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Abstract

Aging-related brain diseases consist of a number of important neurodegenerative disorders,
including Alzheimer’s, Parkinson’s, and Huntington’s diseases, all of which have become more
prevalent as the life expectancy of humans is prolonged. Age-dependent brain disorders are
associated with both environmental insults and genetic mutations. For those brain disorders that
are inherited, gene editing is an important tool for establishing animal models to investigate the
pathogenesis of disease and identify effective treatments. Here we focus on the tools for gene
editing, especially CRISPR/Cas9, and discuss their application for generating animal models that
can recapitulate the brain pathology seen in human diseases. We also highlight the advantages and
disadvantages of establishing genetically modified animal models. Finally, we discuss recent
findings to resolve technical issues related to the use of CRISPR/Cas9 for generating animal
models of brain diseases.
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Introduction

A number of important brain disorders are associated with aging, and their prevalence
continues to climb as the life expectancy of humans is extended. These brain disorders
include Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS), Huntington’s disease (HD), and frontotemporal dementia (FTD). The common
features of these neurological diseases are late-onset neurological symptoms and
degeneration that preferentially affects neuronal cells in the brain. Although most cases of
neurodegenerative diseases are sporadic, a number of genetic mutations are known to cause
age-dependent neurodegeneration. For example, In HD, an expanded CAG repeat (>36
repeats) in the Auntingtin gene causes neurodegeneration in an autosomal dominant manner

"Corresponding author at: Xiao-Jiang Li (xli2@emory.edu).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yan et al.

Page 2

(Gusella et al., 1993). In AD, mutations in the genes for presenilin, amyloid precursor
protein (APP), or tau contribute critically to selective neurodegeneration (Hutton et al.,
1997; Kang et al. 1987; Alzheimer et al. 1995). In PD, mutations in alpha-synuclein or
Parkinand PINKI can cause autosomal dominant or recessive neurodegeneration
(Polymeropoulos et al., 1997; Dodson et al., 2007). Familial ALS can be caused by
mutations in one of at least 32 known genetic loci, including superoxide dismutase 1
(SOD1I), TAR DNA-binding protein 43 (TDP-43), fused in sarcoma (FUS), and CIORF72
(Joyce et al., 2011; Neumann M, et al., 2006; DeJesus-Hernandez, et al., 2011).
Identification of the genetic mutations in these diseases has enabled the generation of a
variety of animal models via genome modifications.

Although genetically modified animal models have been widely used to investigate the
mechanisms of different brain disorders and to develop therapeutic strategies, the ways to
produce animal models determine the nature of the disease models and their utility for
different purposes. In general, genetically modified animals models can be classified as
transgenic or gene-targeted animal models. In transgenic models, the transgene is randomly
inserted into the genome as an exogenous gene and is expressed under the exogenous
promoter. In gene-targeted animal models, the specific locus or region of an endogenous
gene is altered to mimic a specific genetic mutation in humans. Obviously, gene-targeted
(knock-in or knockout) animal models are intended to recapitulate the same genetic defects
seen in human beings and are expected to more faithfully replicate patient pathology. In this
review, we focus on genomic editing tools that enable the generation of animal models of
brain diseases by modifying endogenous genomes.

1. Genomic editing tools

The classic method for manipulating the endogenous genome involves use of a gene
targeting vector to replace a specific region of endogenous genome via homologous
recombination. This method relies on embryonic stem (ES) cells that allow for gene
targeting in vitro, and then transplantation in vivo for differentiation into different types of
cell. Because mouse ES cells are available, this approach has been widely used to generate
germline knockout or knock-in mouse models. However, gene targeting via ES cells is both
time consuming and costly. Moreover, lack of appropriate ES cells from other species
prevents the use of knock-in and knockout approaches to generate disease models of
different species, especially large animals including non-human primates. Thus, although
precise manipulation of the genome is very important for generating animal models that can
faithfully recapitulate genetic mutations and phenotypes of human diseases, it has been very
difficult to generate large animal models that carry the same genetic mutations in the
endogenous genes to mimic genetic defects in humans.

Recently, new approaches have emerged that allow investigators to manipulate virtually any
gene in any cell type or organism. The crucial technology, referred to as “genome editing,”
is based on the use of engineered nucleases that can first target DNA, and then cut the
targeted DNA. These nucleases, which include zinc-finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENS), and clustered regularly interspaced short
palindromic repeats (CRISPR), have the same capacity to induce double-strand breaks
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(DSBs) on the targeted DNA; these DSBs then stimulate the cellular DNA repair
mechanisms, including error-prone non-homologous end joining (NHEJ) and homology-
directed repair (HDR). The versatility of ZFNs, TALENSs, and CRISPR/Cas9 arises from
their ability to bind DNA in a sequence-dependent manner. These nucleases, especially
CRISPR/Cas9, have greatly accelerated the creation of many new disease models, from
small animals to non-human primates (Tu et al., 2015; Yang et al., 2016). These animal
models have proved that CRISPR/Cas9 is an efficient tool to directly modify or repair
genomic DNA in somatic and germline cells, without the need to establish embryonic stem
cells for genomic manipulation. Gao et al found that Natronobacterium gregoryi Argonaute
(NgAgo), can modify genome by DNA-guided in mammalian cells (Gao et al., 2016),
however, the efficiency and application still need to be verification.

2. Development of CRISPR/Cas9 technology

The CRISPR/Cas9 system is derived from a prokaryotic RNA-guided defense system.
CRISPR repeats were first discovered as an unusual repeat site located downstream of the
iap gene in Escherichia coli (Ishino et al., 1987). There are also other repeat elements in the
genomes of different bacterial and archaeal strains. By 2002, these repeat elements were
named CRISPR, and CRISPR-associated (Cas) genes were found to be well conserved and
adjacent to the repeat elements (Jansen et al., 2002). CRISPR and Cas proteins are able to
use small crRNA molecules to target and destroy the DNAs or RNAs of invading viruses and
plasmids (Barrangou et al., 2007; Brouns et al., 2008; Jansen et al., 2002; Karginov and
Hannon, 2010). The type Il prokaryotic CRISPR/Cas9 from Streptococcus pyogenes
(SpCas9) is one of three distinct types of CRISPR/Cas immune systems. There are at least
three components (Cas9, the CRISPR RNA, and trans-activating crRNA) that are essential
for reconstituting the type Il CRISPR nuclease system. The CRISPR/Cas9 system is
equipped with two cleavage nuclease domains: the Cas9 HNH nuclease domain cleaves the
complementary strand, whereas the Cas9 RuvC-like nuclease domain cleaves the non-
complementary strand. Thus, the nuclease Cas9 can cut both strands of DNA precisely, and
the damaged DNA is repaired via NHEJ or HDR, thereby resulting in gene disruptions and
inactivation of the targeted gene. Since these initial studies, Cas9 has been used widely for
genome editing applications in a variety of experimental model systems (Jinek et al., 2012;
Mali, Esvelt, & Church, 2013).

Of many variants of the CRISPR/Cas9 system, the most commonly used one consists of a
small Cas9 (1,368-residues) protein from S. pyogenes (SpCas9) (Haft et al., 2005). A
smaller form from Staphylococcus aureus (Sa) Cas9 analog (SaCas9) was identified later,
which requires a more-complex protospacer adjacent motif (PAM) of NNGRRT for gene
targeting (Ran et al., 2015; Friedland et al., 2015). More recently, an additional Cas9
nuclease (Cpfl, CRISPR from Prevotellaand Francisella 1) was uncovered and found to be
a single-RNA-guided nuclease that can be turned into nCas9 to generate single-strand breaks
(SSBs) (Zetsche et al., 2015). Compared with other genome editing tools, such as ZFN and
TALEN, the Cas9 system works based on DNA-RNA, but not DNA-protein, recognition and
is easier and simpler to design and generate.
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3. Delivering CRISPR/Cas9 into the brain

Because of its ability to modify genomes in any type of cell, CRISPR/Cas9 has been used to
modify genes in neuronal cells in the brain. Delivering genetic modifiers into the brain is
difficult, however. Viral vectors are one suitable choice for delivering a variety of transgenes,
including CRISPR/Cas9 (Figure 1). Lentiviruses can infect non-dividing cells, and their
packaging limit is 8.5 kb, which is sufficient to package most Cas9 genes, guide RNA, and
specific promoters (Kumar et al., 2001). Lentiviral Cas9 has been delivered successfully into
mice to control the progression of lung cancer (Sanchez-Rivera et al., 2014). Adenoviruses
can infect both replicating and non-replicating cells but also elicit a strong immune response
(Wang et al., 2004). Adeno-associated viruses (AAVS) are the most attractive gene delivery
vectors as they do not lead to genomic integration and also show a safe hon-immune
response. AAV has been approved by the Food and Drug Administration (FDA) for use in
human clinical trials. Smaller Cas9 orthologs, such as spCas9 (4.2kb) or saCas9 (3.2 kb), are
more attractive because they can be packaged in a single AAV vector for in vivo gene editing
in the brain (Ran et al., 2015). By injecting viral vectors expressing CRISPR/Cas9 in the
mouse brain, several groups have successfully modified specific genes in neurons (Incontro
et al., 2014; Platt et al., 2014; Straub et al., 2014; Heidenreich et al., 2016; Walters et al.,
2016).

Compared with viral vectors, non-viral vectors possess low immunogenicity and do not lead
to genomic DNA integration. The non-viral delivery methods use polyethylenimine (PEI),
bioreducible lipid, liposome-mediated transfection, and in utero electroporation. Wang and
colleagues used bioreducible lipid-packaged Cas9 protein and directly delivered it into the
mouse brain for treatment of neurological disorders (Figure 2). They also directly injected
the bioreducible lipid-packaged (-27) GFP-Cre protein into the mouse brain to successfully
achieve Cre-mediated gene recombination (Wang et al., 2016). Hydrodynamic injection
(HDI) of plasmid DNA is convenient, and investigators have directly injected DNA plasmids
encoding Cas9 and sgRNA into the livers of mice to inhibit the hepatitis B virus (HBV)
(Ramanan et al., 2015). Liposome Cas9/gRNAs complexes can also be delivered into the
genome in mouse inner ear hair cells and neurons (Zuris et al., 2015; Wang et al., 2016).
Whether these non-viral systems can be used to directly deliver CRISPR/Cas9 into the brain,
however, remains to be investigated. Also, these non-viral delivery systems may not be able
to produce stable expression, and the safety of injecting them into the brain remains unclear.

Another approach is expressing CRISPR/Cas9 in zygotes to generate live animals that will
express CRISPR/Cas9 in their brain tissues. For this approach, Cas9 mRNA and sgRNA are
injected into zygotes to modify genomes in early embryos. The resulting animals carry the
genetically modified genes in different types of cells, including neuronal cells in the brain,
derived from the early embryos. This approach has been used successfully to generate small
animal models, including zebrafish (Hruscha et al., 2013; Hwang et al., 2013a; Hsu et al.,
2013), flies (Bassett et al., 2013), frogs (Nakayama et al., 2013), mice (Wang et al., 2013; Li
etal., 2013a), rats (Li et al., 2013b), and rabbits (Lv et al., 2016; Song et al., 2016). Since
the genetic mutations created occur at the one-cell stage or early embryaos, this approach is
believed to generate genetic mutations similar to those genetic defects in humans.
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The power of CRISPR/Cas9 is its ability to target any gene in any type of cell, including
early embryos. This allows the use of CRISPR/Cas9 to directly modify genomes in embryos
of large animals whose germline transmission of modified genes requires considerably
prolonged breeding times. Although small animal models provide valuable tools for
investigating neurological disorders, their brain anatomy, circuitry, aging processes, and
behaviors are quite different from those in humans. Thus, the use of large animal models to
better understand brain disorders is imperative. Via injection of CRISPR/Cas9 into animal
zygotes, genetically modified larger animals, including dogs (Zou et al., 2015), pigs (Tang et
al., 2014), and non-human primates (Niu et al., 2014; Chen et al., 2015), have been recently
established. The genetically modified non-human primates are especially valuable to help us
understand the higher cognitive functions and provide important animal models for
investigating brain diseases with psychiatric symptoms.

4. Challenges in using CRISPR/Cas9

CRISPR/Cas9 can target to virtually any gene in a sequence-dependent manner, and its
targeting efficiency is higher than other gene targeting approaches. However, because the
genome editing by CRISPR/Cas9 relies on approximately 23 base pair matches (Hsu et al.,
2014), off-target effects are considered an important issue. Many reports have focused on
reducing these effects when using CRISPR/Cas9. Research has shown that Cas9 can tolerate
mismatches, depending on their distribution and number (Hsu et al., 2013; Mali et al., 2013;
Fu et al., 2014). Reducing Cas9 concentration and using specific gRNAs can also minimize
off-target effects and improve gene targeting specificity (Hsu et al., 2013).

The second issue with CRISPR/Cas9 is mosaic mutations, which are different types of
mutations in different types of cells in the same animals. For small animals with short
breeding times, mosaic mutations can be diluted over generations, and specific mutations in
DNA can be obtained by crossing animals for 4-5 generations. In contrast, for large animals
like non-human primates, whose sexual maturation requires 4-5 years, mosaic mutations
pose an obstacle to obtaining genetically modified animals that can faithfully mimic genetic
mutations in human patients. More importantly, mosaicism can significantly affect the
precision of gene therapy when using CRISPR/Cas9 technology. The mechanisms behind
mosaic mutations remain unclear, but CRISPR/Cas9-mediated mosaic mutations likely
result from random DNA breaks and repairs. Thus, reducing this random DNA cutting and
repair is key to preventing the mosaicism in gene targeting by CRISPR/Cas9.

Another challenge facing CRISPR/Cas9 is the low rate of homologous recombination, which
is important for gene replacement or knock-in with specific sequences. Gene replacement is
the basis for gene therapy to correct genetic defects in human diseases. The nuclease Cas9
cuts both strands of DNA, and the damaged DNA is repaired via NHEJ or HDR. Generally,
HDR takes place in the synthesis (S) and the premitotic (G2) phases (Heyer et al., 2010),
whereas NHEJ occurs in the growth 1 (G1) and the mitotic (M) phases (Daley and Sung,
2014). It turns out that CRISPR/Cas9-mediated indel mutations via NHEJ have high
efficiency, and the HDR rate is relatively low. Suppression of NHEJ key molecules is found
to increase the HDR rate by CRISPR/Cas9 (Chu et al., 2015; Maruyama et al., 2015). Thus,
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increasing the HDR rate is expected to improve the efficiency of CRISPR/Cas9-mediated
gene replacement.

5. Strategies to improve CRISPR/Cas9 targeting

As described, genetically modifying brain genomes in animals to model brain diseases can
be achieved with CRISPR/Cas9. Direct injection of viral vectors expressing CRISPR/Cas9
into selective brain regions can rapidly generate animal models to mimic specific
neuropathology in these brain areas. Expression of CRISPR/Cas9 in zygotes to target
specific genes can generate animals that mimic genetic defects in the human brain and other
organs. All these strategies, however, are compromised by the potential off-target effects and
mosaic mutations created by CRISPR/Cas9. In terms of the off-target effects, many reports
have shown that these can be minimized by using specific gRNAs and modified Cas9. For
example, using a shorter sgRNA (17 or 18 nt) can greatly improve off-target specificity (Fu
et al., 2014). Variants of monomeric SpCas9, such as SpCas9-HF1 (high-fidelity variant 1),
are found to show improved specificity in gene targeting (Kleinstiver et al., 2016). Cpf1,
another form of Cas9, is also reported to show no off-target effects (Kim et al., 2016).
Despite these improvements, mosaic mutations remain a challenge to be resolved.

Mosaic mutations affect the efficiency and precision of CRISPR/Cas9’s ability to edit the
genome, which can be an obstacle to obtaining animal models that faithfully mimic genetic
mutations in human patients. More importantly, mosaicism can significantly affect the
precision of gene therapy. Because expression of CRISPR/Cas9 in one-cell stage embryos
(zygotes) can lead to mosaic mutations, it is possible that Cas9 mRNA may segregate into
late embryo stages, such as the 4-cell to morula stages, to act on targeted DNAs, thus
creating mosaicism in targeting. If so, reducing the prolonged expression of Cas9 in
embryos could potentially reduce the mosaic mutation rate. To test this hypothesis, our
group modified Cas9 activity by tagging the ubiquitin-proteasome degradation signal to the
N-terminus of Cas9 to shorten its half-life. We injected this modified Cas9 into non-human
primate embryos and found that the modified Cas9 with a shorter half-life apparently
decreased mosaicism in DNA mutations in monkey embryos (Tu et al., 2017). Since
modified Cas9 with reduced activity, such as nickase Cas9, is able to induce more specific
cleavage sites (Hsu et al., 2013; Zetsche et al., 2015), modifying Cas9 activity or identifying
new Cas9 proteins may help resolve the mosaic mutation issue.

CRISPR/Cas9 causes double-strand breaks (DSBs) that can produce NHEJ and HDR. Some
researchers found scr7 targeted the key enzyme in the NHEJ pathway to increase the
efficiency of HDR (Maruyama et al., 2015). Post-translational Cas9-hGem (1/110) can lower
its expression in G1, with increased expression in G2 and S, leading to a 1.87-fold increased
rate of HDR compared to wild-type Cas9 (Gutschner et al., 2016). Komor et al. engineered
fusions of CRISPR/Cas9 and a cytidine deaminase enzyme that retain the ability to be
programmed with a guide RNA, do not induce dsDNA breaks, and mediate the direct
conversion of cytidine to uridine (Komor et al., 2016). All these studies focus on the
modification of Cas9 activity to improve its specificity for genome editing. Given that recent
studies have identified many new species of Cas9 and their regulators (Pawluk et al., 2016;
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Burstein et al., 2016; Rauch et al., 2016), future studies to characterize these new Cas9
proteins hold out great promise of overcoming the mosaicism issue.

In summary, although the precision and knock-in efficiency of CRISPR/Cas9-mediated gene
targeting need to be improved, this new genomic editing tool has been proved powerful to
generate animal models for studying brain diseases. The ability of CRISPR/Cas9 to target
genome in any type of cells allows for modeling brain diseases via delivering this system
directly to the brain. Direct targeting the specific types of cells or regions in the brain is
particularly useful for mimicking specific neuropathology in large animals whose prolonged
breeding period does not allow for fast germline transmission of the targeted genes by
CRISPR/Cas9.
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Highlights

Genomic editing has been used to generate animal models of human diseases to mimic
neurological symptoms and to study disease pathogenesis and treatments. Of various
genomic editing tools, CRISPR/Cas9 is powerful to modify genomes in all types of cells.
We discuss the use of CRISPR/Cas9 to study brain diseases and the strategies to improve
the specificity of its gene targeting.
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Figure 1. Direct expression of CRISPR/Cas9 in the brain
Viral vectors (lentiviral, adenoviral, and AAV) or lipid-nanoparticles can be used to deliver

CRISPR/Cas9 into a specific brain region in animals (e.g., mouse, non-human primates, and
other species) via stereotaxic injection, resulting in gene editing in specific brain regions.
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Figure 2. Expression of CRISPR/Cas9 in zygotes
CRISPR/Cas9 can be injected directly into fertilized eggs to target specific genes, resulting

in genetically modified animals, including mice, rabbits, and non-human primates, which
have modified genomes throughout the whole body, including the brain. Color lines
represent modified genes.
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