

including scRNA-seq, scATAC-seq, spatial transcriptomics, and proteomics. Tools like Seurat, 

Harmony, LIGER, and MOFA enable alignment of datasets by identifying shared latent factors or 

linking chromatin accessibility peaks to gene expression (e.g., Cicero or ArchR workflows). Spatial 

transcriptomic data can be annotated by transferring cell-type labels from scRNA-seq datasets (e.g., 

Seurat anchors or Tangram), while proteomics measurements are integrated via canonical correlation 

or multilayer graph approaches. Multi-omic integration allows researchers to observe coordinated 

effects across regulatory layers, such as a gene knockout simultaneously altering RNA transcripts, 

enhancer accessibility, and protein phosphorylation, providing a holistic view of cellular responses. 

8.6. Handling Batch Effects and Statistical Rigor 

The high-throughput nature of pooled single-cell screens, coupled with variability in human 

stem cell culture, presents statistical challenges. Batch effects—non-biological variations arising from 

sequencing runs, library preparation, or differentiation batches—must be corrected using methods 

such as ComBat, mutual nearest neighbors, or Harmony. Incorporating multiple biological replicates, 

randomized guide distributions, and pooling sufficient cells per perturbation (typically ~100–200 cells 

per guide) enhances statistical power. Power calculations should consider effect sizes, number of 

guides, desired FDR, and cells per guide[106,108]. Failure to address batch effects or inadequate 

replication can inflate false positives and compromise reproducibility. 

Key Inferences: Rigorous preprocessing and QC are foundational for reliable single-cell CRISPR 

analyses. Specialized DE methods such as MIMOSCA enhance sensitivity to subtle perturbation 

effects, while pseudotime analysis provides temporal context for developmental perturbations. 

Network reconstruction moves beyond individual genes to prioritize key regulatory hubs and 

pathways. Multi-omic integration enables a comprehensive understanding of cellular states, and 

careful handling of batch effects and adequate replication ensures statistical robustness. Collectively, 

these strategies provide a framework for high-fidelity interpretation of pooled single-cell 

perturbation experiments. 

9. Validation Strategies and Orthogonal Assays 

9.1. Single-Clone Validation 

Following a high-throughput screen, the critical next step is the validation of identified hits. 

Single-clone validation is considered the gold standard, wherein a specific gene is knocked out, 

mutated, or corrected in a clonal human pluripotent stem cell (hPSC) line to generate isogenic 

controls. This approach ensures that all cells within the clone carry the perturbation, eliminating 

heterogeneity seen in bulk populations, and confirms that the observed phenotype is due solely to 

the engineered mutation rather than confounding genetic background or off-target effects. Detailed 

assays are then performed after differentiating these clones into the relevant cell type. Key 

experiments include rescue experiments, where re-introduction of the wild-type gene or correction 

of the mutation in the mutant clone restores the normal phenotype. For example, if a knockout (KO) 

line shows reduced dendritic arborization, expressing a cDNA of the target gene to rescue expression 

should recover dendritic complexity, thereby providing a direct causal link between gene and 

phenotype. Single-clone isogenic validation combined with rescue experiments via CRISPRa further 

strengthens mechanistic confidence [109]. 

9.2. Orthogonal Perturbation to Confirm Directionality 

To independently confirm gene–phenotype relationships, orthogonal perturbation strategies are 

employed, which use alternative methods to perturb the same gene.For instance, if a CRISPR-KO 
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screen indicates that loss-of-function of gene X causes phenotype Y, RNA interference (shRNA or 

siRNA) can be used to knock down X, and concordant phenotypic outcomes are assessed. 

Conversely, CRISPRa-mediated overexpression can test whether gain-of-function produces the 

opposite phenotype, such as increased synapse number if a KO reduces it. Observing consistent or 

opposing effects across multiple technologies not only confirms directionality but also rules out 

method-specific artifacts. Convergent results from orthogonal perturbations, such as RhoA inhibition 

rescuing 16p11.2 migration defects, provide strong evidence for causality and reinforce the biological 

relevance of the gene–phenotype relationship. 

9.3. Functional Assays: Electrophysiology, Synaptic, and Morphological Analysis 

Beyond molecular or genetic validation, high-fidelity functional assays are essential to confirm 

that gene perturbations translate into meaningful cellular phenotypes. For neuronal studies, 

electrophysiological recordings are the gold standard. Patch-clamp techniques allow measurement 

of intrinsic properties such as action potential firing, synaptic currents, and ion channel function in 

individual neurons, whereas multi-electrode arrays (MEA) assess network-level excitability across 

populations. For example, a screen identifying gene X as reducing excitability would be validated by 

observing altered firing patterns on MEA or reduced currents in patch-clamp recordings. 

Structural and synaptic validation can be achieved through high-resolution imaging, enabling 

dendritic tree reconstruction, spine counting, and quantification of synaptic density using tools such 

as NeuronStudio. Morphological assays are particularly informative when perturbations induce 

scaffold phenotypes, like reduced neurite outgrowth. Functional synaptic assays, including staining 

for vesicle release with FM dyes or recording miniature synaptic currents, provide additional 

validation of synapse integrity and functionality. Calcium imaging can also monitor neuronal activity 

in response to perturbations, linking molecular changes to functional output. 

9.4. Cross-Model Validation (Patient iPSCs and Animal Models) 

No single model perfectly recapitulates human brain biology; therefore, cross-model validation 

is essential. Findings from human iPSC-derived neurons or organoids can be corroborated using 

patient-derived iPSC lines carrying the same variant, assessing whether phenotypes are consistently 

reproduced. Complementary validation in animal models, such as mice or zebrafish engineered with 

the same genetic perturbations, allows examination of complex behaviors, neuroanatomical features, 

and circuit-level effects. Consistency across human cells, patient-derived lines, and animal models 

strengthens confidence in the relevance of the findings, whereas discrepancies can reveal species-

specific mechanisms. This multi-model approach ensures that identified gene–phenotype 

relationships are robust, mechanistically informative, and broadly applicable for translational 

studies. 

Inferences: Single-clone isogenic validation combined with rescue experiments confirms causal 

links between gene perturbation and phenotype. Orthogonal perturbations via RNAi or CRISPRa 

provide independent validation and confirm directionality. Functional assays including MEA, patch-

clamp, synaptic imaging, and morphological reconstruction link molecular changes to neuronal 

behavior. Cross-model validation using patient iPSCs and animal models ensures robustness and 

translational relevance. 

10. Case Studies: What's Been Done 

10.1. Pooled CRISPR Screens in Neural Cells: Historic Milestones 

Genome-wide CRISPR screens were first established in cancer cells over a decade ago, but their 

application to neural cells has only recently gained traction. Early studies primarily employed mouse 

neural stem cells or transformed lines to identify genes controlling neurite outgrowth, survival, or 

proliferation. A landmark 2016 study in primary mouse neurons used CRISPR to uncover regulators 

of axon regeneration, marking a shift toward more physiologically relevant models. Subsequently, 

human iPSC-derived neural progenitors and neurons were employed to interrogate complex 
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neuronal phenotypes. For instance, combined CaMPARI2, a calcium integrator, with CRISPRi in iPSC 

neurons to screen hundreds of genes affecting neuronal excitability, identifying novel regulators that 

modulate firing rates. Similarly, pooled CRISPR-KO in 2024 highlighted synaptic regulators such as 

SYNGAP1, which alter neuronal excitability, with off-target effects mitigated using dual gRNAs 

[110]. 

Translationally, pooled CRISPR screens have targeted genes associated with 

neurodevelopmental and psychiatric disorders. In ASD, a small-scale screen of ~100 synaptic genes 

in iPSC neurons revealed that knockout of specific cell-adhesion genes impaired synaptic vesicle 

cycling. These studies collectively uncovered key regulators of neuronal survival, neurite dynamics, 

and electrophysiology, establishing a foundation for ASD-focused screens and highlighting the 

potential for discovering therapeutic targets. 

10.2. CRISPRi Screens in Microglia and Circuit-Relevant Phenotypes (Synaptic Pruning) 

Microglial CRISPRi screens have emerged as a critical tool to probe immune-neuron interactions 

in ASD. A 2023 Nature study conducted a pooled CRISPRi screen in human iPSC-derived microglia, 

targeting ~100 ASD-associated genes and measuring phagocytosis of fluorescently labeled 

synaptosomes. Knockdown of ADNP, an ASD-linked transcription factor, reduced synaptosome 

engulfment, implicating ADNP as a regulator of microglial synaptic pruning. Additional hits 

included autophagy and endocytosis genes, underscoring the mechanistic complexity of microglial 

function. 

A complementary approach in 2025 revealed pruning deficits in SHANK3, linking excessive synapses 

to ASD-relevant phenotypes. These studies collectively demonstrate that microglia play a pivotal role 

in regulating circuit development and synaptic homeostasis. The screens highlighted successes such 

as profiling immune-neuron interactions and identifying regulators of phagocytosis, while also 

noting limitations including the immature state of in vitro microglia models and challenges in 

lentiviral transduction. 

10.3. Pooled CRISPR Screens in Organoids — Successes, Bottlenecks, and Insights 

CRISPR-based pooled screens have now been extended to 3D human organoids, enabling cell-

type-specific and developmental analyses. The CHOOSE (CRISPR-Human Organoids-scRNA-seq) 

system [19] used a pooled lentiviral library targeting 36 high-confidence ASD transcriptional 

regulators, with two independent sgRNAs per gene, in human embryonic stem cell-derived cerebral 

organoids. Single-cell multiome profiling (RNA + ATAC) allowed mapping of gene perturbations to 

effects on cell fate and gene expression. Vulnerable cell types included dorsal intermediate 

progenitors, ventral forebrain progenitors, and upper-layer excitatory neurons, while gene 

regulatory network analyses revealed that BAF complex member knockouts (e.g., ARID1B) expanded 

ventral progenitors at the expense of excitatory neuron precursors. Patient iPSC-derived organoid 

validation confirmed phenotypes such as increased oligodendrocyte precursors. 

Organoid screens have also revealed specific disruptions relevant to ASD. For example, FOXP1 

knockout disrupted cortical lamination and highlighted convergence on Wnt signaling pathways 

(PMC 2024) [111]. Bottlenecks include the technical complexity of organoid culture, limitations in 

library delivery, and absence of vascularization, restricting long-term maturation. Nonetheless, these 

studies demonstrate the power of organoid models to reveal developmental and cell-type-specific 

phenotypes of ASD risk genes. 

10.4. Spatially Integrated CRISPR Screens: Mapping Non-Cell-Autonomous Effects 

Recent innovations integrate pooled CRISPR perturbations with spatial transcriptomics to map 

gene function in tissue context. A 2025 Cell study combined organoid infection with a pooled guide 

library and Slide-seq spatial transcriptomics, capturing sgRNA barcodes alongside mRNA to map 

perturbation effects to precise tissue locations. This approach revealed both cell-intrinsic and non-

cell-autonomous effects; for instance, knockout of a cell-adhesion gene altered the local clustering of 
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neurons, highlighting tissue-level architectural changes. Spatially integrated screens provide insights 

into cortical layering, glial-neuron interactions, and emergent phenotypes invisible to dissociated 

assays. 

The field is also moving toward platforms such as gsMap and AVITI24, which integrate spatial 

transcriptomics, protein detection, and gRNA profiling to enable high-resolution mapping of gene 

perturbations across complex tissues [91]. These methods are poised to uncover critical ASD-related 

phenotypes that depend on tissue architecture and intercellular interactions, advancing our 

understanding of circuit-level dysfunction in neurodevelopmental disorders [91]. 

10.5. Inferences from Case Studies 

Collectively, the reviewed studies highlight several key points: Microglia contribute to synaptic 

pruning deficits in ASD, suggesting potential for immune-targeted interventions. Organoid models 

capture cell-type-specific vulnerabilities and reveal convergent developmental pathways such as Wnt 

signaling and chromatin regulation [111]. Spatial CRISPR approaches enable mapping of non-cell-

autonomous effects and tissue organization, providing a more holistic understanding of ASD gene 

function. 

These case studies illustrate the complementary power of neural, glial, organoid, and spatially 

integrated CRISPR screens in elucidating the molecular and circuit-level underpinnings of ASD. 

11. Reproducibility, Standardization, and Best Practices 

11.1. Experimental Reporting Standards 

Transparent and standardized reporting is crucial for reproducibility in pooled CRISPR and 

functional genomics screens. Key parameters to report include the complexity of the sgRNA library 

(number of guides and uniformity of distribution), the multiplicity of infection (MOI) used to 

transduce cells (ensuring mostly single-guide cells), and the coverage achieved (cells per guide). For 

example, a statement may read: “Library contained 5000 guides; cells were infected at MOI=0.3 to 

achieve ~20% transduction, followed by selection; screening maintained 2000× coverage (~2000 cells 

per guide).”90 Reporting these values allows assessment of screen quality and reproducibility. 

Recommended standards often include MOI <1 and coverage >500× to ensure robust statistical power. 

Additional details on Cas9 or dCas9 lines (expression levels, activity assays), duration of screens, and 

selective pressures (if any) should be documented. Utilizing standardized reporting checklists, 

analogous to ARRIVE guidelines, helps the community replicate and build upon published work. 

11.2. Minimum Metadata to Report (Cell Line Source, Passage, Differentiation Protocol Details, Batch IDs) 

Comprehensive metadata is essential for reproducibility and interpretability. Reports should 

specify the origin of the human pluripotent stem cell (hPSC) lines, including genetic background 

when relevant (e.g., “iPSC line C2 from an ASD patient with CHD8 mutation”) [109], along with 

passage numbers at the time of use. Culture medium composition, differentiation protocols (steps, 

timing, small molecules, growth factors), and batch identifiers for both cells and library preparation 

must also be included. For example, if differentiation occurred in two separate batches, this should 

be noted and ideally randomized with respect to perturbations. Slight variations in differentiation 

protocols can markedly influence outcomes, so transparent reporting is critical. Public repositories 

should include all metadata to enable replication under comparable conditions. 

11.3. Data Deposition and Sharing (Raw FASTQ, Count Matrices, gRNA-Cell Maps, Metadata) 

Open science principles require that raw and processed data be deposited in appropriate public 

repositories. Raw sequencing files (FASTQ) should be submitted to the Sequence Read Archive (SRA) 

or ArrayExpress, while single-cell count matrices can be shared via GEO or specialized portals like 

the Single Cell Portal (SCP) and Human Cell Atlas (HCA)[112]. The mapping of cell barcodes to 

sgRNA barcodes (“guide assignment” file) must be included, along with metadata describing sample 

conditions (e.g., library used, time point, cell type). When possible, analysis scripts or notebooks 
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should accompany the datasets to improve transparency. For arrayed imaging or electrophysiology 

screens, raw image or voltage data, along with analysis code, should be archived. Recommended file 

formats include FASTQ, CSV/MTX matrices, CellML, NWB (electrophysiology), and OME-TIFF 

(images). Following FAIR principles—making data Findable, Accessible, Interoperable, and 

Reusable—is strongly encouraged. 

11.4. Recommended QC Checklists and Power/Coverage Calculators 

Prior to publication, screens should be evaluated using quality control checklists. Metrics 

include: ensuring ≥80% of guides are represented in plasmid counts, verifying that non-targeting 

controls behave neutrally, and confirming low Gini index values to indicate uniform guide 

distribution. For single-cell data, check that control cells form tight clusters and replicate guide results 

are consistent. Power calculations should be performed during experimental design, considering 

effect sizes, number of guides per gene, cells per guide, and replication. Tools such as simCAS can 

simulate single-cell CRISPR screens to estimate required scale. Coverage of at least 100 cells per guide 

per replicate is a common benchmark for detecting medium effect sizes. QC checklists may also 

include viability, editing efficiency, and Cas9 activity checks to ensure robust perturbation rates. 

11.5. Community Standards Initiatives and Consortia (Recommended Standardized Nomenclature for 

Perturbation IDs) 

The field of functional genomics benefits substantially from community-driven standardization 

efforts, analogous to large-scale genomic initiatives. Consortia such as the Human Cell Atlas (HCA), 

the International Genomics of Variation in Function (IGVF), and other collaborative initiatives aim to 

standardize single-cell data annotation, induced pluripotent stem cell (iPSC) biobanks, and 

differentiation protocols, thereby reducing variability across laboratories. Standardized 

nomenclature for genetic perturbations is strongly recommended, including the use of HGNC gene 

symbols and Addgene identifiers for constructs, alongside the deposition of detailed library 

descriptions in publicly accessible repositories. Establishment of a community registry for 

perturbation libraries would further facilitate cross-study comparisons [113]. Collaborative efforts 

among consortia such as SFARI, CRISPR-focused initiatives, and single-cell research groups can 

accelerate the adoption of unified protocols and data reporting standards, enabling interoperable 

datasets and large-scale meta-analyses. Key standards include library design with multiplicity of 

infection (MOI) less than 1 and coverage greater than 500×, detailed metadata encompassing cell 

source, passage number, differentiation protocols, and batch identifiers, and data deposition in 

repositories such as GEO or SRA for FASTQ files and matrices, as well as SCP or HCA for single-cell 

datasets. Quality control measures should assess library complexity, editing efficiency, control 

performance, and coverage. Community standards also encompass harmonized perturbation 

identifiers and standardized iPSC/CRISPR libraries. Initiatives such as IGVF are expected to further 

standardize iPSC biobanks, differentiation protocols, and perturbation nomenclature, thereby 

reducing experimental variability and enhancing reproducibility. 

12. Ethical, Legal, and Social Implications (ELSI) 

12.1. Human Stem Cell Research Governance and ISSCR Recommendations 

Research involving human pluripotent stem cells (hPSCs), particularly embryonic stem cell lines 

and organoid models, raises substantial ethical considerations. The International Society for Stem 

Cell Research (ISSCR) provides internationally recognized guidelines to address these issues. The 

2025 update focuses solely on embryo-model research; the 2021 framework remains unchanged, and 

uterine transfer is not allowed (International Society for Stem Cell Research, 2025). Brain organoids, 

as they gain structural and functional complexity, prompt debate regarding moral status; the current 

consensus holds that organoids lack sensory experience, yet regulatory frameworks are evolving. 

Researchers must obtain informed consent from donors, ensure compliance with local laws and 

institutional ethical review boards (IRB/IACUC), and maintain transparency, such as by publishing 
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experimental protocols and approvals [114]. Governance following ISSCR 2025 ensures that ethical 

and scientific integrity is maintained while enabling responsible innovation. 

12.2. Germline Editing vs. Somatic/Cell Models 

It is critical to differentiate somatic or cell-based research from germline editing. The functional 

genomics studies in autism spectrum disorder (ASD) predominantly utilize patient-derived somatic 

cell models, including hPSCs and iPSCs, where genetic manipulations are confined to in vitro systems 

[115]. CRISPR-based screens in these models, including pooled organoid platforms such as CHOOSE, 

aim to elucidate mechanistic pathways and do not advocate heritable genome modification [19]. In 

contrast, germline editing involves permanent changes transmissible to future generations and is 

widely considered ethically impermissible. Ethical clarity in publications requires emphasizing the 

somatic, non-heritable nature of experimental manipulations, and avoiding speculative discussions 

about editing human embryos. Oversight ensures that research on severe ASD can proceed within 

an established ethical framework for somatic cell studies, while germline interventions remain 

prohibited due to heritability risks 

12.3. Privacy and Data Sharing for Patient-Derived iPSCs 

Patient-derived iPSCs carry the full genomic information of the donor, including ASD risk alleles 

and potentially unrelated health variants, raising privacy concerns. Informed consent must explicitly 

cover stem cell derivation, genomic sequencing, and controlled data sharing. Access to genomic 

datasets, such as whole-genome sequences, should be restricted to controlled-access repositories (e.g., 

dbGaP, EGA) to prevent inadvertent re-identification. Compliance with regulatory frameworks like 

HIPAA and GDPR, coupled with ongoing donor engagement regarding data use, is essential. 

Anonymization challenges are heightened by unique genetic mutations that could theoretically 

identify individuals. Ethical data management ensures that privacy risks are mitigated while 

supporting reproducible and collaborative research. 

12.4. Societal Implications of Mechanistic Findings 

Mechanistic insights into ASD genetics carry significant societal consequences. On one hand, 

such knowledge can improve diagnostic precision and inform therapeutic development. On the 

other, it raises ethical and social concerns, including potential stigma, genetic determinism, and 

implications for prenatal testing. For example, validation of a gene as causative may influence 

prenatal screening panels, creating complex decisions for families regarding preparation or 

pregnancy termination. Emphasis on genetic risk must be balanced with recognition of 

neurodiversity and the contributions of environmental and personal factors. Communication 

strategies should be developed in collaboration with ethicists, patient communities, and clinicians to 

ensure responsible translation of findings. Moreover, understanding biases in ASD diagnosis, such 

as the female-to-male ratio affected by underdiagnosis, can help contextualize research without 

reinforcing deterministic narratives. 

12.5. Responsible Translational Pathways and Stakeholder Engagement 

Translating scientific discoveries into clinical applications requires a coordinated, multi-

stakeholder approach. Early involvement of patient advocacy organizations, such as the Simons 

Foundation, Autism Speaks, and the Autistic Self Advocacy Network, is critical to ensure that 

research priorities are aligned with patient values. Potential therapeutic strategies, including 

pharmacological and gene-based interventions, must undergo thorough preclinical evaluation 

followed by rigorous regulatory review by agencies such as the FDA and EMA. Continuous oversight 

guided by ethics, legal, and social implications (ELSI) frameworks, in conjunction with 

interdisciplinary collaboration among social scientists, clinicians, and patients, is essential to 

maximize benefits while minimizing potential harms. The overarching objective is to conduct 
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inclusive, ethically guided research wherein mechanistic insights inform responsible clinical 

translation. 

According to the ISSCR 2025 guidelines, clear governance is provided for embryo and organoid 

research, emphasizing ethical oversight and explicitly prohibiting uterine transfer (International 

Society for Stem Cell Research, 2025). Somatic cell models, including pooled organoid screens such 

as CHOOSE, are deemed ethically permissible for ASD research, whereas germline interventions 

remain prohibited due to heritability risks. Robust privacy safeguards, controlled data sharing, and 

informed consent are mandatory for the use of patient-derived iPSCs and genomic data. Mechanistic 

findings must be communicated responsibly to mitigate stigma, promote neurodiversity, and avoid 

deterministic interpretations of genetic information. Engagement of relevant stakeholders combined 

with rigorous ELSI oversight ensures that translational pathways remain safe, ethical, and inclusive. 

13. Translational Potential and Therapeutic Discovery 

13.1. Target Discovery and Validation 

One of the primary goals of functional genomics in Autism Spectrum Disorder (ASD) is to 

identify therapeutic targets. High-throughput CRISPR-based screens systematically uncover genes 

whose perturbation alters neuronal phenotypes, providing candidate targets for drug development. 

A typical pipeline involves: (1) performing a large-scale pooled screen to identify genes that, when 

perturbed, produce a desired phenotype; (2) validating these “hits” in a lower-throughput, arrayed 

format using high-fidelity functional assays such as multi-electrode arrays (MEA); and (3) using 

isogenic cell lines to confirm a direct causal link between the gene and the observed phenotype. This 

approach ensures that candidate targets are both impactful and specific to neuronal biology. In ASD, 

actionable targets might include synaptic proteins, signaling molecules, or epigenetic regulators that 

are drug-accessible. Hits from screens—such as RhoA, identified for its role in synaptic dysfunction—

can then be validated and prioritized for downstream therapeutic development. AI-based 

prioritization can accelerate the selection of targets most likely to translate from bench to clinical trial. 

Where pooled organoid screens have been applied (e.g., “CHOOSE”), these platforms exemplify how 

complex human neural models can anchor CRISPR-based discoveries in structural and 

developmental contexts. 

13.2. Small-Molecule and Biologic Development Informed by Perturbation Phenotypes 

Functional genomics screens not only identify targets but also directly inform small-molecule 

and biologic development. Perturbation phenotypes from CRISPRi or CRISPRa can guide therapeutic 

strategies: for instance, if CRISPRi of gene X produces a beneficial phenotype, small molecules 

mimicking that effect can be sought; conversely, if knockout causes detrimental phenotypes, 

inhibitors or activators can be used to restore function. Phenotypic readouts, including synapse 

number, neuronal activity, and circuit-level alterations, serve as relevant endpoints. For example, a 

mouse model of ASD revealed hyperactivity in the reticular thalamic nucleus as a driver of autism-

like behaviors, which was reversible with repurposed epilepsy drugs, demonstrating that functional 

genomics can inform actionable, circuit-level interventions. Biologics such as growth factors or 

antibodies can also be tested in cellular models if they target CRISPR-identified pathways. 

Additionally, chemogenomic screens combining CRISPR perturbations with chemical libraries allow 

systematic identification of compounds that mimic or suppress specific genetic effects, exemplified 

by small molecules like Rhosin targeting RhoA. 

13.3. Gene-Therapy Design Considerations 

Gene therapy in ASD is challenging due to genetic heterogeneity, but certain gene classes are 

promising targets. Haploinsufficient genes (Category 1, e.g., CHD8, ADNP, SCN2A) can potentially 

benefit from viral vector-mediated delivery (e.g., AAV) to restore normal gene dosage. AAV-based 

gene replacement has been successful in other monogenic neurodevelopmental disorders such as 

Angelman syndrome. Loss-of-function missense variants may be addressed using wild-type cDNA 
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delivery or RNA-based therapies, including antisense oligonucleotides for exon skipping or splicing 

modulation. Dominant-negative mutations affecting synaptic receptors are more challenging, but 

approaches such as CRISPRa to boost the normal allele or CRISPR/Cas13 to selectively silence the 

mutant transcript are being explored.  

The CRISPR screens further inform which ASD genes possess functional domains amenable to 

drug targeting or which pathways converge on “druggable” nodes like mTOR or neurotransmitter 

receptors. While polygenic forms of ASD complicate gene therapy approaches, monogenic or 

syndromic cases (e.g., MECP2 mutations) are more tractable. CRISPR-based perturbation studies can 

reveal which genes, when up- or downregulated, have the strongest effects on neural function, 

guiding candidate selection for gene therapy. Prime and base editors enable precise, single-variant 

corrections, broadening the therapeutic possibilities. Because double-strand break–inducing 

nucleases may activate a p53 checkpoint in human pluripotent stem cells (hPSCs), strategies such as 

ribonucleoprotein (RNP) delivery, base or prime editing, and stringent clone screening are 

recommended to mitigate editing toxicity. 

13.4. Personalized Medicine: Patient iPSC Panels and Isogenic Variant Correction 

Patient-derived induced pluripotent stem cells (iPSCs) provide a platform for personalized 

therapy development. Panels of iPSCs carrying diverse ASD-linked variants—such as those from the 

SFARI iPSC library—allow systematic testing of variant pathogenicity. Isogenic correction, where a 

patient-specific mutation is corrected in iPSCs, can reveal causality by comparing corrected and 

uncorrected lines. Conversely, introducing a variant of unknown significance into control iPSCs 

allows assessment of its functional impact. This “variant-to-function” approach refines diagnostics 

by distinguishing benign polymorphisms from pathogenic mutations and informs individualized 

therapeutic strategies. For example, hyperexcitability in neurons carrying a channelopathy mutation 

could guide treatment with specific channel-blocking drugs. Using patient iPSC panels in 

combination with CRISPR-based screens connects genetic diagnosis directly to tailored interventions. 

To strengthen causality, edit-and-rescue strategies—loss-of-function perturbation followed by cDNA 

rescue or CRISPRa—are recommended as the standard for isogenic validation (Dixit, et al., 2016). 

13.5. Regulatory Pathway for Therapeutic Translation 

Translating findings from CRISPR-based functional genomics screens into clinical applications 

necessitates careful navigation of regulatory frameworks. For gene and cell therapies, regulatory 

agencies such as the FDA require rigorous demonstration of safety and efficacy in preclinical models. 

CRISPR screens contribute mechanistic insights, facilitate the identification of biomarkers of 

response, and support the establishment of predictive endpoints. For example, correction of a 

synaptic phenotype in vitro should ideally be associated with corresponding behavioral 

improvements in relevant animal models. Early engagement with regulatory authorities regarding 

novel endpoints, including molecular or physiological biomarkers derived from CRISPR screens, can 

help streamline approval pathways. Additionally, companies are developing regulatory-ready 

platforms, such as the submission of GMP-grade human induced pluripotent stem cell (hiPSC) lines 

and the pursuit of designations like Regenerative Medicine Advanced Therapy (RMAT), which can 

accelerate the development of promising regenerative products. Ensuring assay relevance to clinical 

outcomes, coupled with collaboration between clinical and industry partners, is critical for translating 

functional genomics findings into safe and effective ASD therapies. Inferences from these approaches 

indicate that AI-prioritized CRISPR hits can accelerate the pipeline from screens to clinical trials. 

Functional genomics enables the identification of both gene-specific and circuit-level targets suitable 

for small molecules, biologics, and gene therapies, while patient-specific iPSC models and isogenic 

corrections support precision medicine strategies. Regulatory engagement further ensures the 

translational feasibility, safety, and clinical relevance of these novel therapeutic interventions. 

14. Challenges, Limitations, and Open Questions 
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14.1. Model Limitations 

Despite immense progress, current in vitro models have inherent limitations and do not perfectly 

replicate the human brain. Human pluripotent stem cell (hPSC)-derived neurons, even after months 

in culture, generally resemble embryonic or early postnatal neurons [116]. They often lack full 

dendritic complexity, myelination, or mature synaptic properties. Organoids improve this situation 

but still capture only early developmental stages. Furthermore, organoids lack a functional vascular 

system and do not fully recapitulate long-term maturation, limiting their capacity to model later 

developmental stages or key processes such as synaptic pruning in the context of an adult brain. 

Environmental cues present in vivo—including blood supply, immune system interactions, sensory 

inputs, and endocrine signals—are absent or incomplete. Co-cultures and organ-on-chip systems can 

partially address these gaps, but no in vitro model fully mimics the in vivo milieu. Consequently, 

researchers must interpret results with caution: a gene showing no effect in vitro may still play an 

important role in vivo, and vice versa. For disorders such as ASD, which manifest behaviorally, 

linking cellular phenotypes back to brain function represents a major challenge. Hybrid organoid-

animal models may partially address these gaps by combining the advantages of both systems. 

14.2. Technical Constraints for Scaling Pooled CRISPR in Organoids 

While pooled CRISPR screens are highly scalable in 2D cultures, several technical hurdles limit 

their application in 3D organoids [117]. First, uniform delivery of gRNA libraries is challenging: 

lentiviral penetration into three-dimensional tissues is limited, and achieving single-copy infection 

across thousands of organoids is nontrivial. Organoids derived from a single pool often display 

mosaicism, with each organoid containing multiple different perturbations, complicating 

interpretation. The CHOOSE approach partially overcomes this by barcoding, but scaling to 

hundreds of organoids remains complex. Second, organoid assays, such as single-cell RNA-

sequencing, are expensive on a per-cell basis, which limits throughput. Third, inherent variability 

between organoid batches—including differences in cell composition—can mask the effects of 

perturbations. These limitations currently restrict organoid CRISPR screens to targeted gene sets 

rather than genome-wide approaches. Moreover, the absence of vascularization and long-term 

maturation further constrains the fidelity and scalability of these models. 

14.3. Interpreting Pleiotropic Gene Effects and Cell Non-Autonomous Phenotypes 

A pervasive challenge in ASD research is the pleiotropy of candidate genes. Many ASD-

associated genes have multiple roles across neuronal and non-neuronal cell types. Perturbation of 

such a gene can produce phenotypes either through cell-autonomous mechanisms or via altered 

neuron-glia signaling in mixed cultures. Some genes, particularly synaptic adhesion molecules, 

function at the system level, meaning a knockout may only manifest a phenotype in the presence of 

a normal partner cell. Dissecting direct versus indirect effects often requires complementary arrayed 

co-culture experiments or single-cell-type isolations. Deconvoluting these complex, multi-level 

effects to identify causal mechanisms for disease phenotypes demands sophisticated computational 

tools and multi-modal datasets. 

14.4. Statistical and Computational Challenges (False Positives/Negatives, Multiple Testing) 

High-throughput and single-cell CRISPR screens generate massive datasets, which introduce 

significant statistical and computational challenges [118]. Multiple hypothesis testing inflates the risk 

of false positives, while stringent correction methods such as Benjamini-Hochberg false discovery 

rate (FDR) adjustment can increase false negatives, potentially missing real hits. Complex covariance 

structures, including batch effects and cell-cycle variation, further complicate differential expression 

analyses. Technical noise inherent to single-cell RNA-seq, such as dropout events and low read 

counts, presents additional challenges for accurate signal detection. Algorithms like MIMOSCA or 

SCEPTRE provide built-in controls, but no method is perfect. Cross-validation through independent 

experiments is essential to confirm hits. The computational demands are high, as single-cell CRISPR 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 November 2025 doi:10.20944/preprints202511.1997.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.1997.v1
http://creativecommons.org/licenses/by/4.0/


 34 of 45 

 

datasets can encompass millions of cells, necessitating optimized pipelines and substantial 

computing resources. Open-source tools such as MAGIC, Seurat, and Scanpy facilitate analysis, but 

expertise in bioinformatics remains critical [119]. 

14.5. Prioritizing Hits for Translational Follow-Up 

High-throughput screens frequently generate extensive lists of candidate genes, posing a 

significant challenge in determining which hits are most suitable for translational follow-up. 

Prioritization of these candidates typically considers criteria such as effect size, reproducibility across 

multiple guides and replicates, and biomedical tractability, including the presence of known drug 

targets. Genes previously implicated in ASD through human genetic studies are prioritized for 

validation, whereas novel genes have the potential to uncover previously unrecognized biological 

pathways. Integration with complementary data types—including co-expression networks, protein-

protein interaction maps, and patient-derived datasets—facilitates the identification of the most 

plausible candidate genes [120]. Practical considerations, such as the availability of reagents, ease of 

cloning, and the existence of animal models, also influence decision-making. Furthermore, 

community-wide initiatives that cross-reference CRISPR screen hits with patient variants or clinical 

data provide additional guidance for selecting targets for downstream translational studies. 

Despite these advances, modeling polygenic risk and prioritizing hits for therapeutic 

intervention continue to present significant challenges. Emerging hybrid organoid-animal models 

offer promising strategies to address current limitations in maturation, vascularization, and system-

level interactions, thereby improving the translational relevance of candidate gene validation. 

15. Future Directions and Roadmap 

15.1. Integrating Spatially Resolved Perturbomics and Multi-Omics 

The next generation of ASD functional genomics will rely on the seamless integration of spatially 

resolved perturbomics, multi-omics, and high-throughput electrophysiology. Spatial transcriptomics 

will become routine, linking genetic perturbations to tissue architecture, while multi-omics 

approaches—including simultaneous scRNA-seq, scATAC-seq, and protein quantification in the 

same cells—will provide richer, multi-dimensional phenotypes. Advanced imaging techniques, such 

as light-sheet microscopy of whole organoids and in vivo two-photon imaging, could eventually 

capture functional readouts alongside CRISPR perturbations. Robotics and high-throughput 

platforms will facilitate parallel electrophysiology or live imaging, enabling comprehensive 

functional screens. A plausible roadmap envisions a converged “spatial perturb-seq,” running 

screens that profile transcriptomes, epigenomes, and activity (via calcium imaging or voltage 

reporters) in an intact 3D neural tissue [121]. Importantly, proof-of-concept studies already 

demonstrate spatially resolved CRISPR screens that link genomic perturbations with tissue structure 

[51]. Machine learning and AI will be essential to analyze these vast datasets, uncovering patterns 

beyond human perception, and allowing a shift from single-cell analyses to understanding complex 

neural circuits. 

15.2. Scaled Patient-Derived iPSC Biobanks and Standardized CRISPR Libraries for Population-Scale 

Functional Genomics 

To capture the full spectrum of ASD genetic risk, large-scale, community-driven biobanks of 

patient-derived iPSCs are critical. Each line would have a known genotype and could be 

systematically combined with standardized CRISPR libraries based on curated resources such as the 

SFARI Gene database [122]. This approach would allow population-scale functional genomics, 

assessing how genetic background influences gene function (gene-by-gene interactions). For 

feasibility, the community should agree on standard reference lines (e.g., a few “universal” iPSC 

lines) and common guide RNA libraries. Initiatives such as SFARI and the Human Cell Atlas (HCA) 

are already moving in this direction. Such standardization would accelerate cross-study comparisons 
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and enable meta-analyses, extending modeling beyond individual patients to the entire range of ASD 

risk alleles. 

15.3. Use of Base and Prime Editors to Directly Model Patient Variants at Scale 

Future screens will focus increasingly on variant-level modeling rather than gene-level 

knockouts. Base and prime editors will enable the creation of libraries where each cell carries a 

distinct ASD-linked mutation, allowing high-throughput interrogation of variant effects on neuronal 

physiology. For example, tiling prime-editing guide RNAs across exons of genes such as SCN2A 

could facilitate parallel functional assessment of thousands of clinically reported variants, including 

variants of uncertain significance (VUS). In a prospective scenario, sequencing a patient genome 

could reveal a novel missense mutation; pre-existing variant libraries would allow immediate 

functional testing, directly informing pathogenicity. These advances, combined with high-content 

phenotyping, could significantly improve clinical interpretation of ASD-linked variants. Notably, 

base/prime editing reduces double-strand break–triggered TP53 activation observed in hPSCs, a 

known limitation of nuclease-based editing [123]. 

15.4. AI/ML Integration for Prioritization and Causal Inference 

The immense datasets generated by multi-modal ASD screens are beyond the capacity of 

traditional analysis. AI and machine learning will be crucial for prioritizing genes or variants for 

experimental follow-up, predicting functional consequences, and inferring causal relationships in 

complex biological networks. Deep learning approaches, including autoencoders and graph neural 

networks, can integrate multi-omic perturbation data to model developmental programs, cell fate 

outcomes, and the functional impact of perturbations. As large public datasets accumulate, including 

perturbation atlases, AI-driven approaches will be indispensable for generating insights that humans 

alone cannot synthesize [117]. Recent advances further highlight how AI-based trajectory inference 

can resolve cell fate outcomes in CRISPR-perturbed neural systems [45]. 

15.5. Proposed Community Blueprint: Standard Reference Lines, Standard Readouts, and Common Data 

Formats 

A coordinated community “blueprint” will be critical for advancing functional genomics in 

autism spectrum disorder (ASD). This blueprint entails consensus on standard reference cell lines—

analogous to HEK293 for kidney research and a limited number of induced pluripotent stem cell 

(iPSC) lines for neuronal studies—along with standardized differentiation protocols to minimize 

inter-laboratory variability. Core phenotypic readouts, including synapse number, neuronal firing 

rate, and key gene-expression signatures, are essential to ensure consistency across studies. Adoption 

of standardized data formats, such as the Human Cell Atlas’s Loom or AnnData for perturb-seq 

datasets, will facilitate data sharing and interoperability. Governance through collaborative 

consortia, modeled after initiatives like ENCODE or the Human Cell Atlas, will ensure adherence to 

these standards. Collectively, these efforts provide a roadmap for causal genomics, with the potential 

to transform ASD research and ultimately improve patient care [113]. Integration of spatial 

perturbomics, multi-omics profiling, high-throughput electrophysiology, scaled iPSC biobanks, 

variant-level modeling, and AI-driven analytical frameworks, all within a community-standardized 

blueprint, will enable comprehensive, causal functional genomics in ASD. Such an approach is poised 

to accelerate the translation from genotype to phenotype and drive the development of targeted 

therapeutic strategies. 

16. Conclusion 

CRISPR-enabled functional genomics in human stem cell models is transforming the study of 

autism spectrum disorder (ASD) biology. By systematically perturbing ASD-associated genes in 

relevant cell types and analyzing molecular and cellular phenotypes, these platforms are bridging 

the gap between genetic association and biological mechanism. Early studies have already uncovered 
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novel roles for known genes, such as ADNP in microglia and ARID1B in progenitor fate, while 

revealing vulnerable cell populations, highlighting the power of these approaches in identifying 

causal relationships in human-relevant contexts. 

The convergence of CRISPR tools—including nucleases and base editors—with advanced 

cellular models such as neurons, glia, and organoids, alongside rich readouts including single-cell 

omics, high-resolution imaging, and electrophysiology, has created an unprecedented data stream. 

This integration is enabling systematic mapping of gene-to-phenotype relationships, moving the field 

beyond the search for individual disease-causing genes toward the identification of convergent 

molecular pathways and circuit-level dysfunctions that can be targeted for therapeutic intervention. 

Despite the inherent complexity of ASD—including its heterogeneity, pleiotropy, and numerous 

variants of unknown significance—these sophisticated platforms offer an unprecedented 

opportunity to unravel the disorder's intricate pathobiology. The technological roadmap ahead 

emphasizes the integration of spatial, multi-omic, and high-throughput electrophysiological 

readouts, the creation of large-scale standardized biobanks, and the strategic application of advanced 

computational methods to analyze and interpret complex datasets. 

While significant technical and ethical challenges remain—ranging from limitations of current 

in vitro models to the complexities of multi-modal data analysis—the rapid progress of the field is 

undeniable. The ultimate goal is to leverage these insights for the benefit of individuals with ASD by 

refining diagnoses, uncovering novel therapeutic targets, and informing precision medicine 

strategies. CRISPR-stem cell platforms, therefore, revolutionize ASD functional genomics, offering 

unparalleled promise for bridging genetics, mechanisms, and therapies, and paving the way for 

personalized and effective interventions for the millions of individuals and families affected by 

autism. 
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