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Understanding neural
development and diseases using
CRISPR screens in human
pluripotent stem cell-derived
cultures
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The brain is arguably the most complex part of the human body in form and
function. Much remains unclear about the molecular mechanisms that regulate its
normal and pathological physiology. This lack of knowledge largely stems from
the inaccessible nature of the human brain, and the limitation of animal models. As
a result, brain disorders are difficult to understand and even more difficult to
treat. Recent advances in generating human pluripotent stem cells (hPSCs)-derived
2-dimensional (2D) and 3-dimensional (3D) neural cultures have provided an
accessible system to model the human brain. Breakthroughs in gene editing
technologies such as CRISPR/Cas9 further elevate the hPSCs into a genetically
tractable experimental system. Powerful genetic screens, previously reserved for
model organisms and transformed cell lines, can now be performed in human
neural cells. Combined with the rapidly expanding single-cell genomics toolkit,
these technological advances culminate to create an unprecedented opportunity to
study the human brain using functional genomics. This review will summarize the
current progress of applying CRISPR-based genetic screens in hPSCs-derived 2D
neural cultures and 3D brain organoids. We will also evaluate the key technologies
involved and discuss their related experimental considerations and future
applications.
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Introduction

Model organisms-based genetic screens have long been favorite discovery tools for
neuroscientists. Elegant forward genetic screens have brought unparalleled insights into how
genes control neurodevelopment and functions, investigating flies that shake (Hotta and
Benzer, 1972; Papazian et al., 1987), fish that cannot see (Brockerhoff et al., 1995) or mice
that sleep too much (Funato et al,, 2016), to name a few. In addition, human genetics
research, either through linkage analysis or genome-wide association studies (GWAS), has
contributed tremendously in linking disease phenotypes (such as autism or Alzheimer’s
disease) with specific genome alterations. Conversely, reverse genetic screens examine the
consequence of specific genetic alterations on biological processes. This approach has
become increasingly popular with the advent of precise genome sequence information
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and tools for targeted editing. Efforts such as the Knockout Mouse
Project have generated a targeted knockout mutant of every gene in
the mouse genome (Austin et al., 2004). Excitingly, the convergence
of targeted genetic modification and next-generation sequencing
technologies has unleashed the potential of genome-wide reverse
genetic screens. These screens are often carried out in cell lines and
model organisms, and have allowed the large-scale, unbiased
identification of the different genes and pathways that underlie
development and disease (Gonczy et al.,, 2000; Berns et al., 2004;
Neely et al., 2010; Shalem et al., 2014; Sin et al., 2014; Marceau et al.,
2016). While earlier iterations of these screens in mammalian cells
used gene silencing via RNA interference (Moffat et al., 2006;
Boutros and Ahringer, 2008), recent studies have adopted the
RNA-guided CRISPR (clustered regularly interspaced short
palindrome repeats) associated nuclease Cas9 technology because
of its superior precision, versatility, and ease of use (Koike-Yusa
et al,, 2014; Shalem et al., 2014; Wang et al., 2014). Of particular
relevance to neurobiologists, CRISPR-based screens have been
utilized for the high throughput systematic interrogation of
genetic modifiers for phenotypes associated with diseases such as
Alzheimer’s (Sanchez et al., 2021), Parkinson’s (Potting et al., 2018)
and amyotrophic lateral sclerosis (ALS) (Chai et al, 2020).
Although most of these studies relied on the use of cancer cell
lines, which may limit the direct translation of the findings to the
relevant diseases.

10.3389/fcell.2023.1158373

Recent advances in human pluripotent stem cells (hPSCs)
technologies have provided a systematic platform for functional
genomics studies using CRISPR in relevant, non-transformed
human cell types (Tian et al,, 2019; McTague et al., 2021; Drager
et al,, 2022; Leng et al., 2022). hPSCs include embryonic stem cells
derived from the human blastocysts (Thomson et al, 1998) and
induced pluripotent stem cells (iPSCs) reprogrammed from somatic
cells (Takahashi et al., 2007). To date, many studies have reported
the successful differentiation of hPSCs into different neuronal cell
types, including cortical excitatory (Cao et al., 2017), dopaminergic
(Nolbrant et al., 2017), interneurons (Maroof et al., 2013), and
motor neurons (Du et al., 2015) among others. The generation of
non-neuronal cells of the brain such as microglia (Muffat et al., 2016;
Abud et al,, 2017; Pandya et al., 2017), astrocytes (Krencik and
Zhang, 2011; Tcw et al, 2017), and oligodendrocytes (Douvaras
et al., 2014; Garcia-Leon et al,, 2020) from hPSCs has also been
established. These efficient 2D differentiation methods promise
unlimited supplies of physiologically relevant neural cells for
gene function studies. Furthermore, hPSCs can be differentiated
into 3D self-organizing brain organoids, which recapitulate many
aspects of the early fetal development such as cell migration and
neural cytoarchitecture (Lancaster et al, 2013; Lancaster and
Knoblich, 2014). More
generated by integrating organoids representing different brain

recently, brain assembloids were

regions together (Bagley et al., 2017; Sloan et al., 2018), thereby
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FIGURE 1

Recent applications of CRISPR screens using hPSC-derived neural cultures. hPSCs are transduced with a scalable pooled lentiviral sgRNA CRISPR
library, and differentiated into 2D neural cultures (neural progenitor cells (Li et al., 2019), neurons (Tian et al., 2019; Tian et al., 2021), microglia (Drager
et al, 2022), or astrocytes (Leng et al.,, 2022)), or 3D brain organoids/assembloids (Esk et al., 2020; Fleck et al., 2022; Li et al., 2022; Meng et al., 2022).
Screening neural cultures carrying different pooled CRISPR perturbations has revealed novel factors that regulate neurodevelopmental cell fates
(Black et al.,, 2020; Fleck et al.,, 2022), essential genes (Tian et al., 2019; Tian et al., 2021), modifiers of cell survival under different challenges (Li et al., 2019;
Tian et al., 2021; Leng et al.,, 2022), and the cellular and molecular mechanisms that underlie neurodevelopmental and degenerative disorders (Esk et al.,

2020; Guo et al., 2022; Li et al., 2022; Meng et al.,, 2022).
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offering a useful platform to model interactions between different
brain regions and study neural circuit assembly.

Here we discuss recent studies that utilized these hPSC-derived
2D and 3D neural cultures in CRISPR-based genetic screens
(Figure 1). Since excellent reports exist that extensively reviewed
the technologies involved in CRISPR-based screens (Kampmann,
2018; Kampmann, 2020; Ford et al., 2019; Bock et al., 2022), we will
briefly summarize their use to date in the context of studying
neurological diseases, and focus the rest of the review on their
recent application and future utility.

Functional genomics using CRISPR-
Cas9

CRISPR technologies for genetic screens

CRISPR knockout (CRISPR-KO) is the most common strategy
used in CRISPR-based genetic screens to date. It generates efficient
and precise editing of the genome using a two-component system,
the Cas9 protein and a synthetic single guide RNA (sgRNA) that
targets Cas9 to specific genomic loci to introduce double-stranded
DNA breaks (DSBs). DNA repair machinery is activated to repair
those DSBs either by homology-directed repair or non-homologous
end joining. In the absence of a repair template, non-homologous
end joining will result in insertions-deletions that can introduce
frame-shift mutations leading to loss of function (Sternberg et al.,
2014). Genome-wide CRISPR-KO screens have been successfully
carried out using lentiviral sgRNA libraries in different human cell
lines to identify genetic drivers of tumorigenicity, pluripotency,
immune response, and host-virus interactions (Marceau et al,
2016; Steinhart et al., 2017; Shifrut et al., 2018; Thry et al., 2019).

More recently, newer iterations of CRISPR screens have
emerged that utilized different forms of CRISPR-Cas9 system,
which can transiently repress or activate gene expression instead
of permanently editing the genome (Gilbert et al., 2014). In such
systems, a nuclease-inactive form of Cas9 termed dead Cas9, or
dCas9 is guided to specific sequences in the genome without
introducing DSBs. In CRISPR interference (CRISPRi) screens,
dCas9 is fused with a transcriptional repressor domain such as
Kriippel associated box (KRAB) to suppress gene expression
(Adamson et al., 2016; Liu et al.,, 2017; Ahmed et al,, 2021). In
contrast, CRISPR activation (CRISPRa) screens use dCas9 that is
fused with a transcriptional activator domain such as VP64 to
potentiate gene expression (Bester et al., 2018; Liu et al., 2018;
Yang et al, 2019; Schmidt et al., 2022). CRISPRi and CRISPRa
screens have a few advantages over the traditional CRISPR-KO
screens. They are considered to be less toxic to cells because they do
not introduce DNA breaks. While both CRISPRi and CRISPR-KO
can cause loss of gene expression and function, CRISPRi has been
proven to be more efficient than CRISPR-KO, as the latter generates
a substantial fraction of inframe mutations (Mandegar et al., 2016).
In addition, CRISPRa screens enable the interrogation of gene
activation which may mimic gain-of-function mutations. On the
other hand, CRISPRi and CRISPRa screens also have a few
drawbacks and complications compared to CRISPR-KO screens.
both
dCas9 protein to maintain suppression or activation. The use of

For example, require the continuous expression of
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strong transcriptional repressor or activator potentially can also
introduce more long-lasting, unintended epigenetic modifications
(Kampmann, 2018; Bock et al., 2022).

Several other emerging CRISPR-based genetic or epigenetic
editing techniques are starting to be used for screens. CRISPR
base editors, including cytosine base editors or adenosine base
editors, allow precise genome editing at the nucleotide-level
resolution without introducing DSBs. Collectively, they allow all
four transition mutations (C to T, A to G, T to C, and G to A) by
using a catalytically inactive Cas9 nickase that is fused to a base-
modifying enzyme (Gaudelli et al., 2017; Rees and Liu, 2018). In an
updated format, CRISPR prime editing enables precise DSB-
independent genome modifications beyond the four base
mutations. Prime editors employ a Cas9 nickase fused to an
engineered reverse transcriptase and a prime-editing gRNA that
serves not only to target the Cas9 protein to desired genomic regions,
but also carries a template sequence with the desired sequence
changes (Anzalone et al.,, 2019; Kantor et al, 2020). To date, a
few reports have utilized base and prime CRISPR editing pooled
screens to map DNA regulatory elements and to functionally assay
disease-linked genetic variants (Cheng et al., 2021; Erwood et al.,
2022). CRISPR technologies have also expanded beyond genome
editing and transcriptional activation/repression into epigenome
editing. CRISPR-based regulation of gene expression through
precise epigenetic modifications is now feasible by generating a
dCas9 protein that is fused to epigenetic effector proteins, such as
DNMT3A and TET1, which regulate DNA methylation (Nakamura
et al., 2021). CRISPRoff/on is one of the recent iterations of
epigenetic CRISPR editing tools that establish DNA methylation
to silence genes (CRISPRoff) or demethylation to reverse silencing
(CRISPRon) (Nuiiez et al., 2021). Genome-wide essentiality screens
have been successfully conducted using the CRISPRoff system and
were capable of silencing a large majority of protein-coding genes
(Nunez et al., 2021).

Different CRISPR screening formats and
readouts

A typical CRISPR-based functional genomics screen involves
several key components; a tissue or a cell line, a sgRNA library to
introduce the genetic perturbations, and an output assay. The
Cas9 protein is either ectopically introduced with the sgRNA
vector or stably expressed in the cells. The sgRNA library is
usually delivered by lentiviral transduction and can be introduced
in either an arrayed or a pooled format (Ford et al., 2019). In arrayed
screens, each lentiviral sgRNA vector is prepared separately and
transduced to cells in an arrayed format, typically in multi-well
plates. Since the identity of the perturbation is known, different
readouts are feasible to examine phenotypes of interest (Agrotis and
Ketteler, 2015). Growing efforts are being made to generate genome-
wide arrayed CRISPR libraries (Erard et al., 2017; Yin et al,, 2022).
However, arrayed screens have limited throughput in terms of
readout analysis, and they are often costly and labor-intensive
(Bock et al., 2022). On the other hand, pooled CRISPR screens
enable genome-scale perturbations, because a pooled library of
thousands to hundreds of thousands of sgRNA viral vectors are
prepared, transduced, and assayed together. Therefore, a faster
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TABLE 1 Small and large-scale CRISPR screens that utilized hPSC-derived cultures to understand neurodevelopment and disease.

Technology

Target cells

Main library

Purpose

Reference

Small scale

CRISPR-KO hiPSCs differentiated into Pooled library targeting 20 human | Single-cell RNA Identification of neurodevelopmental | Fleck et al.
cerebral organoids transcription factors sequencing fate decision regulators (2022)
CRISPR-KO hESCs differentiated into Pooled library targeting 36 ASD  Single-cell RNA Identification of developmental Li et al. (2022)
cerebral organoids genes sequencing states and cell types susceptible to
ASD perturbations
CRISPR-KO hESCs differentiated into Pooled library targeting Quantification of sgRNA Identification of genes directly linked | Esk et al.
cerebral organoids 172 microcephaly candidate genes = abundances to microcephaly (2020)
CRISPR-KO hiPSC differentiated into Pooled library targeting 425 genes = FACS and quantification of | Identification of regulators of human | Meng et al.
subpallial and cortical linked to neurodevelopmental sgRNA abundances interneuron generation and (2022)
organoids to generate disorders including ASD migration.
forebrain assembloids
CRISPR-KO hiPSCs-derived neural Pooled kinome-wide library Quantification of sgRNA Identifications of modifiers of Guo et al.
progenitors that were targeting 736 kinases abundances neuronal survival in response to (2022)
differentiated into cortical DPR-mediated toxicity
neurons
Large scale
CRISPRa hiPSCs Pooled library targeting FACS and quantification of | Identification of neuronal cell fate Black et al.
1,496 putative human sgRNA abundances modulators (2020)
transcription factors
CRISPRi hiPSCs differentiated into Pooled library targeting Quantification of sgRNA Identification of regulators of Tian et al.
glutamatergic neurons 2,325 genes representing the abundances for primary neuronal survival (2019)
“druggable genome” screens.
Single-cell RNA
sequencing and imaging in
secondary validation
screens
CRISPRi/a hiPSCs differentiated into Pooled library targeting Quantification of sgRNA Identification of regulators of Driger et al.
microglia 2,325 genes representing the abundances with or microglia survival, activation, and (2022)
“druggable genome” without FACS for primary | synaptosome phagocytosis
screens.
Single-cell RNA
sequencing for CROP-seq
validation screen.
CRISPRi hiPSC-derived astrocytes Pooled library targeting FACS and quantification of | Identification of regulators of Leng et al.
2,325 genes representing the sgRNA abundances in inflammatory reactivity in astrocytes | (2022)
“druggable genome”. primary screens. challenged with inflammatory
Pooled library targeting human Single-cell RNA cytokines
transcription factors sequencing for CROP-seq
validation screen.
CRISPR-KO hPSC-derived neural Pooled genome-wide library Quantification of sgRNA Identification of factors that confer Lietal. (2019)
progenitors abundances resistance against ZIKV infection
CRISPRi/a hiPSCs differentiated into Pooled genome-wide library Quantification of sgRNA Identification of regulators of Tian et al.
glutamatergic neurons abundances for primary neuronal survival in normal (2021)

screens.

Single-cell RNA
sequencing for a CROP-seq
validation screen

conditions and in response to
oxidative stress

screening process can be achieved. Most pooled CRISPR screens to

date involve competition among transduced cells under a biological
challenge, which can be cellular survival under standard culture

conditions, in response to a drug treatment or viral infection. The

readout of such screens is the relative sgRNA abundances in the
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surviving population compared to the starting population as

measured by next-generation sequencing. In a negative selection
screen, the sgRNAs that dropped out from the remaining population

are determined. Such screens have been frequently conducted to

determine the fitness genes in different cancer cell lines (Hart et al.,
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2015; Tzelepis et al., 2016) as well as in hPSCs (Thry et al., 2019; Mair
et al,, 2019). On the other hand, a positive selection screen aims to
determine the sgRNAs that remain in the final population. A
common application for such screens is to determine the genetic
factors that confer resistance to therapeutic agents (Shalem et al.,
2014) or viral infection (Marceau et al., 2016; Park et al.,, 2017; Li
et al.,, 2019).

Depending on the aim of the study (positive or negative
selection), the design of the screen usually varies. For example,
traditional negative selection screens require a high library coverage
(how many cells represent one gRNA) to detect genes that dropped
out with high sensitivity, while less coverage is often needed in
positive selection to determine enriched gRNAs. Recent versions of
genome-wide CRISPR libraries have generated optimized sgRNA
libraries with improved efficiencies and reduced off-target activities
(Doench et al., 2016; Hart et al., 2017; Henkel et al., 2020).
Combined with the improved algorithms for data analysis
(Wang et al., 2019; Kim and Hart, 2021), it is now feasible to
perform essentiality screens with higher dynamic range and
reduced library coverage. It is worth mentioning that by
adjusting the dynamic range of a CRISPR screen, it is possible
to perform both positive and negative selections in a single screen.
For example, a genome-wide CRISPR KO screen identified both
positive and negative regulators of T-cell proliferation following
stimulation (Shifrut et al., 2018).

In addition to assessing the impact of sgRNA on cell survival,
cells used in a CRISPR screen can also be sorted and analyzed based
on other phenotypes such as the expression profiles of cellular
markers. In this type of screen, a protein of interest is either
endogenously tagged with a fluorescent marker or detected with
an antibody. Then, the perturbed cell populations are sorted into
high- and low-expressing populations, which are later sequenced for
sgRNA abundancies (Ihry et al., 2019; Bar et al., 2021; Condon et al.,
2021).

Until recently, the read-outs from pooled CRISPR screens have
been limited to variations in sgRNA distribution. However, the
advances in single-cell transcriptomics and high-throughput
imaging have allowed high-content readouts (Bock et al., 2022).
Pooled CRISPR screens coupled with single-cell RNA sequencing,
commonly referred to as single-cell CRISPR (scCRISPR) screens,
CROP-seq/Perturb-seq/CRISPR-seq,

examination of signaling pathways

allow
that
underlie different perturbations (Adamson et al, 2016; Dixit
et al, 2016; Jaitin et al., 2016; Datlinger et al., 2017; Replogle
et al., 2020). Depending on the design of the sgRNA vector or

such as
multidimensional

the technology used for single-cell RNA sequencing library
preparation, sgRNA identities can be deconvoluted and assigned
for single-cell transcriptomes. Pooled CRISPR screens with high-
content imaging readouts have also become feasible. Following
lentiviral library transduction, the desired cellular phenotypes are
imaged either on fixed or live cells, and the perturbation identities of
candidate cells are determined by different methods. Several studies
utilized a photoactivable fluorescent protein, which is selectively
activated in cells with the desired phenotype. These cells are later
enriched with fluorescence-activated cell sorting (FACS) and sgRNA
sequences are determined by sequencing (Kanfer et al., 2021; Yan
et al, 2021). Another way to identify sgRNA sequences is by
culturing cells on microraft arrays and isolating individual rafts
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with clones carrying the desired phenotypes for sgRNA sequencing
(Wheeler et al., 2020). Alternatively, sgRNA sequences or associated
barcodes are identified by in situ sequencing (Feldman et al., 2019;
Funk et al.,, 2022).

CRISPR screens in human PSC-derived
neural cultures

Over the past decade, different formats of CRISPR-based screens
have shed valuable insights into the molecular factors that underlie
neurodevelopment and disease. Next, we will review recent literature
that utilized CRISPR screens in hPSC-derived 2D and 3D neural
cultures to study mechanisms of survival, cell fate specification,
viral-host response, as well as neurodevelopmental and degenerative
disorders (summarized in Table 1).

Identifying drivers of neural cell fate
specification

One of the powerful applications of CRISPR screens is to dissect
regulators of cell fate specification. In two separate reports, large-
scale CRISPRa screens were performed in human and mouse ESCs
to activate the expression of all predicted transcription factors, either
separately or in combination, with the aim of identifying neuronal
cell fate modulators (Liu et al., 2018; Black et al.,, 2020). In both
screens, a neuron-specific fluorescent reporter was used to enrich for
neuronal and non-neuronal populations in the final population and
determine transcription factors that promote or suppress neuronal
differentiation, respectively. Both screens identified similar
neurogenic factors including NEUROG3 and PRDMI, together
with other candidate hits that were unique to each screen.
Interestingly, different transcription factors can generate neurons
with unique identities and signatures. For example, overexpression
of Ezh2 generated neurons carrying floor plate markers (Liu et al.,
2018), and ATOH1 activation generated neurons with dopaminergic
activity (Black et al., 2020). Furthermore, combinatorial screens
revealed how simultaneous activation of two transcription factors
could enhance neuronal differentiation or promote synaptic
maturation.

Single-cell CRISPR screen has also been successfully applied in 3D
human iPSC-derived neural cultures to determine cell fate regulators
during brain development. In this screen, a pooled library targeting
20 transcription factors was transduced into hPSCs and later
differentiated into brain organoids carrying these perturbations in
a mosaic fashion (Fleck et al., 2022). Single-cell transcriptomes of 2-
months old organoids revealed the antagonistic roles of GLI3 and
HES1 in
GLI3 activated cortical transition genes, while HES1 suppressed

shaping the dorsoventral telencephalon, where
them. This study proposed an intriguing model where sonic
hedgehog (SHH) signaling in neural progenitor cells induces GLI3,
which in turn modulates HES genes to promote cortical fate
acquisition. This coincides with another genome-wide CRISPR-KO
screen which also revealed that SHH and ciliogenesis are among the
key signaling pathways involved in the proper differentiation of neural
progenitor cells from human ESCs by maintaining the organization of

neural rosettes (Sivakumar et al., 2022).
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Understanding the fitness landscape of
human neurons

Utilizing functional genomics to understand survival factors in
human neurons can provide important insights into the
mechanisms of selective vulnerability in neurodegenerative
disorders. In 2019, a large-scale CRISPRi screen targeting the
“druggable genome” was conducted in hPSCs, which were later
differentiated into neurons to determine neuron-specific essential
genes and compare them to hPSC-specific ones (Tian et al., 2019).
This screen revealed factors that compromised neuronal survival
upon knockdown, such as sterol metabolism-associated genes. In
addition, genes that promoted neuronal survival upon knockdown
were identified, such as those involved in the DLK/JNK pathways.
Subsequent single-cell and imaging-based CRISPR screens that
targeted the top hits revealed signaling pathways downstream of
the candidate hits and showed additional cellular phenotypes, such
as changes in neurite morphology and length. In a complementary
study, a genome-wide CRISPRi/CRISPRa screen revealed the
selective vulnerability of human neurons to oxidative stress due
to the perturbations in genes that maintain redox balance (Tian
etal,, 2021). By utilizing oxidative stress as a challenge in a secondary
screen, Tian R. et al. showed that the knockdown of one of the
hits, the
compromised neuronal survival through lysosomal failure that

strongest lysosomal protein prosaposin (PSAP),
triggerred ferroptosis in neurons. Collectively, these studies were
the first to perform a large-scale CRISPR-based screen in human
hPSC-derived neurons. They generated rich lists of genetic
modulators of neuronal survival and single-cell transcriptomic
datasets that can be examined in future studies to unravel new

therapeutic targets for neurodegenerative diseases.

Examining the regulation of immune
responses in glial cells

Recent studies on hPSC-derived glial cells have harnessed the
power of CRISPR screens to uncover the regulators of survival and
inflammatory response. Astrocytes and microglia are non-neuronal
brain cells that play essential roles in brain development and
homeostasis, and they are considered the main components of
the neuroinflammatory response (Salter and Stevens, 2017; Vasile
etal, 2017; Garland et al., 2022). Both cell types can adopt different
reactive states in response to brain injury or diseases, which can have
neuroprotective or neurotoxic consequences (Liddelow et al., 2017;
Franklin et al., 2021). CRISPRi/a screens in hPSC-derived microglia
proposed microglia-specific survival factors such as members of the
colony stimulating factor (CSF) receptor family (Driger et al., 2022).
By sorting the perturbed populations using markers of inflammatory
response or phagocytosis, this study also uncovered modifiers of
microglia activation including CDK12 and MED1, and modifiers of
synaptosome phagocytosis such as CD209. Additionally, a CROP-
seq screen showed regulators of different microglia transcriptional
states, including a state characterized by chemokine signatures
specific to the human brain (Geirsdottir et al., 2019). Most
importantly, the screen by Drager et al. identified a microglia
state characterized by Osteopontin (SPP1) expression, a marker
known to be upregulated in disease-activated microglia such as
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Alzheimer’s (Sala Frigerio et al., 2019) and multiple sclerosis (van
der Poel et al.,, 2019). The SPP1+ microglia state was found to be
selectively vulnerable to CSF1R knockdown, a key finding that paves
the road for future therapeutic interventions that can manipulate
such disease-associated microglia.

A similar screen was utilized to identify immune response
modifiers in hPSC-derived astrocytes 2022).
Neurotoxic reactive cytokines are often induced in response to

(Leng et al,

pro-inflammatory cytokines released after CNS injury and disease
(Guttenplan et al., 2020a; Guttenplan et al., 2020b). By challenging
human astrocytes with the inflammatory cytokines IL-1a/TNF/Clgq,
pooled CRISPRI screens revealed regulators of immune response
such as the canonical NF-kB, interferon, and acute phase response
signaling. A complementary CROP-seq screen revealed that NF-kB
signaling activates two different inflammatory reactive astrocyte
signatures (IRAS) marked by distinct responsive genes that act in
an autocrine-paracrine fashion. IRASI is activated by STAT3 and
marked by IL-1/IL-6 signaling genes, while IRAS2 is inhibited by
STAT3 and marked by TNF/IFN-responsive genes. Taken together,
CRISPR screens in human glial cultures have provided valuable
insights into the important regulators of immune response, which
will set the stage for future research that dissects disease-associated
glial reactivity in neurological diseases.

Revealing the modifiers of host-virus
interactions

Neurovirulent viruses such as Zika (ZIKV), Dengue (DENV), and
Japanese encephalitis (JEN) can infect different brain cells including
neurons, neural progenitors, and glial cells, leading to severe
neurological manifestations and brain malformations in newborn
children (Chen et al., 2019). CRISPR screens have identified several
key host factors that are required for virus infections, thereby providing
promising targets for antiviral treatment (Labeau et al., 2020; Chulanov
et al,, 2021; Hoffmann et al., 2021). However, most published reports
were performed on cancer cell lines. Therefore, host resistance factors
in specific brain-relevant cell types might not have been identified.
Recent studies have reported genome-wide CRISPR-KO screens that
identified ZIKV host factor genes in hPSC-derived neural progenitor
cultures (Li et al., 2019; Wells et al., 2023). In these screens, mutations
in genes involved in heparan sulfation, endocytosis, ER processing, and
Golgi function conferred resistance against ZIKV in neural
progenitors. These studies identified known suppressors of
Interferon (IFN) signaling such as ISG15 and SOCS3, a finding
echoed by a separate CRISPRa screen that showed interferon-
stimulating genes such as IFN-A2 and ISI6 among the top hits that,
when upregulated, protected cancer cells from ZIKV (Dukhovny et al,,
2019). Interestingly, CRISPR-KO screens in human neural progenitors
identified ZIKV-dependent factors that were not previously reported in
cancer cell screens, such as the vacuolar ATPase subunits (V-ATPase)
involved in endosome-lysosome acidification (Li et al., 2019; Wells
et al,, 2023). Such findings emphasize the importance of performing
CRISPR screens to investigate viral-host interactions in brain-relevant
cell types. Indeed, to identify factors involved in ZIKV neurotropism,
Wang S. et al. Conducted a genome-wide CRISPR-KO screen in
glioblastoma stem cells to represent neural stem cell-like cells and
compared the hits to those from a parallel screen in HEK293FT (Wang
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et al., 2020) to identify neuro-specific host factors. Surprisingly, the
knockout of 92 candidate hits protected glioblastoma stem cells but not
HEK293 cells from ZIKV infection, with ITGB5 among the top hits,
which the authors then showed to mediate ZIKV internalization in
human neural stem cells.

Studying the genetic factors underlying
neurodevelopmental and degenerative
disorders

Genetic association studies have uncovered thousands of gene
mutations linked to neurodevelopmental and neurodegenerative
disorders. Understanding the molecular and cellular functions of
these genes in a disease relevant context is essential to untangle the
correlation between the disease genotypes and patient phenotypes.
In addition, it will pave the road for developing diagnostic markers
and therapeutic targets. Animal models of disease-linked mutations
have shed valuable mechanistic insights, but such models may not
fully translate to the human genetic landscape, and recapitulate the
complex nature of the human brain. In this section, we review recent
CRISPR functional screens performed in hPSC-derived 2D neural
cultures and 3D brain organoids to untangle the biology of autism,
microcephaly, and ALS.

Autism

Autism spectrum disorder (ASD) represents a set of
neurodevelopmental disorders that are linked to over a
thousand risk genes (Abrahams et al., 2013; Lai et al., 2014).
This complex polygenic nature highlights the need for systematic
functional genomics approaches to dissect how these mutations
contribute to ASD pathology. In 2022, two separate CRISPR
screens in hPSC-derived 3D brain organoid models have
identified
abnormalities across different ASD-risk genes. A single-cell

several convergent mechanisms and cellular
CRISPR screen in human telencephalon organoids examined
the pooled knockout effect of 36 high-risk ASD genes involved
in transcriptional control (Li et al., 2022). To establish this
approach, the authors transduced human ESCs carrying an
inducible Cas9 cassette with a pooled sgRNA lentiviral library.
After embryoid body formation, gene knockout was induced,
followed by neural induction to generate CRISPR-edited mosaic
brain organoids. Single-cell RNA sequencing on 4-months old
organoids revealed that many ASD perturbations disrupted
dorsal-ventral cell populations. In the dorsal populations,
intermediate progenitors were depleted, while in the ventral
population, ventral radial glia cells (RGCs), interneuron
progenitors, and lateral ganglionic eminence-derived
interneurons were enriched. Such data implicated neural
progenitor cells to be among the most susceptible cells in ASD
pathology. This finding is consistent with an independent study
in the Xenopus, which observed an increase in the ratio of neural
progenitors to differentiating neurons in the telencephalon
following CRISPR knockout of 10 high-risk ASD genes
(Willsey et al., 2021).

Further analyses of the different cell states and developmental
stages in the ASD organoid screens showed that ASD gene

perturbations accelerated upper-layer neurogenesis and impaired
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ventral progenitor differentiation. In addition, the authors showed
that perturbation in the BAF complex member ARID1B was among
the strongest hits that expanded ventricular radial glia cells in the
ventral telencephalon and biased their transition into oligodendrocyte
precursor cells over neuronal cell fates. Interestingly, the findings of
this screen aligned well with an in vivo perturb-seq study that
examined the single-cell transcriptomic changes upon pooled
CRISPR perturbation of 35 de novo ASD risk genes introduced in
the developing mouse brain (Jin et al., 2020). This in vivo screen
revealed that perturbations in ASD genes altered cell states in different
brain cells with an upregulation of an interneuron module and
accelerated maturation of oligodendrocytes. Such findings suggest
that mutations in ASD genes impact different cell states in a manner
that might be conserved in the mammalian brain. The involvement of
ASD genes in neuronal differentiation has also been proposed by
another CRISPRIi screen that targeted 13 ASD genes in immortalized
human neural progenitor cells, which were later differentiated into
neurons (Lalli et al., 2020). Single-cell transcriptomic profiling showed
that ASD genes converge onto two functionally distinct gene modules
that either delay or accelerate neuronal differentiation.

A CRISPR-assembloid platform has been recently established to
examine the role of ASD genes in interneuron migration and
development (Meng et al, 2022). Abnormalities in interneuron
linked to ASD
neuropathology (Contractor et al, 2021). However, it remains

development and function have been
unclear which ASD genes regulate interneuron development.
Towards this aim, Meng X. et al. Conducted a CRISPR-KO screen
that targeted 425 genes linked to neurodevelopmental disorders
including ASD in an hPSC line carrying a fluorescent reporter that
labels ventral forebrain interneuron lineages. To determine which
genes affected interneuron development, hPSCs were differentiated
into subpallial organoids. Quantification of sgRNA abundances in the
sorted cell populations identified SMAD4 and CSDEI among 13 other
hits that were required for interneuron patterning. To identify ASD
genes involved in interneuron migration, a parallel elegant screen was
performed in human forebrain assembloids generated by integrating
unperturbed cortical organoids with the perturbed fluorescently-
labeled subpallial ones. By comparing the enriched sgRNAs in the
interneuron populations that migrated into the cortical organoids
versus the ones that remained in the subpallial organoids, the authors
identified LNPK, an ER-associated gene (Breuss et al., 2018), among
the top hits involved in interneuron migration.

Microcephaly

Microcephaly is a neurodevelopmental disorder characterized
by reduced brain size, which can result from different genetic and
environmental factors (Jayaraman et al., 2018). These different types
of microcephaly have recently been successfully modeled in hPSC-
derived brain organoids (Lancaster et al., 2013; Zhang et al., 2019;
Dhaliwal et al., 2021), making the latter a promising culture system
to conduct screens for additional microcephaly-related genes.
However, the inherently unequal growth dynamics of different
cell lineages in the brain organoids
sgRNA
perturbation-mediated cell number changes. To overcome these
limitations, Esk C. et al. Developed CRISPR- Llneage tracing at

can complicate the

quantification  of abundances as a readout for
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Cellular resolution in Heterogenous Tissue (CRISPR-LICHT) (Esk
etal., 2020), which utilizes a dual barcoding approach to link sgRNA
information to cell lineage numbers. Using this technique, human
ESCs were transduced with a sgRNA library that targeted
172 microcephaly candidate genes and were then differentiated
into brain organoids. The screen revealed 25 candidate genes that
resulted in sgRNA depletion within the organoids. Many hits were
involved in pathways commonly implicated in microcephaly such as
centriole biogenesis and the DNA damage response. This study also
characterized a mutation in the Immediate Early Response
3 Interacting Protein 1 (IER3IP1) gene that have not been
previously linked to microcephaly. Functionally, this gene is
(UPR) and
extracellular matrix (ECM) deposition. The dysregulation of these
pathways likely leads to disrupted localization of neural progenitors

involved in the unfolded protein response

and premature neurogenesis, which are some of the common
cellular pathologies in microcephaly (Zaqout and Kaindl, 2022).
The CRISPR-LICHT screen not only offers new microcephaly linked
genes for future loss of function studies, but also provides a scalable
CRISPR screening platform that utilizes organoids approaches to
identify brain size determinants.

C9orf72-associated neurodegeneration

A hexanucleotide repeat (G4C,) expansion in the C9ORF72 gene
represents one of the most common causes of frontotemporal dementia
(FID) and Amyotrophic lateral sclerosis (ALS) (DeJesus-Hernandez
et al, 2011; Renton et al, 2011; Balendra and Isaacs, 2018). This
expansion usually results in aggregated dipeptide repeats (DPRs) that
represents one of the hallmarks of FTD-ALS neuropathology (Freibaum
and Taylor, 2017). Previous CRISPR screens have utilized diverse
approaches in human cancer or transformed cell lines to identify
modifiers of different processes involved in G,C, repeat toxicity
(Kramer et al, 2018; Cheng et al, 2019; Chai et al, 2020). By
utilizing exogeneous or endogenous DPRs as a challenge, Kramer
NJ. et al. Showed that mutations in the endosomal trafficking gene
RAB7 and the ER-associated gene TMX2 protected human cells and
primary neurons from PR toxicity (Kramer et al, 2018). Another
CRISPR screen utilized a DPR fluorescent reporter and FACS-based
approaches to identify modulators of DPR production. This study
identified the RNA helicase DDX3X among the top hits that, upon
knockout, increased endogenous DPR levels (Cheng et al, 2019).
Another screen transduced a C9orf72 knockout human cell line with
a genome-wide CRISPR library to identify factors that genetically interact
with C9orf72. Quantification of sgRNA abundance in the remaining
populations identified the mitochondrial membrane protein FIS1 among
the strongest synthetic lethal genetic interactors (Chai et al., 2020). These
studies provided a wealth of information regarding C9orf72-mediated
pathology. However, because the primary screens were conducted in
non-neuronal cells, they could have missed some genetic modifiers that
only function in disease-relevant neural cell types.

In 2022, Guo W. et al. conducted the first kinome-wide CRISPR
screen in hPSC-derived cortical neurons to identify DPR toxicity
modifiers. They found that knockouts in 113 genes, which are known
to be involved in axon regeneration, dendrite development, and
cytoskeletal organization, enhanced neuronal survival under DPR
treatment (Guo et al,, 2022). Furthermore, this study revealed that
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inhibiting NEK6, one of the top hits, prevented DPR-induced
neuronal cell death and rescued axonal transport defects by
inhibiting P53-mediated DNA damage. Future studies that utilize
genome-wide CRISPR screens in hPSC-derived neuronal cells from
FTD-ALS can help (Fujimori et al., 2018; Aldana et al., 2020) provide
novel insights into the genetic modifiers that can be targeted for
therapeutic purposes.

Experimental considerations,
limitations, and future directions

There are several factors to consider when designing a CRISPR
screen using hPSC-derived neural cultures (Figure 2).

Library scale, coverage, and choice of cells
to be screened

Library scale is one of the first factors to consider when designing
a CRISPR screen, and it largely depends on the aim of the screen.
Genome-wide screens are comprehensive because they target the
majority of protein-coding genes and they can uncover novel
genes involved in basic biological processes or disease
development. In addition, several genome-wide CRISPR libraries
are readily-available (Hart et al., 2015; Doench et al., 2016; Henkel
et al,, 2020), reducing the steps needed to design and clone the gRNA
library (Otten and Sun, 2020). However, genome-wide screens can be
costly and labor-intensive, in particular, when applied in complex
models (e.g., brain organoids) or with high-content readouts (such as
scRNA sequencing). Alternatively, more focused libraries can be
utilized to target the druggable genome (Tian et al, 2019),
transcription factors (Black et al., 2020), or disease-linked genes
(Esk et al., 20205 Li et al., 2022; Meng et al., 2022).

Library coverage reflects how often each sgRNA is represented
in the targeted cellular population. Most screens utilize a library
coverage between 100 and 1000 folds. Reaching this coverage for
genome-wide screens usually means that hundreds of millions of
cells are needed for the library transduction. Depending on the
specific neural cell types, achieving this number of cells could be
challenging as some hPSC-derived neural cultures may have a more
limited expansion potential post-differentiation. Additionally, some
neural cells such as microglia can be more difficult to transduce. To
overcome these restrictions, introducing the library in hPSCs as
opposed to the target cell type could be a feasible alternative as
hPSCs can be readily transduced and expanded. However, one needs
to be mindful that generating perturbations in the hPSC stage could
potentially complicate the interpretation of data as candidate hits
might arise due to defects in hPSC differentiation. The use of hPSC
lines that express an inducible Cas9 gene has helped overcome such
challenges by controlling Cas9 expression during or after
differentiation (Tian et al., 2019; Esk et al, 2020; Driger et al,
20225 Li et al,, 2022). Additional challenges associated with hPSCs
need to be taken in consideration, such as possible transgene
silencing in the pluripotent and/or differentiated cell states
(Ordovas et al.,, 2015; Cabrera et al., 2022), and hPSC population
bottlenecking that might arise due to significant cell loss from Cas9-
induced double-strand breaks (Ihry et al., 2018).
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FIGURE 2

Technical considerations in CRISPR screens using hPSC-derived neural cultures. Several factors need to be considered in the design of a CRISPR
screen using hPSC-derived neural cultures. 1) The model to be investigated. It can either be 2D (neural progenitors, neurons, or glial cells) or 3D
(organoids/assembloids), the stage during which perturbations are induced (hPSCs or differentiated cells), and the differentiation method needs to be
considered (extrinsic patterning factors or overexpression of transcription factors). 2) The desired readout. It can be the quantification of sgRNA
abundances (following competition for cell survival or cell sorting), or high-content readouts, such as single-cell transcriptomics and spatial imaging. 3)
The format of the screen. Pooled perturbations can be introduced to target cells in bulk or in an arrayed format (1 perturbation/well). 4) The sgRNA library.
The scale of genes to be targeted (it can be genome-wide or a more focused library, such as the druggable genome, transcription factors or disease-risk
genes). The gRNA coverage needs to be considered, which can range from 100 to 1000 fold representation for each sgRNA. TF: transcription factor, NGS:

next-generation sequencing.

Another factor to consider in the design of a CRISPR screen
is the method utilized to differentiate hPSCs into neuronal or
glial cells. Although some of the above-mentioned CRISPR
screens utilized classic differentiation protocols based on
introducing extrinsic signals (Shi et al., 2012; Guo et al,
2022), reports approaches
different cell-fate determining transcription factors such as

most favor that overexpress
NGN2 to generate neurons (Zhang et al., 2013; Tian et al,
2019), or NFIA and SOX9 to generate astrocytes (Li et al,
2018; Leng et al., 2022). The latter approach is relatively fast,
and often occurs within days, making it more convenient for
screening. However, there are several points to consider when
utilizing transcription-factor induction approaches (Flitsch
et al, 2020; Hulme et al, 2021). First, it is important to
validate how much the differentiated cells physiologically
resemble those obtained from extrinsic factor-based models.
In addition, the cells generated from transcription factor
overexpression might not represent a pure population. For
example, Lin et al. showed that heterogenous populations of
neurons were generated from NGN2 overexpression in different
iPSC lines (Lin et al., 2021). However, this limitation can be
overcome by combining NGN2 overexpression with different
patterning factors (Chen et al., 2020).

Frontiers in Cell and Developmental Biology

2D, 3D, or in vivo screens?

To date, most CRISPR screens in hPSC-derived neural cultures
utilized 2D monoculture models because they are scalable, less liable
to variations, and have relatively homogeneous growth dynamics. On
the other hand, hPSC-derived 2D cultures do not recapitulate the
intricate organization and heterogeneity of the brain. Therefore, are
not suitable for studying complex phenotypes, which include cell-cell
interactions and cell migration. Such phenotypes can be examined
using screens in hPSC-derived organoids because they better mimic
the different aspects of early human brain development. Furthermore,
organoids have been used successfully to model many disorders which
include ASD, Rett syndrome, microcephaly, Alzheimer’s, and
Parkinson’s, among other diseases (Tian et al, 2020; Eichmiiller
and Knoblich, 2022), thereby providing an appropriate disease
context if needed. One drawback of the earlier iterations of
protocols for generating brain organoids is that they may not
contain complex neuronal circuitry and often lack vascular and
immune cells. Such challenges can be overcome by generating
assembloids that exhibit functional neuronal circuitry between
organoids of different brain regions (Miura et al, 2020), co-
culturing organoids with microglia that can affect brain organoid
development under physiological and pathological conditions (Muffat
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etal, 2018; Popova et al,, 2021), or improving organoid vasculature by
co-culturing them with endothelial cells (Pham et al., 2018).

While hPSC-derived 2D and 3D neural systems are well suited
to recapitulate features of the developing fetal brain, it could be
challenging to use them to model the aging brain and its related
disorders. In this regard in vivo CRISPR screens are gaining traction
(Wertz et al., 2020; Ruetz et al., 2021). A recent study utilized both
in vitro and in vivo CRISPR screening platforms in old mice and
uncovered over 300 factors that boosted the activation of aged neural
stem cells (NSCs) (Ruetz et al., 2021). The in vivo screen was useful
to validate top hits from the in vitro screen performed in primary
NSCs from old mice. It is worth mentioning that the library size in in
vivo screens is usually limited to a few hundred genes because
delivering CRISPR library components effectively into sufficient
quantities of the cells of interest can be challenging (Kuhn et al,
2021).

Format (arrayed vs. pooled) and their
readouts

The choice between arrayed and pooled CRISPR-based screens in
hPSC-derived cultures depends on the phenotype to be examined and the
desired readout. Different readouts can be assayed in arrayed screens. In
addition, minimal deconvolution is needed to link genotypes with the
obtained phenotypes. However, due to challenges of analyzing readouts in
arrayed formats, arrayed screens are usually limited in the number of
perturbations that can be examined. Therefore, secondary CRISPR
screens with arrayed formats are commonly performed in conjunction
with pooled large-scale screens to validate their top hits. Pooled CRISPR
screens coupled with examining sgRNA variations in surviving
populations remain the gold standard to probe basic brain
development and the mechanisms underlying neuropathology. As we
discussed, several reports have successfully used this technology in hPSC-
derived neurons, glial cells and even organoids and assembloids to identify
regulators of neuronal cell fate specifications, cell survival, and disease
phenotypes associated with ASD and microcephaly. Previous functional
genomics screens in immortalized human cell lines provided valuable
mechanistic insights into the modulators of different pathologies
associated with neurodegenerative diseases such as Alzheimer’s and
Parkinson’s disease (Potting et al, 2018; Rousseaux et al, 2018;
Sanchez et al, 2021). Future work can extend the findings of those
studies by utilizing hPSC-derived disease-relevant cell types. For instance,
CRISPR screens on hPSC-derived dopaminergic neurons carrying
Parkinson’s Disease-associated SNCA mutations (Michel et al., 2016)
or hPSC-derived motor neurons harboring mutant forms of TARDBP
linked to familial ALS (Bilican et al, 2012) can provide novel genetic
modifiers that promote survival of these selectively-vulnerable neuronal
cell types.

Utilizing pooled screens in 3D brain organoids with readouts that
depend on sgRNA enrichment/depletion has been challenging, probably
owing to the large library coverage needed to overcome noise associated
with the heterogenous growth dynamics in 3D cultures. Luckily, recent
CRISPR screens in brain, colon, and intestinal organoids have helped
overcome these challenges by employing clonal tracing and single
organoid sequencing technologies (Esk et al, 2020; Michels et al,
2020; Ringel et al, 2020). The development of these new CRISPR
screening technologies will aid in probing phenotypes that can be
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uniquely modeled in human brain organoids, such as examining
regulators of human brain size expansion and folding (Li et al., 2017),
and genetic modifiers of brain size reduction upon challenging organoids
with insults such as ZIKV infection (Garcez et al., 2016).

The introduction of CRISPR screens with single-cell transcriptomic
readouts have unleashed unprecedented research avenues that can
utilize 2D and 3D hPSC-dervied neural cultures. By integrating
findings from genome-wide association studies, such screens can
provide valuable insights into the complex biology of polygenic
neuropsychiatric disorders, which is difficult to discern with single-
mutant studies. For example, It is estimated that over a hundred loci
and more than a thousand risk genes are linked to schizophrenia (Allen
et al., 2008; Harrison, 2015). By employing single-cell CRISPR screens
that target the high-risk genes in brain organoids (Notaras et al., 2022),
it is possible to identify common molecular pathways that might be
involved in the pathology of schizophrenia. Furthermore, one can
delineate the different cell types and states affected by the different
perturbations. Imaging-based CRISPR screens are ideally suited to
resolve many of the phenotypes examined in neural cultures, such
as neuronal and glial morphologies, synaptogenesis, and protein
localization/aggregation. It is expected that this technology will be
employed in future studies to identify genetic modifiers of different
proteinopathies associated with neurodegeneration such as tau, TDP43,
f-amyloid, and a-synuclein among others (Marsh, 2019).

In conclusion, the combination of CRISPR-based screens and hPSC-
derived neural systems has revolutionized our knowledge of the complex
interactions between genetics, development, and disease. It is expected
that the persistent advancements in CRISPR technologies, high-content
readouts, and methods to model human brain development in vitro will
continue to drive significant progress in our understanding of basic brain
biology and the genetic underpinnings of neurological disorders. In the
future, the findings obtained from CRISPR screens in hPSC-derived
cultures are anticipated to extend beyond basic science and will be utilized
in translational research to target genetic modifiers of disease-linked
proteins or reactive cell states, which can improve treatment outcomes for
various neurological diseases.
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