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Abstract

Advances in genomics have led to the identification of many risk loci with hundreds of genes and thousands of DNA variants
associated with neuropsychiatric disorders. A significant barrier to understanding the genetic underpinnings of complex diseases
is the lack of functional characterization of risk genes and variants in biological systems relevant to human health and connecting
disease-associated variants to pathological phenotypes. Characterizing gene and DNA variant functions requires genetic perturbations
followed by molecular and cellular assays of neurobiological phenotypes. However, generating null or mutant alleles is low throughput,
making it impossible to characterize disease-associated variants in large quantities efficiently. CRISPR interference (CRISPRi) and CRISPR
activation (CRISPRa) screens can be leveraged to dissect the biological consequences of the tested genes and variants in their native
context. Nevertheless, testing non-coding variants associated with complex diseases remains non-trivial. In this review, we first discuss
the current challenges of interpreting the function of the non-coding genome and approaches to prioritizing disease-associated variants
in the context of the 3D epigenome. Second, we provide a brief overview of high-throughput CRISPRi and CRISPRa screening strategies
applicable for characterizing non-coding sequences in appropriate biological systems. Lastly, we discuss the promising prospects of
using CRISPR-based technologies to dissect DNA sequences associated with neuropsychiatric diseases.

Introduction
Although neuropsychiatric disorders, such as intellectual disabil-
ities, autism and schizophrenia, exhibit genetic heritability, the
exact genetic underpinnings remain elusive. Large-scale studies
such as the ENCODE and Epigenome Roadmap projects have
annotated millions of candidate cis-regulatory elements (cCREs)
on the basis of their chromatin accessibility, associations to
histone modifications, transcription factor (TF) binding, DNA
hypomethylation, etc. One of the most striking findings from
these annotations is that putative regulatory sequences harbor a
disproportionally large number of sequence variants associated
with diverse human traits and diseases, leading to the theory that
genetic variations in regulatory elements contribute substantially
to common complex human diseases (1,2). However, the reliability
of these descriptive maps to capture the functional CREs remains,
for the most part, to be demonstrated. In this review, we will
discuss how to prioritize non-coding variants by leveraging 3D
epigenome annotation and how to characterize their functional
impact with CRISPR interference (CRISPRi) and CRISPR activation
(CRISPRa) screens.

3D Epigenome Annotation and
Prioritization of Non-Coding Variants
Associated with Neuropsychiatric Diseases
Genome-wide association studies (GWAS) have revealed thou-
sands of non-coding DNA variants associated with neuropsychi-
atric disorders. However, it has been challenging to prioritize risk

variants, identify the cell types in which variants function or the
target genes they regulate and measure the effect sizes of disease-
associated variants on their target gene expression due to the
following reasons: first, genetic loci are themselves hard to deci-
pher, as the majority are located in poorly annotated non-coding
regions, whose impact is governed by cis-regulatory mechanisms
that remain to be understood; second, regulatory sequences often
interact with their target genes over long genomic distances,
precluding a straightforward identification of disease risk genes
and limiting the interpretation of non-coding variants from GWAS.
Typically, neighboring genes are assigned as risk loci for non-
coding variants. However, this nearest gene model is challenged
by both experimental and computational evidence (3,4); third,
the complexity of brain tissues, with numerous heterogeneous
cell types (5), makes any direct interpretation of the genetic
information burdensome, as genetic loci can affect only a subset
of cell types during specific cellular and pathophysiological states.
Therefore, to understand the functional impact of non-coding
variants, it is vital to go beyond genetic associations and integrate
diverse data types to elucidate the target genes and pathways of
the genetic variants in a cell-type-specific manner.

To overcome these challenges, epigenomic annotations can be
leveraged to prioritize risk variants that affect the gene regula-
tory functions of cCREs. For example, open chromatin regions,
chromatin states associated with active histone marks and TF
binding sites can be used for prioritizing variants contributing to
disease by disrupting the regulatory functions of enhancers (2).
One model for temporal–spatial control of cell-type-specific gene
expression from distal elements is that cCREs, such as enhancers,
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can loop to their target genes and activate gene transcription.
Thus, information on 3D chromatin structure, in particular, high-
resolution chromatin loops between cCREs and their gene tar-
gets, can further facilitate the identification of risk genes and
biological processes affected by non-coding variants (6–9). The
physical interactions between cCREs and gene promoters can be
mapped using several chromatin conformation capture methods,
including Hi-C (10), Micro-C (11), HiChIP (12,13) and Genome
Architecture Mapping (14). Such information can pinpoint causal
variants to their linked genes, and their dysregulation can be
one of the mechanisms of disease pathogenesis via impacting
transcriptional regulation. Thus, integrative approaches combin-
ing chromatin spatial organization studies with medical genetic
information, along with other multi-omics data, can facilitate the
identification of putative risk variants and genes. For example,
microdissected human brain regions were used for genome-wide
mapping of long-range chromatin interactions to prioritize neu-
ropsychiatric variants in cCREs and their target genes (7,15).

Complex diseases often involve multiple dysregulated loci with
cell-type-specific patterns of activity. This presents unique chal-
lenges for deciphering disease etiology when attempting to distin-
guish causative mechanisms from secondary phenotypes within
heterogeneous samples. For these reasons, comprehensive anno-
tation of regulatory relationships in specific, well-characterized
cell populations, should enable in-depth insights into complex
disease biology (Fig. 1). To this end, several studies used specific
cell types sorted from human brain tissues for the identification
of high-resolution chromatin loops between promoters and distal
cis-regulatory elements (6,9,16). In one study, the authors isolated
excitatory neurons, oligodendrocytes, microglia and astrocytes
from the adult brain and revealed that Alzheimer’s disease vari-
ants are significantly enriched in microglia-specific enhancers (6).
In another study, the authors isolated radial glia, intermediate
progenitor cells, excitatory neurons and interneurons from the
developing human cortex, and identified tens of thousands of
cell-type-specific chromatin interactions. Further analysis discov-
ered that lineage-specific genes are enriched for promoters with
unusually high interactives, termed super interactive promoters
(SIPs) (9). SIPs represent a unique mechanism for fine-tuning gene
expression by having multiple distal regulatory elements essen-
tial for cellular identity and function. In addition, human-induced
pluripotent stem cell (iPSC) differentiation models remain attrac-
tive for 3D epigenome studies for cell types that cannot be readily
isolated from the human brain (17–19). For example, iPSC neu-
ronal and glia differentiation have been used for interrogating
cell-type-specific 3D chromatin interactions (8,20). These studies
provided an excellent resource for annotating disease variants
and target gene pairs. Moreover, iPSC differentiation offers con-
venient models for testing the functionalities of disease variant
regions through genetic perturbation.

High-Throughput CRISPRi and CRISPRa
Approaches to Characterize
Disease-Associated Non-Coding Loci
Clustered regularly interspaced short palindromic repeats
(CRISPR), originally derived from bacteria adaptive immune
systems (21), is a versatile genome-editing tool. The original
CRISPR was constructed through two key components, a single-
guide RNA (gRNA) and a Cas9 endonuclease from Streptococcus
pyogenes (22). Cas9 can be directed to the specific target site by a
gRNA with complementary endogenous sequences and generate

double strand breaks (DSBs) that can make indels through non-
homologous DNA end joining (22–24). CRISPR can also be used
for precision genome editing. In particular, homology-directed
repair of CRIPSR-induced DSBs enables precise editing with
defined donor DNA sequences, including base substitutions,
sequence insertions and deletions (25). In this review, we will
focus on CRISPRi and CRISPRa epigenome editing tools, which are
more suitable for high-throughput genetic screens due to their
higher efficiency in perturbing both alleles, thus yielding more
consistent and robust results compared with CRISPR indel and
CRISPR deletion approaches. CRISPRi and CRISPRa are achieved
by using the catalytically dead Cas9 (dCas9), which binds to the
target site without inducing DNA cleavage. CRISPRi can block the
transcription initiation or elongation by dCas9 alone (26,27). In
addition, CRISPRi can effectively repress transcription by fusing
dCas9 with transcriptional repressor domains, such as KRAB (28),
to induce gene silencing and enhancer inhibition more efficiently
than dCas9 alone (28,29). CRISPRa can activate gene expression
by fusing dCas9 with one or more activation domains, including
VP64 (28), VP64-p65-Rta (30), synergistic activation mediator (31)
or SunTag (32). CRISPRi and CRISPRa both result in reversible
epigenome editing, as the systems must be constitutively
expressed to perturb function. This is no longer the case with
CRISPRoff (33), a system that establishes epigenomic silencing by
fusing KRAB, Dnmt3A and Dnmt3L to dCas9. CRSIPRoff recruits
histone deacetylases, histone methyltransferases and heterochro-
matin protein 1, leading to the formation of heterochromatin
(28,29) and DNA methylation and establishing a heritable repres-
sive state throughout cell proliferation and differentiation (33,34).

Although CRISPRi and CRISPRa can be effectively used for inter-
rogating genome function for both genes and cCREs (28,35–37),
genes, rather than non-coding regions containing risk variants,
are more extensively studied by CRISPR approaches. In the fol-
lowing section, we will discuss a few genetic screening strategies
that are applicable to advance our understanding of cCREs and
disease-associated non-coding variants.

Pooled CRISPR screens with survival/proliferation
phenotypes
Survival and proliferation are classical phenotypes that have
been widely used in the context of CRISPR screens. In this
approach, gRNA libraries can be delivered together with CRISPRi
and CRISPRa machinery to induce silencing or activation of
regions of interest in cells. By quantifying the relative depletion
or enrichment of gRNAs between two time points, loci that are
essential for cell survival, differentiation or proliferation can be
identified (Fig. 2A). This technique has been used to identify genes
essential to the survival/differentiation of neurons with both
CRISPRi and CRISPRa perturbations (38,39). Similarly, CRISPRi
and CRISPRa screens on the basis of survival and proliferation
phenotypes can be applied to identify genomic loci that confer
sensitivity or resistance to toxic conditions, including drug
treatment or cellular stress, by analyzing guide distribution
before and after treatment (Fig. 2B). For example, the GPX4
gene, which encodes a glutathione peroxidase, was only found
to be essential for neuronal survival under oxidative stress
conditions (39). In principle, survival phenotype can identify
cCREs regulating cell growth and survival genes. However, most
disease-associated variants are not necessarily linked to the
survival and proliferation phenotypes, and cell survival may
not be sensitive enough to identify enhancers with GWAS-
identified variants that only exert subtle effects on essential
gene expression. Thus, CRISPR screen strategies directly link to
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Figure 1. Characterizing human neuronal cells using 3D epigenome. (A) The human brain contains diverse heterogeneous neuronal cell types, which
include neuons, astrocytes, oligodendrocytes and microglia et al. (B) Different cell types show distinct 3D epigenome landscape and gene regulatory
network. In the example, besides the shared open chromatin regions, the neuronal and glial cells have unique open chromatin regions marked by ATAC-
seq signal, which indicate potential cell-type-specific regulatory function of CREs. Active chromatin marks, 3D chromatin contacts and RNA-seq data
indicate that CRE1 can regulate Gene B in the neuronal cells and that CRE2 can regulate Gene A in glial cells. Due to the cell-type-specific transcriptional
regulation of CREs, functional validation of disease-related SNP within CRE1 would be best performed in neuronal cells.

transcriptional output and disease-relevant cellular function are
more desirable.

Pooled CRISPR screens on the basis of gene
expression
The 3D genome annotation has identified many cCREs physi-
cally interacting with gene promoters, suggesting their function-
ality in regulating gene expression. Several studies have used
CRISPRi and CRISPRa in a massively parallel fashion to screen
for enhancers of a gene of interest (Fig. 2C). Genes expression
levels can be either detected by an endogenously tagged fluores-
cent reporter (36,40,41) or quantified signals with fluorescence in
situ hybridization (42,43) using fluorescence-activated cell sorting
(FACS) after perturbing cCREs. Although these studies typically
focus on down regulation of target genes (36,42,43), upregulation
through CRISPRa experiments can also identify potential CREs
(44).

Pooled CRISPR screens coupled with single-cell RNA sequenc-
ing (scRNA-seq), e.g. Mosaic-Seq (45), can identify genes, path-
ways and genetic interactions in cells with specific perturbations
(46–48) (Fig. 2). Moreover, scATAC-seq can also be coupled with
CRISPR screens to identify how perturbations alter the epigenomic
landscape and gene regulatory networks (49–51). Furthermore,
genes identified as targets of perturbed regions can be used for
gene ontology analysis to identify shared and unique pathways
under different CRISPR conditions. However, due to the limited
power and high-sequencing cost, they are often utilized to follow-
up prioritized targets (52,53). These limitations are further exac-
erbated when screening for CREs, as they are more abundant
than expressed genes and often have smaller effect sizes on tran-
scription. To overcome these limitations, targeted quantification
of select genes (54,55), or increasing the multiplicity of infection
(56), can lead to increased power to detect transcriptional changes
following CRISPR perturbation.

Pooled CRISPR screens on the basis of cellular
physiological functions
Currently, there is a shortage of tractable biological models to test
cCREs in the human genome at scale. In addition, there is a big gap
between observing transcription effects caused by perturbation

at cCREs and such changes in transcription that contribute to
disease phenotypes. As mentioned in the gene reporter-based
strategy, CRISPR screens for interrogating cCREs are low through-
put, generally focusing on cCREs of one gene at a time (36,40,41).
CRISPRpath, a scalable screening strategy can be applied for par-
allelly characterizing CREs from multiple genomic loci by leverag-
ing genes converging on phenotypes linked via a specific biological
pathway (57). Similarly, cellular assays can be used to screen
for cCREs of multiple genes that affect the same physiological
functions associated with disease states. For example, Liu et al.
identified factors upregulated by CRISPRa that facilitate neuronal
cell fate in mouse embryonic stem cells by sorting cells that
express the neuronal marker TUBB3 upon activation (58). Future
studies focusing on additional disease-relevant phenotypes that
can be selected by FACS, including active mitochondria and cal-
cium signaling in neurons or phagocytosis assay and cytokine
production in immune response in microglia, should yield novel
insights into the genetic basis of complex neuropsychiatric dis-
eases (Fig. 2E). Certain phenotypes, such as complex morpholo-
gies, rely on high-content imaging analysis. After characterizing
pooled cells via microscopy, multiple methods exist to identify
the guides enriched for the phenotype. First, targeted in situ
sequencing can be used to identify the gRNA expressed in each
cell (59). Second, targeted photoactivation of a fluorescent protein
in an automated manner, allows for separation via FACS (60).
Lastly, a recent publication developed image-enabled cell sorting,
which simultaneously combines fluorescence microscopy and
flow cytometry techniques in a novel manner that allows for
screens of cell morphology and localization of labeled proteins
(61). This method holds great promise in performing genetic
screens using complex phenotypes.

Array-based screens for complex phenotypes
Although all previous screens focused on pooled libraries, com-
plex phenotypes, such as the excitability of neurons, or the secre-
tion of specific factors, generally cannot be disentangled through
pooled formats and must be investigated in array screens. The
key principle of these screens is to deliver gRNA to separate
wells and subsequently evaluate the phenotype of interest asso-
ciated with each well (Fig. 2F). Compared with the above methods,
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Figure 2. Strategies of CRISPR screens. Experiment overview for high-throughput CRISPR screening, where gRNAs designed to target cCREs are cloned
and then delivered into the cell type of interest containing CRISPR machinery. After delivery, the transduce cells containing the pooled gRNAs can
be characterized by several different techniques with varying readouts. (A) Comparing the distribution of pooled gRNAs between two time points can
identify loci essential for proliferation and survivability. (B) Assessing the relative depletion or enrichment of gRNAs between a perturbed condition such
as drug treatment compared with a mock treatment at the same time point or the time point before treatment, connects loci that confer sensitivity
of resistance to the perturbation. (C) Quantifying the expression changes induced by cCREs of an endogenous gene tagged with GFP allows FACS to
separate cells with high or low levels of fluorescence/gene expression and identify loci that regulate the expression of the tagged gene. (D) Conducting
scRNA-seq or scATAC-seq identifies high-dimensional transcriptional or epigenomic phenotypes associated with perturbation of cCREs. (E) Separating
pooled cells, for example by FACS, with a labeled physiological biomarker such as protein levels, allows for the gRNA distribution of cells with and
without the marker to be compared with identify loci associated with a biological process. (F) Complex phenotypes that cannot be measured in pooled
screens can be investigated in arrayed screens where gRNAs are introduced and characterized in individual wells.

array screens are relatively low throughput and normally rely on
automation to discern phenotypes.

CRISPR screens in biologically relevant systems
The majority of large-scale CRISPR screens have been conducted
in transformed cell lines with little relevance to human health
and diseases. Although screens in non-neuronal systems have
been able to discover hits that subsequently reproducible results
in neuronal cell types (62,63), it is highly likely that neuronal-
specific functional sequences would be missed in a different cell
type. For example, a study screening for essential genes in iPSC-
derived neurons identified genes specific to neurons, including
MAP3K12, MAPK8 and CDKN1C (38). Recently, a few studies have
embarked on functional characterization in iPSC differentiation
models (20,38,39), primary cells isolated from the human brain (9)
and mouse brain tissues (52). For example, CRISPRview combines
CRISPR technology with single molecule FISH and immunostain-
ing to interrogate DNA sequences at a single-cell level, allowing
the very first test of brain enhancers using cells directly iso-
lated from the human brain (9). In another study, a total of 35
autism spectrum disorder/neurodevelopmental delay risk genes
were evaluated by perturb-seq using the developing mouse brain

in utero (52). Similar strategies could be considered for testing
cCREs and non-coding variants in vivo.

Alternatively, brain organoids can also be used for functional
characterization of disease-associated variants with the following
advantages. First, organoids consist of a diverse collection of cell
types communicating with each other, allowing interrogation of
gene function in diverse cell types, including those that are hard
to isolate from in vivo or iPSC differentiation models. Moreover,
cell lines are typically grown in 2D, rather than 3D, which can
lead to varying results in screens, as shown by recent work in
cancer organoids (64). Although organoids provide many advan-
tages, challenges of this model include that they do not fully
recapitulate in vivo tissues, still lack certain cell types such as
microglia (65,66), and take extensive time to mature.

Finally, although this review focused on how CRISPR tech-
nologies are applied to characterize DNA variants and elements
associated with neuropsychiatric disorders, these methods are
readily applicable to other complex diseases, such as cancer.
For example, CRISPRi screens identified iso-form specific loss of
function in gastric cancer (67), highlighted prostate cancer risk
loci involved in 3D genome architecture (68), as well as mapped
regulatory networks in estrogen receptor-positive breast cancer
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(53). In addition, large-scale CRISPRa and CRISPRi screens are used
to identify essential genes of cytokine production with stimula-
tion in human primary T cells (69).

Conclusions/Future Directions
Regulatory elements function in a cell and content-dependent
manner. We are still in the infancy of a comprehensive under-
standing of how chromatin architecture contributes to genome
function in the human brain. Recent publications leveraging
single-cell sequencing have highlighted the heterogeneity of the
developing human cortex (5,70). Each cell type can also exhibit
different cell states depending on environment and signaling
cues, underscoring the necessity of annotating the epigenomic
regulation in a cell-type-specific manner. Future studies that gen-
erate reference and disease-specific maps of genome architecture
in brain cell types across different time points and cell states,
can aid in prioritizing genes and genetic variants that confer an
individual’s risk for disease. Once putative risk genes and variants
are identified via 3D epigenome annotation, CRISPRi and CRSIPRa
screens can be leveraged for further functional characterization.
Although results from existing methods of characterizing cCREs
are helpful for learning the rules of gene regulation, there is an
astronomical gap between the large number of cCREs and disease-
associated variants and how exactly they contribute to human
disease and traits. The majority of functional characterization
studies of cis-regulatory sequences have been done using
transformed cell lines, so their biological relevance to human
health and disease is debatable; most genetic perturbations of
cCREs depend on transcriptional output phenotypes and fail to
address whether such gene expression changes are biologically
significant for cellular function; the combinatorial effects of
cCREs on target gene expression remain largely unexplored. Thus,
future studies of testing cCREs and DNA variants using disease-
relevant phenotypes in biologically relevant systems should offer
novel insights into the genetic basis of neuropsychiatric diseases.
In addition, current CRISPR screens failed to reveal the exact
single nucleotide that is causal for disease, making it challenging
to identify the causal variants among thousands of candidate
variants associated with diseases and traits. Applying prime
editing (71) to CRISPR screens will allow for rigorous evaluation of
disease-associated variants at the nucleotide level, an essential
step toward personalized prediction, diagnosis and treatment of
otherwise intractable neuropsychiatric diseases.
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