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Currently, genome editing technologies, such as clustered regularly interspaced short palindromic
repeats (CRISPR/Cas9), are predominantly used to model genetic diseases. This genome editing
system can correct point or frameshift mutations in risk genes. Here, we analyze and discuss the
advantages of genome editing, its current applications, and the feasibility of the CRISPR/Cas9 system
in research on psychiatric disorders. These disorders produce cognitive and behavioral alterations and
their etiology is associated with polygenetic and environmental factors. CRISPR/Cas9 may reveal the
biological mechanisms of psychiatric disorders at a basic research level, translating a suitable clinical
approach for use in the diagnosis and treatment of psychiatric disorders. Genetic diagnosis and
treatment for these disorders have not yet been fully established in psychiatry due to the limited
understanding of their heterogeneity and polygenicity. We discuss the challenges and ethical issues in
using CRISPR/Cas9 as a tool for diagnosis or gene therapy.
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Introduction

Genome editing (i.e., using genetic engineering to
manipulate DNA sequences from one nucleotide in length
to large fragments) allows the modeling of individual cells
to complete organisms.’** Genome editing can modify the
genome of model organisms with superb resolution and
includes a number of applications in basic research and
biotechnology.?®

This technique can be used to explore the role of
genetic mechanisms of biological and medical signifi-
cance. In the latter sense, genome editing tools, besides
their current use to manipulate human somatic® and
pluripotent cells,®'® are molecular strategies for modeling
and correcting errors in mutated genes. Thus, genome
editing could change the human genome to treat or
develop gene-based diagnoses and therapeutics for a
number of diseases and disorders.?'*"”

In some exceptional but paradigmatic cases, these
expectations have crystallized in projects attempting
to reverse or reduce the negative impact of specific
mutations associated with specific diseases.>*>'> This
interest has developed into gene manipulation/editing
techniques for research on highly complex diseases or
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disorders.> 14151819 Thjs is the case in psychiatric

disorders, which we will focus on in this review. We will
attempt to address the scope and limitations of gene
editing technologies, recognizing the inherent and vast
complexity of the brain-mind relationship and the meth-
odological challenges to be faced in research on
psychiatric disorders and in potential clinical applications.

Principles of genome editing

Molecular modeling has led to the development of
genome engineering techniques, such as clustered regu-
larly interspaced short palindromic repeats (CRISPR/
Cas9),"* 192022 cyrrently the most common gene editing
system for correcting specific mutations.’® Compared
with previous techniques, the CRISPR/Cas9 editing
system is simpler, cheaper,’™ and has greater precision
and fewer off-target effects (i.e., undesired cleavages that
could lead to additional mutations beyond the target
region of DNA).?° This genome editing system involves
Cas9 nuclease, which produces a DNA double-strand
break throughout the DNA target and complementary
strand cleavage.®'*'® The system also uses single-guide
RNA (sgRNA), which allows the binding of Cas9 nuclease
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Figure 1 Mechanisms of double-strand break repair by clustered regularly interspaced short palindromic repeats (CRISPR/
Cas9). The mechanism of double-strand break (DSB) is caused by Cas9 nuclease, which cleaves the target DNA. The single-
guide RNA (sgRNA) and the photospacer-adjacent motif (PAM) recognize the target DNA. DSB repair can be performed
through non-homologous end joining (NHEJ) or homology-directed repair (HDR). The NHEJ mechanism produces InDels
(insertions and [or] deletions in the genome < 1 kb) that lead to frame-shift mutations and gene knockout. The HDR
mechanism precisely edits the genome only when the DNA donor template is present. This figure was created with BioRender

(https://biorender.com).

to the genomic target for DNA cleavage.”™'* sgRNA
contains a guide sequence with a photospacer-adjacent
motif at the end, which allows recognition of the DNA
target sequence (Figure 1).2#41415

The CRISPR/Cas9 system shows promise for
researching and treating diseases with a considerable
genetic component,>'%23 These diseases include poly-
genic illnesses, such as psychiatric disorders, in which
multiple genes are affected, requiring different sgRNAs."®
However, despite the high sensitivity and specificity of
Cas9, its malfunctions, especially mismatches between
sgRNA and the target DNA, could produce unpredicted
off-target effects.?® After the CRISPR/Cas9 system cleaves
the DNA, it can be repaired by one of two mechanisms,
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depending on the cell type: 1) non-homologous end joining
or 2) homology-directed repair (HDR) (Figure 1).>4%' Non-
homologous end joining, the most common repair method,
produces InDels (insertions and (or) deletions in the
genome < 1 kb), leading to a loss of function in the enco-
ded protein. The HDR mechanism is a less frequent
pathway of high-fidelity DNA repair and precisely edits the
genome only with an additional DNA donor template (i.e., an
additional specific DNA sequence) (Figure 1)."2%' The
above- described mechanisms could have a broad range of
applications, from basic research to the clinical field.
However, the CRISPR/Cas9 system has mainly been used
for genetic research on monogenic diseases. Nevertheless,
this gene editing tool also has been used to study complex
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diseases, although the focus has been on cancer rather
than psychiatric disorders.

Current applications of genome editing with
CRISPR/Cas9

CRISPR/Cas9 technology has aroused interest in treating
genetic diseases through gain-of-function or reversion
of mutations in risk genes.®'8242% Reports of clinical
applications of CRISPR/Cas9 for genetic diseases have
appeared in recent years, including cancer (B-cell
lymphoma and leukemia, gastric carcinoma),?® Leber
congenital amaurosis,?’ thalassemia, and hematological
diseases.?® CRISPR/Cas9 allows the development of
translatable animal models.?® The most common models
are of tyrosinemia, Duchenne muscular dystro-
phy,214:282% Huntington’s disease, Parkinson’s disease,?°
or those associated with viral diseases (e.g., HIV and the
hepatitis B and C viruses).>'"29 Likewise, the success of
CRISPR/Cas9-based gene therapy in somatic cells has
been described in animal models and ex vivo cell cultures
(i.e., tissue isolated from patients for in vitro manipula-
tion and reincorporation into the patient's body).">'® In
therapeutics, aside from some exceptions, CRISPR/
Cas9 has mainly been applied in the basic research
area. The efficacy and safety of this DNA editing tech-
nigue must be improved to translate it into the clinical
field, especially in complex diseases like psychiatric
disorders.®® Studies in an animal model of Duchenne
muscular dystrophy, using adeno-associated viruses as
viral vehicles, have demonstrated the efficacy of CRISPR/
Cas9 for gene therapy, delivered by potentially transla-
table methods in humans.?#3%3" |n one of those studies,
the CRISPR/Cas9 system was used to revert the
Duchenne muscular dystrophy gene mutation and, as a
result, expression of the protein increased, partially
reversing the dystrophy phenotype.?® In recent years,
there have been attempts to improve delivery in in vivo
editing systems, including the magnetic particle/baculo-
viral vector complex developed to minimize the toxicity of
adeno-associated viruses through CRISPR/Cas9 edit-
ing.%2 There is no evidence that delivery systems have
been standardized in psychiatric research.

The efficiency and versatility of the CRISPR/Cas9
technology depend on cell type, i.e., those with a higher
ability to replicate are the most appropriate.® This tech-
nology has been used on different cell types in vitro, such as
induced pluripotent stem cells (iPSCs),"" 21633 endothelial
cells derived from the liver, lungs, and kidneys, and even
neurons derived from the whole brain or specific cortical
zones.>'® iPSCs and neuronal cells are the most relevant
types for psychiatric research. As expected, most studies
have focused on generating gene knockouts in monogenic
diseases.'619243435 Gene editing has also been applied in
polygenic diseases like cancer, using simultaneously
targeted editing sites through the non-homologous end
joining or HDR mechanism. For example, a combinatorial
system in an ex vivo parallel gene editing study successfully
corrected two mutations with no off-target effects in iPSCs
derived from patients with p-thalassemia.'® Another animal
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study on lung cancer involving HDR of genes associated
with proto-oncogenes and tumor suppressor genes used a
single vector with three sgRNAs to create a triple gene
knockout.'® These examples illustrate the ability of CRISPR/
Cas9 to reverse or induce changes simultaneously in
phenotype-associated gene mutations.>®>”® This feature
could be useful in polygenic diseases such as psychiatric
disorders. However, gene editing with CRISPR/Cas9 in
these disorders is still challenging due to their polygenicity,
as well as to environmental factors that could trigger the
disorder. To apply genome editing in research on psychiatric
disorders, we must first consider their heterogeneous
phenotypes, complex etiology, and genotype background.

Psychiatric disorders as complex diseases
Etiology and phenotypes

Psychiatric disorders are a group of heterogeneous
diseases with a high worldwide prevalence,**” causing
occupational and interpersonal disability®®*® and increas-
ing the risk of early death.®® Schizophrenia and autism
spectrum disorder (ASD), which have received the most
attention from gene editing research,***2 involve complex
phenotypes and genetic architecture. Regarding pheno-
type, patients with schizophrenia show positive symp-
toms, such as delusions, hallucinations, and disorganized
behavior. Negative symptoms can also serve as diag-
nostic criteria, such as affective flattening, alogia, and
anhedonia-asociality.*® On the other hand, ASD patients
may exhibit restrictive and repetitive behavior patterns.**
Some symptoms include social communication and
cognitive impairment, which occur in both disorders.*34°
The phenotypic variability in schizophrenia and ASD may
be due to a complex interplay of genetic and environ-
mental components that influence symptom onset and
development.®®4647 For example, exposure to certain
environmental factors plays a decisive role in psychiatric
disorders by triggering onset.*6484° Thus, a critical
challenge is reproducing environmental factors under
controlled experimental conditions to gain insight into
neurobiological mechanisms.%%%"

Although advanced diagnostic tests have been devel-
oped over the years, psychiatric diagnosis is often only
confirmed years after onset of the disorder,%¢*84° which
compromises the effectiveness of the treatment. More-
over, delayed diagnosis and partially effective treatments
can negatively affect patients’ personal and professional
lives.***7%°  Pharmacological treatment of psychiatric
disorders depends on various factors: 1) the stage, 2)
the symptomatology, and 3) the pharmacological res-
ponse. Several drugs commonly used in schizophrenia
and ASD (alone or in combination) for those factors could
be more costly and increase the risk of drug interactions
and side effects.®4%®053 Hence, treatment for schizo-
phrenia and ASD is complex due to the disorders’
phenotypic and polygenetic variability.***547-5* The latter
is due to the high rate of heritability in schizophrenia
and ASD (60-80%).2%47** Heritability estimates show
that a high percentage of the variability in schizophrenia
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Potential advantages Limitations

Diagnosis - spR/Casg as a proposal for genetic testing Its feasibility and cost-effectiveness are

could recognize any /oci. unknown.
\ CRISPR/Cas may also identify structural and
l -~ single variants using a combination of sgRNA.
Gene therapy
Efficient tool for small edits to DNA sequences Polygenicity of psychiatric disorders.
that could prevent metabolic effects and The technology is still in the early stages of
(o) drug interactions from pharmacological research; ethical implications unclear.

treatment.

Figure 2 Potential advantages and limitations of the clustered regularly interspaced short palindromic repeats (CRISPR/Cas9)
gene editing system in diagnosis and a genome editing-based therapy for schizophrenia and autism spectrum disorder. This
figure was created with BioRender (https://biorender.com). sgRNA = single-guide RNA.

and ASD phenotypes could be attributed to genetic
factors,374:5%

Psychiatric disorders as genetic diseases

Genome sequencing or microarray-derived analysis,
linked to genome-wide association studies (GWAS),
identifies genetic risk variants related to psychiatric
disorders.>23°%%7  Single nucleotide polymorphisms
(SNPs), copy number variations (CNVs), and InDels*>-°®
represent a significant genetic risk component associated
with schizophrenia and ASD.%5®¢%8 Variants may be
detected early through genetic testing, thus achieving an
appropriate diagnosis and a better approach to psychia-
tric phenotyping.’*®® However, the polygenic nature of
psychiatric disorders is a constraint, since schizophrenia
and ASD share thousands of shared variants, both
common and rare.*>*%%° More critically, the functions of
several genetic variants remain unknown, and a signifi-
cant portion of the missing heritability that could be
explained by epigenetics, gene-gene interactions, or rare
variants has yet to be discovered.*®47:%°

Recent GWAS-based evidence in schizophrenia and
ASD research suggests there are variants with patho-
genic relevance due to their high penetrance (i.e., a large
percentage of patients with these variants present the
disorder phenotype).5”®° These relevant variants could
be used for diagnostic purposes and may lead to suitable
personalized treatment,?3°® which could resolve the low
efficacy and adverse effects of pharmacological
approaches.®® However, this effort is far from simple. To
consider the possibility of precision medicine in psychia-
try, we must first recognize the relevance of genetic
testing, and a variety of commercial genetic tests are
already available.'*®® However, their use is still limited in
clinical psychiatry,® and genetic tests require analytical
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and clinical validation and must predict the risk of
suffering from a specific psychiatric disorder.*6>° This
risk depends on the clinical background, family medical
history, and an unknown number of the patient’s genetic
variants. The latter is one of the greatest challenges for
translating genomic information on these disorders from
basic research into the clinical field.”*® Therefore, further
studies on gene editing approaches are necessary to fully
explain or detect genotype alterations in psychiatric
disorders (Figure 2). For example, specific target identi-
fication by CRISPR/Cas through sgRNA would be con-
venient for distinguishing between variant types (CNV,
SNPs, and InDels),'* prioritizing those with the greatest
pathogenic relevance.”-%°

Gene editing technologies have been proposed and
reviewed in vitro (e.g., in cell culture), in vivo (e.g., in
animal models or human patients), and ex vivo (e.qg., using
tissue culture from patients) to experimentally evaluate the
impact of genetic variants linked to psychiatric disorders
(Figure 3).>1%:27:30.55 The method and the model depend
on the study’s aims. For example, rodent models are
adequate for researching gene expression variances in the
brain or behavior changes.®"** However, to analyze
modifications in higher mental and social skills, a non-
human primate model is the most desirable.>® Likewise,
human participation is fundamental to assess drug
assimilation, epidemiological research, and behavioral
impairments.>’ Due to the complexity of their etiology,
symptomatology, and treatment, in recent years, promising
alternatives, such as CRISPR/Cas9 systems, may provide
a better approach to research on psychiatric disorders
(Figure 2). Such strategies may provide a better biological
understanding of these disorders and could lead to new
pharmacological treatments, especially for disorders those
with less clinical symptomatology, raising the idea of gene
therapy through precision genomic medicine.
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- Neuroblastoma-derived cells.
- Neurons primary derived from mouse
cell culture.

Carried out mainly in:

- C57BL/6J mice.
- Long-Evans rats.
- Zebrafish.

- iPSCs-derived neural cells.
- 3D organoids.

- Simple method for validating the
functionality of genetic variants.

- It could be performed in several
distinct cell types.

Advantagens:

- It elucidates biological mechanisms,
behavioral changes, and genetic
modifications.

- Isogenic conditions analogous to
patients, possibly translatable.
- Tissue-specific gene editing.

- Limitations imitating psychiatric

Disadvantages: disorders.

- Limitations imitating environmental
factors.
- DNA regions may be not well

- Challenges include cell differentiation
and corroboration in iPSCs.
- Limitations in clinical translation.

conserved between species.

Figure 3 Generalities, advantages, and disadvantages of the clustered regularly interspaced short palindromic repeats gene
editing system in disease modeling in vitro (A), in vivo (B), and ex vivo (C) for schizophrenia and autism spectrum disorder. This
figure was created with BioRender (https://biorender.com). 3D = three-dimensional; IPSCs = induced pluripotent stem cells.

Genome editing approaches to psychiatric disorders

The polygenic nature of psychiatric disorders seems to lie
mainly in several common variants with different levels
of genetic penetrance. However, loci enriched with rare
SNPs and CNVs may act as highly penetrant variants in
psychiatric disorders, making them an adequate target for
gene editing.®’ For example, current data suggest that
microdeletions and microduplications of CNVs affect the
expression of genes that heighten the risk of psychiatric
disorders, including ASD and schizophrenia.??23:61.62
One of the latest approaches was reported by Kathuria
et al.?" in 2018; these researchers restructured neuronal
cells from patients with ASD, rescuing the cell phenotype
of SHANK3 CNVs, which induced a decrease in synaptic
signaling. The CRISPR/Cas9 system has also been
adapted to simultaneously target different chromosomes
to create or correct large CNVs in DNA.?? It has been
reported that CRISPR/Cas9 can efficiently edit CNVs in
the 16p11.2 region, frequently found in schizophrenia.
However, the efficiency of CNV editing might be com-
promised when longer DNA regions are targeted.®®
Another relevant approach to the polygenic nature of
psychiatric disorders might be highly penetrant SNPs that
may increase the risk of psychiatric disorders.® 8243164
Rare variants on the disrupted-in-schizophrenia-1 gene
(DISC1) are one example of a potentially highly pene-
trant mutation. The DISC1 mutation was identified in an
extended family with a history of schizophrenia, with
many DISC1-interacting proteins affected by genetic
variants. Detected by GWAS, KCTD13is another relevant
gene in psychiatry. KCTD13 knockout by CRISPR/Cas9
in iPSCs decreased neurite formation through the NRG/
ERBB pathway, which has been strongly associated with
neurodevelopmental disorders like ASD and schizophre-
nia. Interestingly, the edited gene did not affect non-
neuronal human cells.®® Hence, the editing approach of
the potential penetrant variants could produce insight into
the molecular mechanisms of schizophrenia in specific
tissue.>”618* A final relevant example is the strong
genetic association between complement component C4

gene and schizophrenia. Sekar et al.®® reported a striking

correlation between over 7,000 SNPs related to the C4
gene and a heightened risk of schizophrenia. This finding
is also linked to the observation that during brain
development the synapse pruning mechanism is impaired
in mice lacking the C4 gene.®® This report showed that in
CRISPR/Cas9-generated knockout cell lines, those that
entirely lacked complement regulatory protein CD46
resulted in increased C4 deposition.®” All of the points
above encourage examination of C4 and C4-related gene
editing in regulatory regions.

Another promising approach to complex psychiatric
disorders with variants in a number of genes could be the
simultaneous editing of risk genes, which could be accom-
plished using different sgRNAs.2 For this purpose, a
combinatorial genetics system called CombiGEM-CRISPR
was designed. The system uses a triple simultaneous gene
knockout in drug targets to obtain a synergistic therapeutic
effect against complex diseases (e.g., ovarian cancer and
Parkinson-associated toxicity).' Changing the target
sequence is quite simple: redesigning sgRNA is sufficient
to direct genome editing to another gene, and could be
derived from a sgRNA library. However, controlling and
improving the specificity and efficiency of the library will be
fundamental for avoiding off-target effects.®'® Finally, it is
worth noting that, although highly specific gene editing
techniques have been developed, the polygenetic nature of
psychiatric disorders remains a limitation to their translation
to clinical practice. For that reason, most genome editing-
related studies on psychiatric disorders focus on disease
modeling.

Modeling psychiatric disorders with genome
editing

Animal models in psychiatry involving clustered regularly
interspaced short palindromic repeats

The CRISPR/Cas9 system has been used to create or
reverse phenotypes associated with complex diseases
with an important genetic component, such as cancer®®'®
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and psychiatric disorders,>®” in a tissue-specific manner
(Figure 3).4°®* Approaches to psychiatric disorders have
been made to imitate genetic factors.?*5°®! Animal models
may allow pharmacological testing and clarify the neuronal
mechanisms of psychiatric disorders.®®*? However, due to
the role of environmental factors, animal modeling of
psychiatric disorders is a challenge. Hence, these factors
have not yet been included in psychiatric genome editing
studies.®*°! In zebrafish, a widely used animal model of
ASD, intellectual disability, and schizophrenia,®®®° the
CRISPR/Cas9-mediated knockout of ASD-related genes,
such as progranulin and shank3b, produced synaptic
proteins, decreasing and shortening axons in motor
neurons.”®”" These neurobiological changes include motor
behavior impairments,” reduced sociability, and repetitive
behavior, all observed in patients with ASD.”" Notably, the
anatomical and behavioral data derived through gene
editing in zebrafish modeling have allowed us to examine
the role of neural circuits in psychiatric research.6>¢°

However, most animal studies that mimic human
psychiatric diseases are conducted in rodents®°' due to
the similarity among mammalian central nervous sys-
tems, making them a more suitable animal model in
psychiatry.®°° According to experimental evidence, suc-
cessful knock-in gene editing (i.e., substitution or addition
of a gene sequence to the target gene) in SHANK3
mutant mice showed how proteins involved in synaptic
processes are recruited. Mutant mice could be a
convenient model for observing the effects of SHANK3
dysregulation, which is present in up to 15% of patients
with ASD.®® One ASD study successfully translated
knockout of the human 3929 deletion into the mouse
genome, resulting in behavioral changes in the social,
cognitive, and acoustic response domains. This deletion
confers a higher risk for psychiatric disorders, such as
ASD, intellectual disability, and schizophrenia (> 40-
fold).”® In 2020, precise translational research mimicked
the specific phenotype of the 22q11.2 deletion syndrome,
observed mainly in patients with schizophrenia, ASD,
and intellectual disability, in a region of the mouse
chromosome, causing a diminished prepulse inhibition
response, as observed in patients with schizophrenia.”®
To create a specific schizophrenia-like model using
CRISPR/Cas9 genome editing, Lu et al.”* produced
a1,6-fucosyltransferase-deficient mice, finding increased
immunoinflammatory factors in the brain,”* which has
been suggested in the phenotype observed in schizo-
phrenia patients through positron emission tomography
imaging.”> The deletion of RELN (associated with
schizophrenia and ASD in Asian populations) led to the
creation of a mouse model with schizophrenia-like
symptoms such as decreased sociability and altered
neuronal migration in the cerebellum,*? which might be a
neurobiological mechanism in schizophrenia. In another
knock-in study, CRISPR/Cas9 was used to rescue the
pathological phenotype of gain-function in the transcrip-
tion factor 4 gene, which is characterized by disrupted
cortical development and is associated with a risk of
psychiatric disorders and dementia.*’

Based on this evidence, schizophrenia and ASD
models may have predictive validity through behavior
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tests and a certain parallelism between symptoms in
humans.®>5" However, besides in vivo studies, ex vivo
modeling may also be a suitable means of investigating
the effects of the gene mutations observed in bipolar
disorder, ASD, schizophrenia, and other developmental
disorders by differentiating patient-derived iPSCs into
neural stem cells, with subsequent in vitro study.?°131¢

Induced pluripotent stem cells and organoid models

iPSCs are widely used for disease modeling due to their
properties of self-renewal and differentiation.®'%'3 In
particular, iPSC-derived neural cells from patients with
various psychiatric disorders have been extended to
create an approximate isogenic comparison of in vitro
conditions analogous to those found in patients
(Figure 3).%'""'® Genome editing of iPSCs might help
explain the effect of specific variants. For example, the
genetically-engineered extension of a region of the fragile
X mental retardation gene through gene-by-gene editing
has been tested in iPSCs to emulate Fragile X syndrome,
the most common cause of ASD in males. Some of the
phenotypic changes observed in this study were neuro-
genesis-deregulated pathways, aberrant neuronal differ-
entiation, and high levels of inflammation glial markers.54
However, some limitations must also be considered,
such as neural differentiation, lineage corroboration, and
epigenetic changes that could affect the maturation
stages of iPSC cells."

Applying CRISPR/Cas9 to 3D organoids® to model
specific ASD phenotypes has also been suggested.”®
Organoids obtained through iPSC-derived neurons from
psychiatric patients could emulate structural and func-
tional features of the organs from which they were
derived.2® Therefore, combining 3D brain organoids
and CRISPR/Cas9 may elucidate the neural mechanisms
associated with psychiatric disorder phenotypes,® which
could stimulate the development of new drugs.”

Limitations of gene engineering

Understanding the scope of precise genome editing in
patients is complicated,” and cell lines and animal models
can only imitate the behavior and complex physiology of
psychiatric disorders in a limited way.”'® Moreover, the
differences between in vitro and in vivo studies could lead
to erroneous conclusions. One example is the deletion of
glycogen synthase kinase 3 beta (GSK3f), whose
disruption has been associated with bipolar disorder and
schizophrenia. In vitro GSK3p deletion showed increased
neurite arborization complexity in neuron cultures. In
contrast, GSK3p deletion in mice resulted in deficient
complexity and density of neurite arborization in striatal
neurons.”” Thus, corroboration at different levels is
needed.

Another limitation involves methods of delivering the
genome editing system to the cell due to efficacy and
safety issues. Delivery is generally performed by viral
vectors, such as adeno-associated viruses and baculo-
viral and lentiviral systems. However, these vectors may
increase immune response against the editing



system.232432 Other delivery methods, such as lipo-
somes, electroporation,>3* and nanotechnology,®78
could be used instead. A promising new technology
called Prime editing, which is based on the CRISPR/Cas9
system, uses a prime editor instead of the DNA template
and a prime-editing guide RNA instead of sgRNA. In this
technology, unlike CRISPR/Cas9, a double-strand DNA
break is not performed, which reduces the frequency of
InDels.”® Nevertheless, further discussion about this
technology is beyond the scope of this review.

The challenges of gene therapy

Genetic engineering through CRISPR/Cas9 has been
used to model complex illnesses, such as psychiatric
disorders. However, clinical applications of mutation
reversal are focused on particular diseases. Due to the
considerable efficiency of CRISPR/Cas9, there is a
growing interest in applying gene therapy to polygenic
conditions, such as psychiatric disorders.?>2* We pro-
pose this technology for gene therapy in psychiatry,
considering the precision of CRISPR/Cas9 in HDR and
with a combinatorial system. This therapy could be
applied ex vivo to perform tissue-specific gene edit-
ing.>®3° To the best of our knowledge, as a preventative
treatment in psychiatry, CRISPR/Cas9 is still in the
preliminary stages of experimentation in basic research
(Figure 2), far from consideration as a gene therapy for
complex diseases. Despite CRISPR/Cas9’s high potential
as a modeling and therapeutic technique, psychiatric
disorders are highly polygenic, preventing the use of
genome editing as a standalone tool.®® It must be pointed
out clinical use could only occur after its safety in humans
had been confirmed,3%38° including the prediction of
adverse effects.®° Likewise, several concerns have been
raised about the use of CRISPR/Cas9 in gene therapy,
such as mosaicism (i.e., two or more genetic profiles in
cells of the same individual), off-target modifications,>3’
and the quality of on-target editing.” Potential solutions
include improving the efficiency of cleavage in target
sites®2 by using minimal concentrations of Cas9 or Cas9
mutations."®8" Another means of increasing gene editing
efficiency could be the out-crossing of cell lines or
homozygous mutant animals for several generations to
eliminate off-target effects.®82

One final challenge to consider is the route of gene
therapy administration, given the tissue-specific response
and immune response to genetic engineering. Platt
et al."* demonstrated that CRISPR/Cas9 could be used
directly in mouse brains via injection in the prefrontal
cortex, even in adults.’® They used an adeno-associated
virus vector containing a sgRNA with a neuronal-specific
RNA-splicing factor, reducing expression of the target
gene by 80% in neuronal cells.'® Finally, Graf & Wurster®®
suggested an antisense oligonucleotide gene strategy as
an alternative treatment for psychiatric disorders.® In this
strategy, oligonucleotides are injected into the subarach-
noid space of rat spinal cords. Antisense oligonucleotides
bind in a complementary manner into a DNA sequence
and inhibit mRNA by binding to a natural antisense
transcript.’®* This treatment strategy has been studied
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for other complex diseases, such as Alzheimer's dis-
ease.® Considering these findings, we suggest that gene
editing at a somatic level in patients, with a direct way to
the brain, can outperform pharmacological treatments in
crossing the blood-brain barrier, which could decrease
their effects on the brain.®' However, the mutagenic
effects of genome editing in psychiatric disorders have
not been sufficiently investigated at any stage of devel-
opment. Moreover, we should consider the potential
toxicity of gene editing in the brain or iPSC-derived
neurons due to the gene delivery vehicle or the DNA-
complex. Maguire et al.®> mentioned new strategies as
possible solutions, such as hybrid bacteriophage vectors
or promoters of vector-mediated gene modifications,
which could efficiently reduce immunity against the
CRISPR/Cas9 editing-based system.®> Given the clinical
challenges and the novelty of the CRISPR/Cas9 technol-
ogy in psychiatry, the risks of this system are still
uncertain.”

Ethical considerations

In addition to the methodological and application chal-
lenges, there are ethical and moral issues related to the
use of gene editing in clinical practice to be discussed.
There are clear concerns about germline alterations,
which could cause undesirable mutations that may
transfer from generation to generation.®®®” However,
Dr. George Church reported that the modification of
germlines could be considered suitable if its safety was
optimized and agreed upon by the scientific community.®®
The U.S. National Institutes of Health’'s Somatic Cell
Genome Editing program seeks to improve the safety of
editing tools for different genetic diseases’ through
ex vivo somatic modification.? The U.S. Food and Drug
Administration has required a series of clinical trials to be
conducted before it will approve widespread use of gene
therapy in psychiatric patients. Nevertheless, in a number
of countries, there has been little discussion of legislation
regarding genome editing for complex diseases such as
psychiatric disorders.®°

The regulation of CRISPR/Cas9 for human germline
editing in embryos has developed according to different
uses and purposes.®"® For human germline editing, it
has been proposed that non-viable embryos be used to
study gene editing in a more integrative and complex
way.®® However, many concerns remain about this
application of CRISPR/Cas9, which involves ethical
issues that are not completely clear.” According to
Lanphier et al.,®” genome editing in embryos could have
side effects with profound repercussions due to the
possibility of creating a mosaic embryo. CRISPR/Cas9
gene editing in non-viable embryos began in China in
2015,%6 following specific legislation for human research
(e.g., Regulation of Human Genetic Resources).®® Des-
pite such regulations, in 2019 Dr. Jiankui He conducted
a genome editing study in viable embryos to alter the
pathway HIV uses to infect cells by knocking out the C-C
Motif Chemokine Receptor 5 gene. The experiments were
performed on twin embryos whose father was an HIV
carrier. This study was controversial because the
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embryos were implanted in the mother without regard for
off-target mutations that could lead to other diseases in
the newborns.®® Based on the above, we suggest that,
after corroborating the safety of gene therapy for
psychiatric disorders, the CRISPR/Cas9 system could
be used post-natally in humans in specific tissues.

The CRISPR/Cas9 system has been widely used to
model diverse diseases in vitro, in vivo, and ex vivo, and
applications in the medical field are currently aiming to
model and treat monogenic diseases. However, the
effects of this technique on complex illnesses such as
psychiatric disorders are poorly understood. Our review
has described advances in gene editing research on
schizophrenia and ASD. CRISPR/Cas9 genome editing
could contribute to the diagnosis and therapy of psychia-
tric disorders by providing a better understanding of their
underlying biological mechanisms.
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