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Diseases of the central nervous system (CNS) have historically been among the
most difficult to treat using conventional pharmacological approaches. This is due
to a confluence of factors, including the limited regenerative capacity and overall
complexity of the brain, problems associated with repeated drug administration, and
difficulties delivering drugs across the blood-brain barrier (BBB). Viral-mediated gene
transfer represents an attractive alternative for the delivery of therapeutic cargo to the
nervous system. Crucially, it usually requires only a single injection, whether that be
a gene replacement strategy for an inherited disorder or the delivery of a genome-
or epigenome-modifying construct for treatment of CNS diseases and disorders. It is
thus understandable that considerable effort has been put towards the development
of improved vector systems for gene transfer into the CNS. Different viral vectors are
of course tailored to their specific applications, but they generally should share several
key properties. The ideal viral vector incorporates a high-packaging capacity, efficient
gene transfer paired with robust and sustained expression, lack of oncogenicity, toxicity
and pathogenicity, and scalable manufacturing for clinical applications. In this review,
we will devote attention to viral vectors derived from human immunodeficiency virus
type 1 (lentiviral vectors; LVs) and adeno-associated virus (AAVs). The high interest
in these viral delivery systems vectors is due to: (i) robust delivery and long-lasting
expression; (ii) efficient transduction into postmitotic cells, including the brain; (iii)
low immunogenicity and toxicity; and (iv) compatibility with advanced manufacturing
techniques. Here, we will outline basic aspects of LV and AAV biology, particularly
focusing on approaches and techniques aiming to enhance viral safety. We will also
allocate a significant portion of this review to the development and use of LVs and AAVs
for delivery into the CNS, with a focus on the genome and epigenome-editing tools
based on clustered regularly interspaced short palindromic repeats/CRISPR-associated
protein 9 (CRISPR/Cas 9) and the development of novel strategies for the treatment of
neurodegenerative diseases (NDDs).

Keywords: neurodegenarative diseases, AAV vectors, lentiviral (LV) vector, CRISPR-Cas 9 system, gene editing,
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INTRODUCTION

As of this year, more than seven million Americans suffer
from neurodegenerative disorders, with the majority of cases
due to Alzheimer’s disease. By 2050, this number is projected
to rise to nearly 14 million (Alzheimer’s Dementia, 2020). In
addition to the lost quality of life, these increasingly prevalent
conditions impose a major financial burden on our society.
Alzheimer’s and other dementias will cost the U.S. economy an
unbelievable $305 billion in 2020, with projected costs rising
as high as $1.1 trillion/year by 2050 (Alzheimer’s Dementia,
2020). As such, effective preventive and therapeutic approaches
are desperately needed. Unfortunately, current pharmacological
treatments provide only temporary symptomatic relief (if that),
without addressing the underlying causes.

Virus-mediated gene therapy, on the other hand, is a viable
long-term strategy for the disease-modifying treatment of several
neurological and neurodegenerative disorders. Traditionally,
‘‘gene therapy’’ has entailed the introduction of an entire gene,
which either compensates for a malfunctioning gene or provides
a new function to cells which allows them to better combat
a disease state. Recently, however, researchers have gained the
ability to introduce constructs that can edit the genome—or alter
gene expression by modifying the epigenome—with astonishing
precision and flexibility. These recent advances are primarily the
result of engineering a bacterial defense system called clustered
regularly interspaced short palindromic repeats (CRISPR), which
we will review in-depth. Indeed, the appealing prospect of
treating diseases at the root of their cause has led to considerable
efforts toward the development of viral vector systems for
delivery into the central nervous system (CNS).

Due to the natural ability of viruses to efficiently transduce
cells and tissues with foreign nucleic acid, they have attracted
attention as a means of gene delivery since the 1980s (Friedmann,
1976). Viral vectors are engineered such that their wild type
virus’ genome is replaced with a transgene of interest. Production
of said vectors is normally accomplished by co-transfecting
cells with multiple plasmids. One plasmid contains the desired
transgene adjacent to the required packaging signals, and the
other plasmids encode and thus provide all proteins necessary
for vector formation in trans. As of 2018, over 3,000 gene therapy
clinical trials have been initiated worldwide (with ∼2% targeting
neurodegenerative diseases; Ginn et al., 2018), and delivery via
recombinant retro-, lenti-, or adeno-associated virus is employed
in around 35% of these1. Simple recombinant retroviral vectors
(based on γ-retroviruses) were used in the first gene therapy
proof-of-principle study, aiming to correct a severe combined
immunodeficiency disorder (SCID) in 1995 (Blaese et al., 1995).
Tragically, the retroviral vector used in clinical trials induced
severe T-cell leukemia in several children 2–5 years after gene
therapy, and one of these children died. The insertion of the
retroviral vector cassette in the proximity of a proto-oncogene,
which then led to an uncontrollable expression of the gene, was
determined to be the cause of leukemia, dramatically highlighting
the limitations of γ-retroviral vector-based gene therapy (Kantor

1http://abedia.com/wiley/index.html

et al., 2014b). Furthermore, γ-retroviral vectors are not capable
of transducing postmitotic cells, a huge disadvantage when
targeting the CNS. Infection of slowly dividing cells is possible
but is highly inefficient because these retroviral vectors rely
on nuclear membrane disassembly for nuclear transportation
(Miller et al., 1990; Lewis and Emerman, 1994). As such, simple
retroviral vectors are not good candidates for gene therapy of
neurodegenerative diseases.

LENTIVIRAL VECTORS (LVS): BASIC
BIOLOGY

Unlike γ-retroviruses, lentiviruses [a different genera in the
retroviridae family, exemplified by human immunodeficiency
virus type-1 (HIV-1)] evolved a mechanism that exploits
host-protein machinery to achieve efficient nuclear import
through the intact nuclear membrane (Lewis and Emerman,
1994). Subsequently, these viruses have been engineered into
useful viral vectors, as they are capable of transducing
nondividing or terminally differentiated cells (e.g., postmitotic
neurons) with high efficiency (reviewed in Kantor et al.,
2014a). Since the first publication demonstrating the efficient
transduction of lentiviral vectors into post-mitotic neurons
in vivo (Naldini et al., 1996), thousands of studies have probed
the use of HIV-based vectors for gene delivery into the
CNS (Azzouz et al., 2002; Bayer et al., 2008; Kantor et al.,
2011). HIV-based vectors have been demonstrated to transduce
most cell types of the brain, including neuronal stem cells,
neurons, astrocytes, and oligodendrocytes (Blömer et al., 1997;
Consiglio et al., 2001; Azzouz et al., 2002; Jakobsson et al.,
2003). Furthermore, HIV-based vectors are capable of sustaining
long-lasting transgene expression in the brain (Bayer et al., 2008;
Kantor et al., 2011). This last point is of the utmost importance,
as continuous, long-lasting production of the therapeutic gene-
of-interest (thus providing permanent steady-state ‘‘dosing’’ after
a single administration of virus) is essential for gene therapy
applications in the CNS.

As mentioned above, lentiviral vectors (LVs) are derived
from the HIV-1. The lentiviral genome occupies ∼10.7 kbs of
positive-sense single-stranded RNA (Figure 1A), of which two
copies are packaged inside a lipid-enriched viral shell that is
∼100 nm in diameter (Figure 1B). In recombinant LVs (which
lack all the HIV-1 ORFs but retain several critical non-coding
elements, detailed below), this results in a packaging capacity
of approximately 10 kb. The genome encodes structural and
enzymatic genes including gag and pol, respectively. The gag
(group-specific antigen) encodes the viral matrix (MA), capsid
(CA), and nucleoproteins (NC). The enzymatic machinery of
the virus consists of reverse transcriptase (RT), protease (PR),
and integrase (IN). The virus uses its envelope for attachment
and entry into the host cell. Construction of heterologous
envelope proteins for pseudotyping viral particles was one of the
major steps in dramatically diversifying the tropism of lentiviral
vectors. Furthermore, it greatly enhanced the safety profile of
the vector (reviewed in Kantor et al., 2014a). Lentiviral vectors
can be pseudotyped with a wide variety of envelope proteins;
many of them, including Mokola virus (MV), Ross River virus
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FIGURE 1 | Lentivirus basics. (A) Simplified schematic of the wild-type human immunodeficiency virus type-1 (HIV-1) genome. (B) Lentivirus particle structure. (C)
Plasmids used in the current (3rd generation) lentivirus packaging system. See the main text for a detailed description of the lentivirus packaging system; see Table 1
for lentivirus envelope proteins.

(RRV) and Rabies virus (RV) shown strong neurotropic tropism
(Table 1; also reviewed in Cronin et al., 2005). However,
the most commonly employed envelope is vesicular stomatitis
virus protein G (VSV-G), characterized by its extremely broad
cellular tropism.

Following the entry into host cells via receptor binding
and fusion of the viral envelope with the cell membrane,
reverse transcription (RT) reaction takes place in the cytoplasm
(see Figure 3). The RT enzyme mediates a complex reverse
transcription process which results in the generation of double-

TABLE 1 | Envelope proteins used for pseudotyping lentiviral vectors (LVs).

Envelope Hosts CNS Tropism

VSV-G Mouse, rat, pig, dog, human Non-selective
Mokola virus Mouse, rat Non-selective
Rabies virus Mouse, rat Prefers neurons;

efficient axonal
transport

LCMV Mouse, rat Prefers astrocytes;
some expression in
neurons

RRV Mouse, rat, human cells (in vitro) Non-selective

VSV-G, vesicular stomatitis virus G-protein; LCMV, lymphocytic choriomeningitis virus;
RRV, Ross River Virus. Adapted from Kantor et al. (2014a).

stranded (ds), linear, DNA. For this reaction to take place,
the LV genome must include a primer binding site (PBS)
and a polypurine tract (PPT). The PBS is responsible for
RT initiation, as a tRNALys3 binds to it and is used as
a primer, and it is also critical in the second template
exchange that occurs. The PPT contains a purine-rich stretch
that survives RNase H—mediated degradation of the positive-
stranded RNA, and thus acts as a primer for RT to create
positive-stranded DNA (reviewed in Kantor et al., 2014a). The
viral DNA corresponds with its genomic RNA but contains
a duplicate of the U3 and U5 regions at the 5′LTR (long
terminal repeat) and 3′LTR, respectively. The U3 region
harbors the promoter sequence, while the U5 region carries
the poly-A signal (reviewed in Kantor et al., 2014a). The
linear dsDNA is then imported into the nucleus and serves
as a precursor for integration. Integrase (IN) protein mediates
this process by catalyzing binding and cleaving within the
att sites located on both ends of the DNA (Colicelli and
Goff, 1985; Craigie et al., 1990; Leavitt et al., 1992). Following
integration, the viral DNA acts as a part of the host’s DNA
and is therefore replicated along with it, and passed on to the
cell’s progeny (Buchow et al., 1989). The RT and PR proteins
are essential for LV production; contrarily, the vector can
sustain its life-cycle without IN. Unsurprisingly, this fact has
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been exploited and lead to the formation of integrase-deficient
lentiviral vectors (IDLVs), which provide some significant
advantages over the conventional integrase-competent lentiviral
vectors (ICLVs), a topic that will be discussed later in
this review.

In addition to the core proteins, gag and pol, lentiviruses such
as HIV-1 harbor six additional genes: two regulatory (rev and
tat), and four accessory genes (nef, vif, vpr, and vpu), involved
in the viral entry, replication, and particle release (Coffin et al.,
1997). The accessory products can be deleted from the packaging
cassette as they are not necessary for LV production. Their
exclusion not only enhances the safety of the vector but also
creates a space for the insertion of transgenic sequences (Naldini
et al., 1996; Blömer et al., 1997; Kafri et al., 1997; Dull et al., 1998).
This realization led to the construction of second-generation
packaging cassettes that harbor only the tat and the rev genes
(Zufferey et al., 1997). The tat gene encodes a trans-activator
of transcription (Tat) protein responsible for enhancing HIV-1
expression. The replacement of the endogenous HIV-1 promoter
in the U3 region of the 5′LTR with a strong promoter, such as
Rous sarcoma virus (RSV) or cytomegalovirus (CMV), creates
independence of the virus from tat. Still, some of the second-
generation packaging plasmids continue to harbor tat, as it
seems to have a positive effect on the viral production titer.
However, tat is excluded in third-generation packaging systems
(Figure 1C), which are also characterized by the separation of
the gag/pol and rev sequences into two different cassettes, and
are the safest LVs to date (Dull et al., 1998). In contrast to tat, the
rev gene is indispensable, as its protein product is responsible for
exporting full-length and partially spliced RNAs from the nucleus
to the cytoplasm (Cockrell et al., 2006). Another improvement
present in the current (third-generation) packaging systems is the
replacement of the virus’ weak polyadenylation signal (poly-A)
for either SV40 or bovine/human growth hormone (bGH/hGH),
which potentiate mRNA stability (Dull et al., 1998; Cockrell et al.,
2006). Also, the incorporation of a woodchuck hepatitis virus
posttranscriptional regulatory element (WPRE) and a central
polypurine tract (cPPT) into the expression cassette further
up-regulated RNA stability, transcription efficiency, and viral
titer (Zufferey et al., 1999; Zennou et al., 2000). Importantly, the
above modifications neither reduced vector yield nor hampered
the ability of LVs to transduce nondividing cells, such as
terminally differentiated neurons (Dull et al., 1998; Zufferey et al.,
1999; Zennou et al., 2000; Cockrell et al., 2006). Together, they
significantly reduced the likelihood of generating recombination-
competent retroviruses (RCR), thus contributing to the vector’s
superb safety.

Non-integrating Lentiviral Vectors
Despite the aforementioned advances in vector safety,
employment of retroviral vectors in clinical trials is hampered
by a relatively high risk of insertional mutagenesis (reviewed in
Kantor et al., 2014a,b). It is important to note that the likelihood
of insertional mutagenesis is considered to be lower in lentiviral
vectors compared to their γ-retroviral vector counterparts. For
example, in the tumor-susceptible mouse model, transplantation
of γ-retroviral vector-transduced hematopoietic cells resulted

in an accelerated tumorigenic process, whereas no additional
adverse events were detected with lentiviral vectors (Montini
et al., 2006). Moreover, it has been shown that a higher quantity
of lentiviral vectors is necessary to cause an oncogenic risk
similar to that of γ-retroviral vectors (Montini et al., 2009).
Nevertheless, lentiviral vectors are not completely detached from
this problem. An Equine infectious anemia virus-derived vector
has been reported to be associated with the formation of tumors
in the livers of mice following in utero and neonatal vector
administration (Themis et al., 2005).

To avert insertional mutagenesis, integrase-deficient lentiviral
vectors (IDLVs) have been developed (see Figure 3). The IDLVs
can be generated by introducing non-pleiotropic mutations
within the open reading frame (ORF) of the int ORF (Engelman
et al., 1995). Such mutations have been shown to specifically
target the integration process without significantly affecting
other steps of the LV life cycle (Figure 3 and Table 3). We
previously reported that IDLV genomes are indeed capable
of being expressed in vitro and in vivo, however, they do
demonstrate lower expression levels compared to ICLVs (Bayer
et al., 2008; Kantor et al., 2009). Still, these reduced expression
levels are often sufficient for correcting genetic disorders in
animals (Philippe et al., 2006; Yáñez-Muñoz et al., 2006). We
demonstrated that the reduced level of IDLV expression is
attributed to the formation of a repressive chromatin structure
around the episomal DNA (Kantor et al., 2009). Furthermore, we
showed that the reduced expression of IDLVs can be corrected
by removing repressive factors such as histone deacetylases
(HDACs) either via in-cis or in-trans methods. For example,
we demonstrated that the deletion of negative transcription
elements (NTE) located within U3-region of the 3′LTR resulted
in significant activation of IDLV expression in both in vitro and
in vivo experiments (Philippe et al., 2006; Yáñez-Muñoz et al.,
2006; Kantor et al., 2011). More recently, we showed that the
addition of the transcriptional enhancers, such as Sp1 within
the viral expression cassette can further stimulate packaging
efficiency and transgene expression in vitro and in vivo (Ortinski
et al., 2017). Here, we carefully analyzed the levels and duration
of transgene expression, the integration rate, and the overall
therapeutic potential of IDLV vectors in comparison to their
integrase-competent counterparts (Bayer et al., 2008; Kantor
et al., 2011; Saida et al., 2014). Importantly, IDLV-mediated
proviral integration into host’s cell chromosomes occurred
in approximately 1/3850 HeLa cells and approximately
1/111 mouse cerebellar neurons in vivo (Bayer et al., 2008;
Kantor et al., 2011); that is ∼500-fold lower than the integration
rate of ICLV. To examine the therapeutic potential, IDLVs and
ICLVs carrying therapeutic cargo encoding an enhancer of the
ubiquitin-proteasome pathway were injected into the cerebellum
of spinocerebellar ataxia type 3 model mice (SCA3 mice).
Remarkably, IDLV-injected SCA3 mice showed significantly
improved rotarod performance even 1-year post-injection (Saida
et al., 2014). Furthermore, immunohistochemistry at 1-year
post-injection showed a dramatic reduction of mutant aggregates
in Purkinje cells of both IDLV- and ICLV-injected SCA3 mice.
Many other laboratories have also demonstrated efficient use
of IDLVs for the transduction of most cell types in the brain
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(Saida et al., 2014; Lu-Nguyen et al., 2016; Ortinski et al., 2017).
More recently, we established and optimized IDLV
vectors as a means for safe and efficient delivery of
CRISPR/Cas9 components (Ortinski et al., 2017; Vijayraghavan
and Kantor, 2017). Importantly, we reported that IDLV
vectors are capable of attaining a strong and sustained
CRISPR/Cas9 expression in dissociated post-mitotic neurons
and in the rat brain in post-mitotic neurons in vitro and in vivo.
Furthermore, we demonstrated that IDLV-CRISPR/Cas9 vectors
are significantly less prone to induce off-target DNA
perturbations, and as such are more specific and safe comparing
with their integrase-competent counterparts (Ortinski et al.,
2017). These studies altogether suggest that IDLVs may provide
an effective and safe means of delivery of therapeutic transgenes
into the CNS.

ADENO-ASSOCIATED VIRAL VECTORS
(AAV VECTORS): BASIC BIOLOGY

Adeno-associated viral vectors are the most frequently utilized
platforms for the delivery of therapeutic genes (reviewed in
Kantor et al., 2014a). These recombinant AAV (rAAV) vectors
were engineered from the wild type virus, which belongs to the
Dependovirus genus of the Parvoviridae family. As indicated in
the genus name, the virus depends on coinfection of another
virus (adenovirus or HSV) for replication in host cells (reviewed
in Lentz et al., 2012). The packaging-competent form of the
AAV genome is represented by a 4.7 kb ssDNA (Figure 2A).
The genome itself appears quite simple: two ORFs, rep and cap,
flanked by a pair of 145 bp inverted terminal repeats (ITRs;
Lusby et al., 1980; Srivastava et al., 1983; Sonntag et al., 2010).
However, the wild-type AAV genome encodes eight proteins in
total. The repORF encodes four isoforms of the Rep protein (each
combination of two promotors and two splice variants). The
long isoforms (Rep78/68; named for their molecular weight) are
responsible for replication and integration of the viral genome,
and the short Rep52/40 isoformsmediate genome packaging. The
cap ORF encodes the structural capsid proteins VP1, VP2, and
VP3. Through a combination of transcriptional and translational
mechanisms beyond the scope of this review, VP1/VP2/VP3 are
produced at a ratio of about 1:1:10, respectively (Kronenberg
et al., 2001); Sixty copies of VP1/2/3 in the same ratio make
up each icosahedral AAV particle. Lastly, assembly activating
protein (AAP) is encoded by a cryptic, out-of-frame ORF
contained within cap; AAP is involved in trafficking capsid
proteins to the nucleolus (the site of virion assembly) and is
also instrumental in the capsid assembly process (reviewed in
Smith, 2008).

During infection, AAV enters cells through receptor-
mediated endocytosis, which occurs via clathrin-coated pits
(Bartlett et al., 2000). As AAV encodes no envelope protein,
the viral capsid determines the tissue specificity or tropism.
Once inside the cell, the virus escapes from the early endosome
and translocates into the host’s nucleus where virion uncoating
is completed (Figure 3). The hairpin endings of the ssDNA
genome are then recognized by a host DNA polymerase and are
subsequently filled in to create dsDNA (Ferrari et al., 1996). At

this stage, WT AAV is capable to efficiently and site-specifically
integrate (onto chromosome 19 in humans) into the host
cell genome (Deyle and Russell, 2009). The integrated form
can be released from the host’s genome following coinfection
with a helper virus (Adenovirus or HSV-1) or cellular stress,
which leads to a lytic cycle where AAV transcription and
DNA replication are reactivated to produce AAV viral particles
(Kotin et al., 1990; Samulski et al., 1991). In the absence of a
helper virus, wild-type AAV DNA can also be retained in the
nucleus in linear and circular episomal forms (Duan et al., 1998;
Schnepp et al., 2005).

AAV is an ideal virus to modify into a delivery vector for
several reasons. Most importantly, the virus has no known
associated pathologies and causes a mild immune response in
humans. Second, the AAV genome can be preserved for extended
periods in episomal forms, and thus presents an opportunity
for prolonged transgene expression. Furthermore, AAVs are
common in nature, and as such many serotypes exist, with
varied tropisms (Table 2). Lastly, the AAV genome is well-
understood, so the consequences of genetic manipulations can
reasonably be predicted. For these reasons, over the last 30 years,
a substantial effort has been devoted to transforming AAV
into one of the gold-standard platforms for gene therapy. In
this time, several major milestones have been achieved towards
creating a safe and efficient rAAV toolkit. First, it was found
that the stem-loop-forming inverted terminal repeats (ITRs)
are the only cis-acting elements required for both genome
replication and packaging of the genome into virions (Lusby
et al., 1980; Nash et al., 2008). Unsurprisingly, this led to
the creation of a packaging plasmid which provides the rep
and cap genes in trans. Thus, in recombinant AAVs, nearly
the entire genome is replaced with a transgene of interest,
yielding a functional packaging capacity quite close to the
4.7 kb WT genome size. Furthermore, the split of these genes
from the vector plasmid is critical to prevent the formation
of WT AAV during rAAV production (reviewed in Kantor
et al., 2014a). As the necessary rep gene is no longer packaged,
this separation of the viral cassette also causes rAAV to lose
the site-specificity of its integration into human chromosome
19. Instead, rAAVs appear to integrate randomly at a low
rate (integration occurs in 0.1–1% of cells), with the vast
majority of DNA being maintained as episomes (reviewed in
Kantor et al., 2014a). Second, the helper function needed for
AAV replication and viral production was initially provided by
co-infecting the production cells with Adenovirus or HSV-1.
However, this method results in the contamination of rAAV
preparations with Adenovirus or HSV particles. To solve this
problem, researchers constructed a separate cassette carrying
only the essential adenovirus helper genes: E1a, E1b, E2a, E4orf6,
and viral-associated RNA genes (Xiao et al., 1998). Importantly,
HEK293T cells, which are commonly used for rAAV production,
already express E1a and E1b; as such, these genes have been
excluded from the helper cassette (Xiao et al., 1998). The
optimized rAAV production protocol (Figure 2B) thus utilizes
three plasmids transiently transfected into HEK293T producer
cells: the vector plasmid with the transgene-of-interest flanked
by AAV ITRs, the packaging plasmid containing the rep and cap
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FIGURE 2 | Adeno-Associated Virus (AAV) basics. (A) Simplified schematic of the wild-type AAV genome. (B) Plasmids used in the current AAV packaging system.
See the main text for a detailed description of the AAV packaging system; see Table 2 for a comparison of common AAV serotypes.

genes from a specific AAV serotype, and the adenovirus helper
plasmid (Xiao et al., 1998). These revolutionary advancements
have enabled large-scale production of pure rAAV with low
immunogenicity, which can be used for a variety of gene transfer
applications, including human gene therapy.

More recently, researchers have developed second-generation
rAAV vectors with modified capsids that enhance tissue
selectivity as well as evading neutralizing host antibodies. An
understanding of the biology of naturally occurring serotypes
allowed scientists to create hybrids and then engineer these new
vector capsids. AAVs use specific regions of their capsid proteins
to bind to receptors on the host’s cellular membrane; a virus’s
serotype is determined by the particular amino acid residues
that make up these hypervariable loop regions. These variations
affect which receptors the capsid proteins bind to, and thus
different serotypes confer different tropisms. Furthermore, it has
been demonstrated that serotype plays an essential role in viral
trafficking from the host’s cell membrane to the nucleus as well
as in the virion uncoating process, which may in turn control the
efficiency of transduction and expression (Keiser et al., 2011).

Over 100 AAV serotypes and variants have been described so
far, with the most studied and utilized being AAV2 (Summerford
and Samulski, 1998; Summerford et al., 1999; Gao et al., 2005;
Wu et al., 2006), and reviewed in Mitchell et al. (2010). However,
researchers have also contributed significantly to this remarkable
variety by creating pseudotyped viral variants. AAV pseudotypes
are usually created by altering the packaging plasmid such that
it carries cap from the serotype-of-interest along with rep from
AAV2 while keeping AAV2 ITRs in the transgene-carrying
plasmid. The resulting viruses are denoted using a slash: for
example, AAV2/5 indicates a virus containing the genome of
serotype 2 packaged in the capsid from serotype 5 (reviewed
in Mitchell et al., 2010). AAV2/5 in particular demonstrates
improved affinity for neuronal cells that are not efficiently
targeted by AAV2/2 and is distributed more widely in the
brain, allowing for greater transduction efficiency (see below).
Another method to expand AAV tropism is to create hybrid

capsids derived from multiple serotypes (reviewed in Castle
et al., 2016). Multiple groups have further engineered these
second-generation AAV vectors using both rational design-based
and directed evolution-based approaches (reviewed in Gray et al.,
2010). Together, these newly engineered AAV vectors offer a
broad range of tropisms to meet a variety of experimental and
therapeutic needs.

Due to the advances described above, AAV is the platform
of choice for viral gene delivery into the CNS (Tables 2, 3;
also reviewed in Gray et al., 2013). The following serotypes
have been effectively used in the CNS: AAV2/1, AAV2/5,
AAV2/6, AAV2/8, AAV2/9, and the recently engineered PhP.eB
(Chan et al., 2017). When injected into the brain, AAV2/1 and
AAV2/5 are more efficient than AAV2/2 at transducing both
neurons and glial cells, in multiple brain regions of rats and
nonhuman primates (Burger et al., 2004; Mandel and Burger,
2004). In contrast AAV2/7, AAV2/8, and AAV2/9 primarily
transduce neuronal cells, with AAV2/9 exhibiting the widest
spread from the site of injection (Cearley and Wolfe, 2006).
Axonal transport varies amongst the AAV serotypes and can
be exploited to infect both the directly-targeted cell types
as well as the projection field of those cells. For example,
when injected into the ventral tegmental area, AAV2/1 and
AAV2/9 have shown a high level of spread in both directions
along with axonal projections (Cearley and Wolfe, 2006). One
of the challenges of targeting the brain is identifying vectors
that can cross the blood-brain barrier (BBB) so that, ideally,
gene therapy can be administered peripherally. To this end,
Foust et al. (2008) and Duque et al. (2009) demonstrated
that AAV2/9 administered intravenously crosses the BBB of
mice and cats, in both neonatal and adult animals; similarly,
Gray et al. (2013) showed that AAV2/8 was able to cross
the BBB in mice, although to a lesser extent than AAV2/9
(Hester et al., 2009). Importantly, both neurons and astrocytes
were transduced by intravenously injected AAV2/9 vectors,
demonstrating that it is possible to deliver gene therapy
to a large portion of the brain and spinal cord without
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FIGURE 3 | Comparison of recombinant Integrase-Competent Lentivirus (ICLV), Integrase-Deficient Lentivirus (IDLV), and AAV life cycles. ICLV, IDLV, and AAV bind
and enter target cells (i). AAV particles escape from endosomes into the cytoplasm (iia), then enter the nucleus and un-coat (iiia). After un-coating, a host polymerase
performs second strand synthesis, leading to circularization and concatemerization of the AAV vector; a small percent integrates randomly into the host genome.
Transcription occurs from all forms of the AAV transgene (iva). Uncoating and reverse transcription of ICLVs and IDLVs occur in the cytoplasm (iib). The dsDNA
product is then imported into the nucleus (iiib). Some of this DNA integrates into the host genome, while the majority recombines into one- or two-LTR circles and
remains episomal (ivb). Transcription occurs from all forms of the transgene, but rates of integration and circle formation differ between IDLV and ICLV (see Table 3).

having to inject directly into the CNS (Foust et al., 2008;
Duque et al., 2009).

In addition to the options provided by simple AAV
pseudotyping, a growing array of engineered AAV serotypes
are now available, which display a range of useful properties
(Table 2). These include Olig001 and TM6, which selectively
transduce oligodendrocytes and microglia, respectively, when
delivered to the CNS. As glial cells are known to play important
roles in the neurodegenerative process, the ability to target glia
selectively may prove critical for future therapeutic applications.
Also notable is rAAV2-retro, a derivative of the AAV2 capsid
(via directed evolution) which displays robust retrograde
transduction across synapses. This is a particularly valuable
tool for basic research into brain connectivity. Furthermore,
selective delivery to sets of neurons defined by their downstream
connectivity may prove to have therapeutic applications. Lastly,
the recently engineered PHP.eB serotype consistently exhibits
efficient transduction of the CNS via systemic delivery in adult
animals (Chan et al., 2017). Furthermore, in in vivo studies,
it has consistently shown higher transduction rates comparing
to those of AAV2/9. Indeed, the intravenously injected (IV)

PHP.eB-AAV found to be superior to AAV2/9 in both the
expression level per cell and the number of transduced cells; its
transduction has been reported to be close to 100% in neurons
in the cortex and striatum, and over 75% in cerebellar Purkinje
cells (Chan et al., 2017). Notwithstanding the enhanced CNS
tropism in mice, AAV-PHPeB failed to efficiently transduce
the CNS in nonhuman primates following intravenous infusion.
Further investigation will be required to determine if the efficient
transduction of AAV-PHPeB extends beyond themodel in which
it was originally tested (Hordeaux et al., 2018). Furthermore,
the extent of pre-existing immunity towards this serotype
shall be determined; as the presence of anti-AAV2/9 vector
neutralizing antibodies (closely relating to PHPeB) in the human
population presents a significant challenge for any AAV2/9-
based gene therapy. One strategy for circumventing this potential
problem would be to use alternate routes of administration.
For example, delivery into CSF via intrathecal injection has
been tested as an alternative route to IV injections (Federici
et al., 2012; Samaranch et al., 2012; Gray et al., 2013). Although
more invasive than an IV injection, intra-CSF administration
has proven much more efficient for targeting cells in the
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TABLE 2 | Common Adeno-Associated Virus (AAV) serotypes.

Tissue Tropism

Serotype Origin Mouse Primate

AAV1 Human CNS, retina, liver, heart, muscle, airway, pancreas CNS, muscle
AAV2 Human CNS, retina, liver, muscle, kidney CNS, retina
AAV3 Human Muscle Liver
AAV4 Non-human primate CNS, retina, lung, kidney Lung
AAV5 Human CNS, retina, muscle, airway -
AAV6 Human Heart, muscle, airway Airway
AAV7 Rhesus macaque CNS, retina, liver, muscle -
AAV8 Rhesus macaque CNS, retina, liver, heart, muscle, pancreas, kidney CNS, liver
AAV9 Human CNS, retina, liver, heart, muscle, lung, pancreas, kidney, testes CNS, retina, heart
AAVrh10 Rhesus macaque CNS, retina, liver, heart, muscle, lung, pancreas, kidney -

AAV-AS Derived from AAV9 CNS—transduction improved 6–15x vs. AAV9
AAV-BR1 Derived from AAV2 Brain endothelium
Olig001 Derived from AAVs1, 2, 6, 8, and 9 Oligodendrocytes
TM6 Derived from AAV6 Microglia
AAV-DJ Derived from AAVs 2, 4, 5, 8, and 9 Liver
AAV-DJ/8 Derived from AAV-DJ Liver, CNS
rAAV2retro Derived from AAV2 CNS—efficient retrograde transduction
PHP.B Derived from AAV9 CNS—transduction improved ∼40x vs. AAV9
PHP.S Derived from PHP.B Peripheral nervous system
PHP.eB Derived from PHP.B CNS—transduction rate further improved vs. PHP.B

Adapted from Grimm et al. (2008); Lisowski et al. (2015); Choudhury et al. (2016b); Deverman et al. (2016); Körbelin et al. (2016); Powell et al. (2016); Rosario et al. (2016); Tervo et al.
(2016) and Chan et al. (2017).

spinal cord. Consistently, many groups have now demonstrated
that intra-CSF delivery of AAV2/9 results in widespread
transgene expression in large experimental animals (Haurigot
and Bosch, 2013). Remarkably, it has been demonstrated that
AAV-mediated transgene expression in the brain is long-lasting:
more than a year in mouse (Klein et al., 1999), at least 6 years
in primates (Rivera et al., 2005), and over 8 years in dogs
(Niemeyer et al., 2009). Most importantly, a therapeutic level
of expression has been detected 8 years post-transduction in
the human brain (Leone et al., 2012). Significantly, clinical-
grade AAV vectors have been routinely manufactured at the
high titers for CNS delivery using human-suitable protocols.
Furthermore, AAV-based treatments for CNS disorders are
as of this moment finding their first success in the clinic:
Zolgensma, an AAV9-based gene replacement therapy for spinal
muscular atrophy was approved by the FDA in 2019. A detailed
description of how AAV vectors have been developed into a CNS
gene-transfer products can be found in (Kantor et al., 2014a).

OVERVIEW OF CRISPR/CAS9-BASED
GENE-EDITING SYSTEMS

The CRISPR and CRISPR-associated protein (Cas) system has
recently emerged as a revolutionary genetic tool for genome-
and epigenome- editing in the CNS. CRISPR/Cas has already
advanced our understanding of complex neurologic diseases by
enabling the rapid generation of novel, disease-relevant animal
models. Furthermore, as will be discussed comprehensively in
this review, CRISPR/Cas-based editing provides us with an
unprecedented tool to treat neurodegenerative diseases (NDDs).
Here, we will review the development and use of CRISPR-
mediated genome engineering.

TABLE 3 | Viral vector comparison.

ICLV IDLV AAV

Insert size 10 kb 10 kb 4.7 kb
Integration rate∗ ∼30% ∼0.05% Up to 1%
Risk of insertional mutagenesis Medium Low Low
Cytotoxicity Low Low Low
Pre-existing Ab Low Low High
Immunogenicity Low Low Medium
Neurotropism∗∗ High High High
Titer Medium Medium High

∗ in vitro. ∗∗With optimized pseudotype/serotype. ICLV, Integration-competent lentivirus;
IDLV, Integration-deficient lentivirus; AAV, Adeno-associated virus. Adapted from McCarty
et al. (2004) and Kantor et al. (2011).

The CRISPR/Cas system offers notable advantages over
earlier genome-editing technologies, the two most prevalent
of which are zinc finger nucleases (ZFNs) and transcription
activator-like effector nucleases (TALENs). ZFNs are relatively
small, and once successfully designed can be highly effective,
but targeting a ZFN construct to a specific DNA sequence is
a non-trivial, time-consuming process. Targeting of TALENs,
meanwhile, is relatively straightforward compared to ZFNs
(though not as simple as CRISPR), but the size of an active
TALEN construct (a two-protein heterodimer totaling ∼6 kb
of coding sequence) often proves extremely challenging
for delivery (van Haasteren et al., 2020). Nevertheless,
while CRISPR has largely supplanted these technologies,
its rapid development (particularly on the delivery front)
was undoubtedly aided by previous work using ZFNs and
TALENs. In particular, IDLVs have been employed to both
map ZFN cleavage sites and deliver ZFN constructs in vivo
(Yin et al., 2017).
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TABLE 4 | Major CRISPR-associated protein 9 (Cas9) isoforms.

Name Construct sgRNA PAM
size length sequence∗

Naturally occurring
SpCas9 4.1 kB 20 bp NGG
StCas9 3.4 kB 20 bp NNAGAAW
NmCas9 3.2 kB 24 bp NNNNGATT
SaCas9 3.2 kB 21 bp NNGRRT
CjCas9 2.9 kB 22 bp NNNNRYAC

Engineered from
SpCas9

SpCas9 ∼4.1 kB 20 bp NGG∗∗

SpCas9-HF1 ∼4.1 kB 20 bp NGG∗∗

HypaCas9 ∼4.1 kB 20 bp NGG∗∗

evoCas9 ∼4.1 kB 20 bp NGG∗∗

VQR ∼4.1 kB 20 bp NGAN or NGNG
EQR ∼4.1 kB 20 bp NGAG
VRER ∼4.1 kB 20 bp NGCG
Cas9-NG ∼4.1 kB 20 bp NGN
xCas9 ∼4.1 kB 20 bp NGN or GAW
SpG ∼4.1 kB 20 bp NGN
SpRY ∼4.1 kB 20 bp NRN > NYN

∗Nucleotide codes: N—any base; W—A or T; R—A or G; Y—C or T. ∗∗Fidelity improved
vs. WT SpCas9. Table adapted from Kleinstiver et al. (2015); Komor et al. (2018);
Slaymaker et al. (2016); Chen et al. (2017); Adli (2018); Casini et al. (2018); Hu et al.
(2018); Nishimasu et al. (2018) and Walton et al. (2020).

In nature, CRISPR/Cas is a prokaryotic acquired-immunity
mechanism that evolved to target and destroy the nucleic
acid of phages, viruses, archaea, and other invading organisms
(Barrangou et al., 2007; Sorek et al., 2008). The CRISPR/Cas
system encompasses a variety of components that differ widely
in the mechanism of action (reviewed in Makarova and Koonin,
2015; Makarova et al., 2015). The overall diversity of the system
is tremendous, consisting of six Cas enzyme types (I–VI), and at
least 29 subtypes (Koonin et al., 2017). Despite the complexity
of the Cas family, all systems share CRISPR RNA [guide
RNA (gRNA) and trans-activating RNA (tracrRNA)]-defined
targeting specificity (Deltcheva et al., 2011; Jinek et al., 2012). The
most attractive platform for gene-editing applications in humans
derives from the class II CRISPR-associated enzyme Cas9, which
acts as a single effector protein; in contrast, the class I Cas
enzymes operate as multi-subunit protein complexes (reviewed
in Shmakov et al., 2017). Herein, only Cas9-based systems will
be discussed.

For gene editing applications, the two CRISPR RNAs
mentioned above are combined into one small guide RNA
(sgRNA), which greatly simplifies delivery. Cas9 itself can only
bind to DNA at a specific sequence, known as its protospacer-
adjacent motif (PAM). After PAM binding, the double-stranded
DNA unwinds, allowing the Cas9-associated sgRNA to hybridize
with the exposed DNA strand (the protospacer), assuming they
are complimentary. If so, the catalytic domains of Cas9 then
cleave both strands of the target DNA. Cas9’s unprecedented
specificity has been rapidly exploited by scientists to fit a great
range of applications, from basic science to translational research
and medicine (Hsu et al., 2014). In turn, this early progress has
inspired further efforts to develop novel CRISPR/Cas systems
and apply them for a range of diseases, including NDDs.

One constraint of Cas9 is its dependency on the
aforementioned PAM sequence to bind DNA. For example,
the canonical PAM associated with the Cas9 nuclease of
Streptococcus pyogenes (SpCas9) is the sequence 5′-NGG-3′

(Anders et al., 2014). Many other Cas9 proteins have been
(and continue to be) isolated from other prokaryotes in nature
which have different PAMs (Table 4). However, the efficiency
of these Cas9 proteins varies, and to our knowledge, none have
surpassed SpCas9. Thus, to increase coverage of potential target
sites, rational engineering and evolution-based approaches have
been employed to create new Cas9 variants with altered PAM
specificities (Table 4). For example, Kleinstiver et al. (2015)
used a series of positive selection screens in bacteria to identify
mutants of SpCas9. They evolved three variants (VQR, EQR, and
VRER) that recognize the novel PAM sequences NGAN/NGNG,
NGAG, and NGCG, respectively. Another example is the Cas9 of
Francisella novicida, which has been engineered to recognize a
non-canonical 5′-YG-3′ PAM (Hirano et al., 2016). Recently,
however, a more groundbreaking solution to the PAM specificity
problem was reported, again from the Kleinstiver lab. Through
a multi-step process of rational design, two significant SpCas
variants were engineered: SpG, which is capable of targeting an
expanded set of NGN PAMs, and a near-PAMless variant called
SpRY (Walton et al., 2020). Collectively, SpG and SpRY enable
unconstrained targeting using CRISPR-Cas9 nucleases across
nearly the entire genome, with single base-pair precision. Using
SpRY, the authors were able to correct mutations associated with
human diseases located in previously ‘‘un-editable’’ regions of
the genome (Walton et al., 2020).

Another impetus for engineering Cas9 is to increase targeting
specificity and minimize off-target effects (Mueller et al., 2018).
Several studies have described Cas9 variants evolved to reduce
off-target cleavages (Kleinstiver et al., 2016; Slaymaker et al.,
2016; Chen et al., 2017; Kulcsár et al., 2017). Alternatively,
an improvement in on-target CRISPR/Cas specificity can be
achieved by modifying the secondary structure of the gRNA
spacer region in such a way that it increases the thermodynamic
barrier to gRNA binding at off-target sites (Kocak et al., 2019).

As mentioned above, when co-expressed with CRISPR
RNA, active Cas9 endonuclease cuts both strands of the
target DNA, introducing a double-stranded break (DSB).
Eukaryotes predominantly repair DSBs via the error-prone
non-homologous end joining (NHEJ) pathway, which leads to
the formation of small insertions or deletions (indels) in the
target sequences (Figure 4A). Alternatively, if a repair template
is supplied with homology to the target site, the host’s repair
machinery activates homology-directed repair (HDR), resulting
in error-free replacement of the target DNA (Figure 4A).
However, HDR is typically characterized by lower efficiency
than NHEJ-mediated repair. Furthermore, as it is not active in
post-mitotic cells, HDR has a very limited ability to introduce
such specific changes in the brain. Also, the DSBs needed to
trigger efficient HDR increase the possibility of off-target effects,
and even on-target HDR can have negative effects on cells
(Haapaniemi et al., 2018; Ihry et al., 2018). This limitation
motivated the development of single-base-pair editing and
prime-editing technologies to enable precision genome editing in
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post-mitotic tissues such as the brain (discussed in detail below
and reviewed in Komor et al., 2018; Anzalone et al., 2019).

Lastly, the ability of Cas9 to sequence-specifically bind
DNA is of immense value in and of itself, independent of
its catalytic activity. Indeed, for many theoretical applications,
Cas9 endonuclease activity would be detrimental. To address
this, mutations were identified in the RuvC (D10A) and HNH
(H840A) nuclease domains which destroy the catalytic activity of
Cas9 while maintaining its RNA-guided DNA-targeting capacity
(Jinek et al., 2012; Qi et al., 2013). Cas9 is thus transformed
from a targeted nuclease to a site-specific DNA recognition
module. This exceptional modularity hasmotivatedmany groups
to repurpose catalytically dead Cas9 (dCas9) for control over
gene expression, by tethering dCas9 to a diverse range of
transcriptional and epigenetic effectors (see Figures 4–6; also
reviewed in Thakore et al., 2016).

Base Editing Technology
The most common genetic variants associated with human
disease in the CNS are point mutations and functional single-
nucleotide polymorphisms (SNPs; Nussbaum, 2018). As such,
a gene-editing system with the capability to safely, efficiently,
and accurately convert single nucleobases has the potential to
completely correct many genes implicated in neurodegenerative
disease. The creation of a cytosine base-editor (CBE) in

David Liu’s lab was the first major advancement towards the
development of such tools (Figure 4B). Komor et al. (2016)
fused catalytically deficient, or ‘‘dead,’’ Cas9 (dCas9) with
rat APOBEC1, a cytosine deaminase enzyme. The resulting
complex catalyzes the conversion of all cytosines (Cs) within
a 5–6 nucleotide window to uracils (Us); this window ranges
from approximately 12–18 nucleotides upstream of the 5’ end
of the dCas9’s PAM. The uracil is then read as thymine during
replication, completing the C-to-T conversion. However, this
intermediate formation of uracil can trigger cellular uracil
DNA glycosylase to perform base excision repair, reverting
the uracil to cytosine and limiting the base editor’s ability.
To combat this problem, a second tool (base editor 2; BE2),
was created. It additionally includes the fusion of a uracil
glycosylase inhibitor onto dCas9, blocking base excision repair,
and significantly increasing the base editor’s efficiency. To
further improve BE2, dCas9 was replaced with a Cas9 nickase
which cuts only the non-edited strand. Nicking the non-edited
strand induces mismatch repair, where the cell preferentially
cleaves away the nicked strand and repairs it based on
the intact (in this case, edited) strand. This new construct
(BE3) was tested in a variety of human cell lines, resulting
in the permanent correction of 15–75% of genomic DNA
targets. The creation of a single-stranded break did increase
the possibility of indel formation from less than 0.1% to

FIGURE 4 | Applications of clustered regularly interspaced short palindromic repeats (CRISPR) technology (A) Active Cas9 introduces a double-stranded DNA
break, which is repaired via non-homologous end joining (NHEJ), creating indels. Alternatively, if a dsDNA donor template is provided, the dsDNA break can be
repaired by homologous recombination, resulting in a targeted insertion. (B) Cytosine Base Editors catalyze the conversion of all cytosines within a 5–6 nucleotide
window to uracils. Uracil is then read as thymine during replication, completing the C:G to T:A conversion. (C) Similarly, Adenosine Base Editors (ABEs) catalyze the
conversion of all adenosines within a 5–6 nucleotide window to inosines. Inosine is then read as guanine during replication, completing the A:T to G:C conversion.
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FIGURE 5 | Proposed mechanism of prime editing. First, the 5’ end of the pegRNA binds to the protospacer of the target DNA and the protospacer-adjacent motif
(PAM) strand is nicked (i). The nicked PAM strand then hybridizes with the primer binding site (PBS) at the far 3’ end of the pegRNA (ii). The interior of the pegRNA
then serves as a template for reverse transcription, which extends from the free 3’-OH of the PAM strand (iii). The prime editing complex then disengages, leaving the
target site with two redundant PAM strands, or “flaps” (iv). The unedited 5’ flap is preferentially degraded by cellular endonucleases, allowing the edited 3’ flap to
hybridize with the non-PAM strand. Finally, DNA repair mechanisms transfer the desired edits to the non-PAM strand (v).

FIGURE 6 | Strategies for epigenetic repression of risk-factor genes using Cas9 fusion proteins. Fusions containing the catalytic domain of a DNA methyltransferase
cause targeted methylation of CpG sites and the recruitment of inhibitory methyl-CpG-binding proteins (i). Alternatively, a transcriptional repression domain (TRD) can
be fused to Cas9, leading to the direct recruitment of transcriptional repression complexes (ii). Finally, multiple forms of inhibitory histone-modifying enzymes can be
fused to Cas9, altering histone acetylation/methylation patterns and causing the formation of closed chromatin (iii).

approximately 1%; however, this is still a remarkably low rate
(Komor et al., 2016).

Since then, the base editing system has been further enhanced.
A second copy of the uracil glycosylase inhibitor and a
bacteriophage protein called Gam was fused to the nCas9. Gam

functions by binding to the free ends of DSBs, thus preventing
NHEJ-mediated repair and reducing indel formation. These
changes resulted in BE4-Gam, which is characterized by higher
base editing efficiency and decreased indel frequency (Komor
et al., 2017). However, Gam binding may lead to cell death
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rather than NHEJ repair, which is unlikely to be appropriate for
therapeutic applications. Separately, Koblan et al. (2018) added
two Nuclear Localization Signals (NLS) to nCas9 and performed
codon-optimization and ancestral sequence reconstruction on
APOBEC, yielding BE4max, and ancBE4max. BE4max was then
used to efficiently edit two previously challenging to modify
disease-relevant SNPs; MPDU1 in human patient-derived
fibroblasts and SCN9a intron 6a in mouse neuroblastomas
(Koblan et al., 2018). Other researchers have focused on limiting
or expanding the cytosine deaminase activity window, and these
new constructs allow for C-to-T conversions within a window as
short as 3 or as long as 12 nucleotides (Rees and Liu, 2018).

By definition, cytosine base editors catalyze only C-to-T
conversions, greatly limiting the range of correctable disease-
causing mutations. As such, the creation of an adenosine
base editor (ABE), which causes A-to-G conversions, vastly
broadens the applicability of base editing (Figure 4C). The
first ABE was created by Gaudelli et al. (2017) who fused
nickase Cas9 with deoxyadenosine deaminase, which catalyzes
the conversion of adenosine to inosine. Similarly to the two-step
cytosine editing mechanism, the inosine is then read as guanine
during replication, completing the A-to-G conversion. Notably,
deoxyadenosine deaminase is not a naturally occurring enzyme
and had to be forcefully evolved from the adenosine deaminase
TadA, which only recognizes RNA substrates (Gaudelli et al.,
2017). This multistep artificial selection process resulted in
ABE7, which displayed an average editing efficiency of 53% in
HEK293T cells, with an indel formation rate of less than 0.1%.
However, a major downside of ABE7 in comparison with its
CBE counterparts is incompatibility with Cas9 of any origin
other than Streptococcus pyogenes (SpCas9). This incompatibility
is due to the low DNA-bound residence time of non-SpCas9,
coupled with the slow enzymatic rate of deoxyadenosine
deaminase. To address this problem, Richter et al. (2020) used
phage-assisted-continuous evolution (PACE) and phage-assisted
non-continuous evolution (PANCE) methods to enhance the
catalytic rate of the deoxyadenosine deaminase enzyme 590-
fold, creating ABE8e. ABE8e also displays increased processivity,
which is especially beneficial for multiplexed approaches.
However, the downside to the new system is an expected increase
in Cas9-dependent off-target editing. Similarly, using a modified
version of the artificial selection system they established during
the creation of ABE7, Gaudelli and colleagues created an array of
new 8th generation ABEs, which are characterized by increased
activity and editing efficiency, and a broader window of editing. It
will be interesting to see whether any 8th gen ABEs or ABE8e can
outperform ABE7 in vivo, and to what extent. ABE7 has already
shown success in an adult mouse model of Duchenne muscular
dystrophy, able to correct the DMB gene in 17% of myofibers,
with no indels or off-targets detected. The 17% rate of cells
corrected is highly significant, considering only 4% expression
is needed to improve muscle function (Ryu et al., 2018).

Prime-Editing Technology
Base editing’s profound capabilities are unfortunately limited
to C-to-T/G-to-A (CBE) and A-to-G/T-to-C (ABE) base
substitutions. This shortcoming inspired David Liu’s lab to

develop an ingenious approach to gene editing called prime
editing (Anzalone et al., 2019). The protein complex is composed
of nCas9 fused with an engineered reverse transcriptase.
Importantly, the prime editing guide RNA (pegRNA) differs
significantly from regular sgRNAs and plays a major role
in the system’s function. The pegRNA acts as both a guide
for the nickase Cas9 domain and a template for the fused
reverse transcriptase domain (see Figure 5). First, the 5’
end of the pegRNA binds to its DNA target, exposing the
noncomplementary strand. The unbound DNA of the ‘‘PAM
strand’’ (termed as such because it contains the downstream
PAM motif) is then nicked. The very 3’ end of the pegRNA
then acts as a PBS, hybridizing with the recently nicked PAM
strand. The exposed 3’-OH group on the nicked PAM strand
is then extended by reverse transcriptase, using the interior
of the pegRNA as its template. The result is two redundant
PAM strands, or ‘‘flaps’’: the edited 3’ flap that was just reverse
transcribed from the pegRNA and the unedited 5’ flap. Which
of these two flaps hybridizes with the non-PAM strand is
theoretically an equilibrium process; in fact, the unedited 5’ flap
is thermodynamically favored to hybridize over the edited flap.
However, 5’ flaps are also preferentially degraded by cellular
endonucleases, which are abundant because of their function in
lagging strand synthesis. Thus, the 5’ flap is usually degraded,
and the 3’ flap inserted and ligated (see Figure 5). The outcome
of this step is a DNA heteroduplex with one edited strand
and the other nonedited. The introduction of a nick in the
nonedited strand can be accomplished by providing a separate
(traditional) sgRNA which guides the prime-editing complex
to the unedited strand. The edited strand is thus preferentially
used as a template for DNA repair. The addition of the sgRNA
represents the latest advancement in the prime-editing system,
dubbed PE3. Ideally, the sgRNA should be designed such that it
matches the edited strand and not the original, forcing unedited
strand nicking to only occur post-edit. This ensures that two
nicks are never present at one time, greatly reducing indel
formation. This optimal use-case (which is not always possible,
due to PAM sequence constraints) also confers a new label:
PE3b. PE3b has been shown to support targeted insertions of
up to 44 bps, deletions of up to 80 bps, and all 12 types
of point mutations, without requiring double-strand breaks
or a donor DNA template. Its efficiency in HEK293T cells
ranges from approximately 20–50% with 1–10% indel formation.
Furthermore, PE3b supports simultaneous combinational edits
ranging from 3 bps upstream to 29 bps downstream of the
Cas9 PAM motif (Anzalone et al., 2019). In sum, the advantages
of prime editing over base editing are numerous: no window of
activity removes the possibility of ‘‘bystander’’ mutations, there
are less stringent PAM requirements due to the varied length
of the RT template, and pegRNA has an approximately 4.4-fold
lower off-target editing rate vs. sgRNA. The low off-target rate
is due to the need for complementation at Cas9 binding, PBS
binding, and RT product complementation for flap resolution.
That being said, at the moment base editing offers higher
efficiency and lower indel formation, and thus should be used
over prime editing whenever possible. Prime editing is still in
it is infancy, and it is in vivo efficacy is yet to be determined.
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However, the potential impact on gene editing is enormous,
underscored by theoretically being able to correct 89% of known
pathogenic mutations and disease-associated genetic variants
(Anzalone et al., 2019).

EPIGENETIC REGULATION BY
CRISPR/dCas SYSTEMS

First, a note on the definition of the term ‘‘epigenetics.’’ In
its strictest sense, epigenetics refers to heritable, information-
bearing DNA modifications apart from the nucleotide sequence
itself (Adli, 2018). The two main types of these epigenetic marks
(DNA methylation and histone modifications) will be discussed
below. However, we will be using the term ‘‘epigenetics’’ in
its more colloquial sense, which more loosely refers to any
regulation of gene expression (i.e., transcription) not taking place
at the primary sequence level. In the past half-decade, the fusion
of catalytically dead Cas9 with various regulatory domains has
given researchers unprecedented control over gene expression
in vitro and in vivo, allowing for the therapeutic reprogramming
of cell and tissue behavior. Here we will review the current state
of dCas9-based epigenetic controllers.

DNA Methylation
The C5 position of DNA-incorporated cytosine can be
methylated by DNA methyltransferase enzymes (DNMTs); in
mammals, this modification occurs onlywhen the cytosine is part
of the specific two-base sequence CpG. Cytosine methylation is
highly mutagenic; spontaneous deamination of 5-methylcytosine
produces thymine, thus converting the CG dinucleotide to TG.
Over evolutionary time, the CpG sites which were constitutively
methylated have been eliminated from the human genome by
precisely this mechanism. The remaining sites, referred to as
‘‘CpG islands,’’ are enriched in the promotor regions of genes,
where their methylation causes stable, heritable transcriptional
repression (Egger et al., 2004). Furthermore, dysregulation of
DNA methylation is the cause of multiple neurodevelopmental
disorders, including Fragile X syndrome, in which the expansion
of a CGG repeat in the FMR1 promotor leads to de novo
DNA methylation and silencing of gene expression (Jin and
Warren, 2000), and Rett syndrome, which is caused by
mutations in the transcriptional inhibitor methyl-CpG-binding
protein 2 (MeCP2), which specifically binds methylated DNA
(Amir et al., 1999).

Multiple groups have reported efficient, targeted DNA
methylation and gene silencing by fusing dCas9 to the de novo
DNA methyltransferase enzyme DNMT3A (Liu et al., 2016;
McDonald et al., 2016; Vojta et al., 2016). Furthermore, the
dCas9-DNMT3A activity can be significantly increased by the
additional fusion of the DNMT3A heterodimerization partner
DNMT3L (Saunderson et al., 2017; Stepper et al., 2017). The
use of DNMT3A has also been combined with the ‘‘SunTag’’
signal amplification system (Huang et al., 2017). In this system,
dCas9 is conjugated to a repeating peptide epitope, which then
recruits multiple copies of an antibody-effector fusion protein
to the desired genomic location. Importantly, Pflueger and
colleagues reported that the use of SunTag-DNMT3A resulted in

a substantial decrease in off-target DNA methylation compared
to a direct dCas-DNMT3A fusion strategy (Pflueger et al., 2018).
DNA methyltransferase domains other than DNMT3A have
also been fused to dCas9 with similar results, including the
prokaryotic DNMTMQ1 (Lei et al., 2017).

Conversely, efficient DNA demethylation has been
achieved using dCas9 fusions with the catalytic domain of
the methylcytosine dioxygenase TET1 (Choudhury et al., 2016a;
Liu et al., 2016). Liu and colleagues evaluated the therapeutic
potential of this system by targeting the CGG expansion which
causes fragile X syndrome. They found that dCas9-TET1
reduced methylation of the FMR1 promotor and reversed the
fragile X-associated loss of the FMR1 gene product FMRP (Liu
et al., 2018). Importantly, the restored expression of FMRP
was maintained following the engraftment of ex vivo edited
cells into mouse brains (Liu et al., 2018). Notably, TET1 has
also been employed in conjunction with the SunTag system
(Morita et al., 2016).

Histone Modifications
In nature, DNA does not exist as free strands, but is wrapped
around nucleosomes—octamers of histone proteins—like ‘‘beads
on a string’’; the other notable epigenetic marks are applied
to these histones rather than DNA itself. Lysine residues in
the N-terminal tails of DNA-bound histones are subject to
two distinct forms of chemical modification: acetylation and
methylation. Histone acetylation, which occurs at multiple
lysines resides across histones, neutralizes the lysine’s positive
charge, weakening the association of the nucleosome subunits.
Generally, this leads to an increase in DNA accessibility and
transcriptional activation (Egger et al., 2004). More complex
histone methylation generally occurs upstream of acetylation.
In contrast to acetylation, methylation of different lysine
residues produces profoundly varied, often opposing effects
on transcription. Further complicating the process, lysine
residues can be mono-, di-, or tri-methylated, which also
lead to different downstream effects. The combination of
these two factors (and the presence of less common histone
modifications) results in what is termed the ‘‘histone code.’’
Briefly, methylation of stimulatory lysines, such as histone
3-lysine 4 (H3K4), causes the recruitment of transcriptional
activation complexes, histone acetylation, and an increase in
transcription. Conversely, methylation of inhibitory lysines such
as H3K9 and H3K27 causes the recruitment of nucleosome-
binding proteins, leading to the formation of higher-order
chromatin structures and transcriptional silencing. Further
complexities of the histone code are beyond the scope of
this discussion, but have been excellently reviewed elsewhere
(Bannister and Kouzarides, 2011).

CRISPR-based tools have been developed for bidirectional
manipulation of both acetylation and methylation. Hilton et al.
(2015) showed that a fusion of dCas9 and the catalytic domain
of the p300 histone acetyltransferase caused robust, target-
specific histone acetylation and gene activation. Conversely,
Kwon et al. (2017) showed that a dCas9-histone deacetylase
3 (HDAC3) fusion protein reliably produced target-specific
histone deacetylation, although this effect curiously led to
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opposing transcriptional effects in two different cells lines.
To affect methylation, a variety of histone methyltransferase
domains have also been fused to dCas. Interestingly, direct
methylation of H3K4 by a dCas-PRDM9 fusion was sufficient
to cause reactivation of silenced genes (Cano-Rodriguez et al.,
2016), but direct methylation of H3K27 (by one of three
methyltransferase fusion constructs) was not sufficient for de
novo gene silencing (O’Geen et al., 2017). Lastly, Kearns et al.
(2015) employed a fusion of dCas9 and the histone demethylase
LSD1. They found that dCas9-LSD1 is capable of causing targeted
loss of H3K4 methylation, which notably caused gene repression
only when targeted to enhancer (but not promotor) regions
(Kearns et al., 2015).

Transcriptional Regulators
Remarkably, CRISPR-mediated transcriptional modulation can
be achieved while using only catalytically inactive Cas9 and
sgRNA. Multiple groups have shown that the mere binding
of dCas9 to promoters and other regulatory regions can
repress transcription by sterically hindering the RNA polymerase
machinery (Gilbert et al., 2013; Larson et al., 2013; Qi et al.,
2013); this effect has been dubbed ‘‘CRISPR interference’’
(CRISPRi). Nevertheless, the repressive capacity of the system
is vastly improved when dCas9 is linked to a transcriptional
repressor domain (TRD). The most commonly used is the
Krüppel-associated box (KRAB), a small domain found in
∼400 human zinc-finger transcription factors; recruitment of
KRAB is associated with methylation of H3K9 and gene
silencing (Huntley et al., 2006). Multiple groups have shown
that transcriptional inhibition using a dCas9-KRAB fusion
protein is vastly superior to CRISPRi using dCas9 alone (Gilbert
et al., 2013; Thakore et al., 2015). Furthermore, Yeo et al.
(2018) recently demonstrated that dCas9 fused to a bipartite
repressor consisting of KRAB and MeCP2 was even more
effective than dCas9-KRAB. Interestingly, a homo-dimerizing
dCas9 construct delivered with multiple sgRNAs, which causes
the direct formation of artificial DNA loops, also had an
inhibitory effect on transcription, presumably by promoting
assembly of higher-order chromatin structures (Hao et al., 2017).
Unsurprisingly, epigenetic activation can also be achieved using
CRISPR-derived tools, most often by directly fusing dCas9 to a
transcriptional activation domain such as VP64 (Maeder et al.,
2013; Perez-Pinera et al., 2013) or a tripartite activation construct
such as VPR or VPH (Chavez et al., 2015; Weltner et al.,
2018). However, inhibition of toxic risk-factor genes—rather
than stimulating expression of a loss-of-function gene—is the
primary strategy for the treatment of NDDs (Figure 6). Thus, we
will leave further details of CRISPR activation to other capable
reviewers (Pickar-Oliver and Gersbach, 2019).

In vivo Applications and Size Constraints
Despite the impressive and rapidly diversifying array of
CRISPR/Cas-derived tools, an uncomfortable fact remains. The
vast majority of the genome- and epigenome-editing constructs
described in the previous sections have only been used in vitro.
Efficient delivery in vivo is a significantly more difficult problem.
It must further be noted that all the genome editing tools are

relatively large and are currently unable to be packaged into
single AAVs. To overcome the significant restraints imposed
by AAV’s ∼4.7 kb functional packaging capacity, researchers
have adopted a clever strategy. A large or multi-component
transgene is physically split into two pieces, which are packaged
into separate AAV vectors. The resulting AAVs are then co-
delivered, and the complete protein is reassembled in situ by a
split intein—a pair of domains which ‘‘splice themselves out,’’
thus joining two peptide chains end-to-end (Chew et al., 2016;
Moreno et al., 2018). Integrase-deficient lentiviral vectors are
another appealing option, as they are easily capable of packaging
either base-editing tool along with the associated sgRNA and all
other required/beneficial transcriptional elements. Furthermore,
the large packaging capacity of Lentiviruses may prove critical for
the delivery of prime-editors, as the complete PE3 system with all
the included elements would not even fit in a dual-AAV system.
In their original publication describing prime editing, Anzalone
et al. (2019) delivered PE3 along with a reporter construct via a
dual-Lentivirus system, equivalent to the process described with
AAV. Incidentally, our lab has expertise efficiently packaging
10 kb inserts (measured LTR-to-LTR) into Lentiviral vectors.
With this in mind, the packaging of the PE3 system in all-in-one
lentivirus is theoretically possible, even though with likely lower
efficiency. Similarly, an LV vector could easily be configured
to package PE2, which confers lower efficiency but also lower
indels than PE3, all-in-one. Size restrictions are also critical
when working with dCas9-effector complexes, although to a
more flexible extent. One common solution when using CRISPR
in mice is to simply use a transgenic line stably expressing
dCas9 fused to a domain from one of several protein-protein or
RNA-protein interaction systems. The complementary domain
can then be fused to an epigenetic effector of choice and delivered
along with the targeting sgRNA, all of which will fit in a single
AAV (Liao et al., 2017; Wangensteen et al., 2018; Zhou et al.,
2018). It should be noted that a similar method could be used
when using the aforementioned genome editing tools in mice.
Lastly, the previously discussed split-intein dual-AAV method
has also been used to deliver dCas9-based epigenetic modulators
in animal models (Chew et al., 2016; Moreno et al., 2018).

Despite its successes, it must be emphasized that a dual-vector
delivery platform has significant caveats. Preps have to be made
separately and then combined, meaning twice the viral load must
be injected for an equivalent effect compared to an all-in-one
system. Furthermore, each target cell must be co-transduced
by each vector, or the system fails. However, in vivo delivery
of epigenetic CRISPR tools in a single AAV is tantalizingly
close at hand. In a recent study by Chew et al. (2016), in vivo
delivery of SaCas9 (which is substantially shorter than the more
commonly used SpCas9) fused to the KRAB repressor domain
(which contains a mere 45 amino acids) required a second AAV
only for delivery of the guide RNA (Thakore et al., 2018); for
comparison, the longer SpCas9-KRAB construct (along with
sgRNA) easily fits in a single lentiviral vector (Zheng et al., 2018).
In a parallel effort to create very small epigenetic modulators,
some groups have taken inspiration from the CRISPR system
but jettisoned the use of CRISPR itself. Remarkably, Rauch
et al. (2019) were able to rationally assemble an active, guide
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RNA-directed endonuclease out of pre-existing catalytic and
RNA-binding domains. This system, dubbed CIRTS, is less than
1/3 the size of SpCas9, and easily able to fit in a single AAV.
Although such creative approaches are potentially of great value,
CRISPR currently has no competition as the gene-manipulation
platform of choice; CIRTS only targets mRNA, and its efficiency
pales in comparison to equivalent CRISPR-derived tools. In the
coming years, the development of robust CRISPR-based gene
editing tools which are capable of being packaged in a single
AAV vector will be of the utmost importance. Fortunately, given
the amount of scientific talent invested in the advancement of
CRISPR/Cas, we do not doubt that single-AAV delivery will soon
become commonplace.

OVERVIEW OF CRISPR/CAS SYSTEMS
AND THEIR USE FOR THE TREATMENT
OF NDDs

NDDs are defined as any disease that causes the progressive
deterioration of nerve cells in the central or peripheral nervous
system, a category which naturally encompasses a variety of
conditions. However, of the ∼7.4 million Americans with
an NDD, the vast majority suffer from one of only two:
Alzheimer’s disease (AD; 5.4 million) and Parkinson’s disease
(PD; 1.5 million; Pal, 2012). As these conditions will be covered
in-depth, we must, unfortunately, omit any detailed discussion of
other NDDs, the most prominent being multiple sclerosis, which
currently affects approximately 400,000 Americans.

AD is a debilitating neurodegenerative disorder characterized
by cognitive decline, the risk for which increases significantly
with age (reviewed in Gottschalk et al., 2016; Alzheimer’s
Dementia, 2020). Phenotypically, AD is characterized by the
formation of extracellular plaques of β-amyloid protein (Aβ) and
intracellular tangles consisting of the tau protein. To date, the
only gene consistently found to be associated with the common,
sporadic form of AD (late-onset AD; LOAD) is apolipoprotein
E (APOE; 2020). APOE was discovered nearly five decades
ago (Shore and Shore, 1974), though it took more than two
decades to find that APOE has a vital function in the brain
(Pitas et al., 1987). Humans have multiple variants of the APOE
gene (McIntosh et al., 2012), the two most important of which
are APOEε3 and APOEε4 (Castellano et al., 2011), while all
other animals have only a single APOE isoform (resembling
human APOEε3). Only a single amino acid difference exists
between APOEε3 (Cys112) and APOEε4 (Arg112). Nevertheless,
carrying the APOEε4 variant significantly increases lifetime
risk for LOAD, and the presence of two copies is associated
with further increased risk (Friedmann, 1976; Alzheimer’s
Dementia, 2020) and earlier disease onset (Moskvina et al.,
2013; Nussbaum, 2013). We and other groups have suggested
that alterations in the expression of APOE in general, and
the ε4 isoforms in particular, maybe an important mechanism
in the etiology of LOAD (Gottschalk et al., 2016). Therefore,
the development of CRISPR/Cas-based therapies targeting
APOE and/or APOEε4 expression would offer a valuable
epigenetics-based approach for the treatment of LOAD. Below,

we will describe current progress and future efforts towards
targeting APOE.

Also, we aim for this review to provide a perspective on the
etiopathogenesis of PD, whichmay provide an alternative avenue
of research and treatment for the disease. The presence of alpha-
synuclein (α-syn) aggregates defines a spectrum of disorders
collectively termed synucleinopathies, of which PD is arguably
the most well-characterized. Aggregated α-syn is the primary
component of Lewy bodies, the defining pathological feature of
PD, and point mutations or multiplications in the SNCA gene
(which expresses α-syn) result in familial PD. The tight link
between α-syn expression and PD has led to the hypothesis
that α-syn accumulation may produce toxicity through a gain-
of-function mechanism. Indeed, misfolding of α-syn leads to
the formation of toxic oligomers and beta-pleated sheets, which
are thought to impair the proper function of the mitochondria,
proteasome, and lysosome-dependent degradation pathways
(Poewe et al., 2017). These contribute to neuronal death, mostly
within dopaminergic neurons of the substantia nigra pars
compacta. This in turn leads to dopamine deficiency in the
striatum, which is responsible for the overt symptoms of PD
(Poewe et al., 2017).

As elevated levels of α-syn have been implicated in the
pathogenesis of PD, targeting SNCA expression levels is
an attractive neuroprotective strategy, and manipulations of
SNCA expression have demonstrated beneficial effects (reviewed
in Tagliafierro and Chiba-Falek, 2016). Several studies have
attempted to reduce the expression of α-syn and rescue
PD-related phenotypes by directly targeting SNCAmRNA. Flierl
et al. (2014) showed that a lentivirus expressing a short hairpin
RNA (shRNA) targeting SNCA was capable of rescuing multiple
phenotypic abnormalities in SNCA-Tri (triplicated) human
neuroprogenitor cells (NPCs), including viability, growth, energy
metabolism, and stress resistance (Flierl et al., 2014). Efficient
knockdown of SNCA was also reported in a study utilizing
small interfering RNA (siRNA), which was injected directly
into the monkey substantia nigra (McCormack et al., 2010). A
siRNA-based approach also achieved a significant improvement
in motor function in a fly model of PD (Takahashi et al., 2015).
Notwithstanding these successes, the RNAi approach bears two
significant caveats. First, RNAi can affect the expression of
genes other than the intended targets, as shown by whole-
genome expression profiling after siRNA transfection (Jackson
et al., 2003). Second, RNAi does not support the fine resolution
of knockdown severity, where tight regulation is needed to
achieve a physiological level of SNCA expression (Tagliafierro
and Chiba-Falek, 2016). For example, an AAV-siRNA system
targeting SNCA caused significant toxicity and a massive
loss of nigrostriatal dopaminergic neurons in rat models,
inadvertently showing that a complete loss of α-syn can cause
neurodegeneration (Gorbatyuk et al., 2010).

These examples demonstrate the need for novel therapeutic
strategies targeting the regulatorymechanisms controlling SNCA
expression, rather than directly targeting the mRNA or the
protein, such that precise regulation of α-synuclein levels can
be achieved. To this end, our group recently developed a
system, comprising an all-in-one lentivirus, for targeted DNA
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methylation (i.e., epigenome editing) within a regulatory region
in SNCA intron 1. This system (dCas9 fused with the catalytic
domain of DNMT3A methyltransferase, and associated sgRNA),
when delivered to hiPSC-derived dopaminergic neurons from
PD patients with SNCA triplications, yielded fine-tuned
downregulation of SNCA mRNA and protein levels (Kantor
et al., 2018). Furthermore, this effect rescued PD-related
cellular phenotypes in these cells, including mitochondrial
ROS production and cellular viability (Kantor et al., 2018).
These results provide a proof-of-concept validation that DNA
hypermethylation at SNCA intron 1 is an effective means of
SNCA repression, confirming this general approach as a novel
epigenetics-based therapeutic strategy for PD.

While most cases of PD and AD are sporadic, a small
subset of both AD and PD cases result from single, causative
mutations, which are inherited in a classic Mendelian fashion.
These familial forms of AD/PD present earlier in life and are
generally very severe. Specifically, early-onset AD is caused
mostly by mutations in APP, PSEN1, and PSEN2 (Masters et al.,
2015). The pathological beta-amyloid peptide discussed above
is a cleavage product of APP. Mutations in any of these three
genes result in increased AB42/AB40 ratios, and the increase
in aggregation-prone AB42 leads to early plaque formation
and symptom onset (Masters et al., 2015). In addition to the
previously mentioned mutations/multiplications in the SNCA
gene, autosomal-dominant forms of PD are caused by mutations
in leucine repeat kinase 2 (LRRK2), and autosomal-recessive PD
is caused by mutations in parkin, PTEN-induced putative kinase
1 (PINK1), and Daisuke-Junko-1 (DJ-1, Scott et al., 2017). These
and other genes involved in the etiology of PD, including FBX07,
ATP13A2, DNAJC1, PLA2G634, SYNJ1, VPS35, eiF4G1, and
CHCHD2, are reviewed elsewhere (Scott et al., 2017).

While the devil is always in the details, for these patients
the overall therapeutic strategy is obvious: simply correct the
causative genetic mutation, using base editing if it is a valid
target, or prime editing if not. This strategy is very similar to
that which would be appropriate for any other CNS disease
caused by a single, correctable genetic mutation. The first proof-
of-concept study validating a base-editing approach in vivo on
post-mitotic sensory cells came from David Liu’s lab (Yeh et al.,
2018). The authors used base editing to install an S33F mutation
in the β-catenin gene, successfully upregulating Wnt signaling
(which is involved in mitosis of cochlear supporting cells and
cellular reprogramming). In contrast, delivery of nuclease-active
Cas9 to install the S33F mutation via HDR did not produce a
measurable induction of Wnt signaling (Yeh et al., 2018). Two
years earlier, the same lab validated the base-editing system
in vitro by converting APOEε4 into APOEε3 in immortalized
mouse astrocytes, in which the endogenous APOE gene was
replaced by human APOEε4. In this study, Komor et al. (2016)
transfected the CBE system and an appropriate sgRNA placing
the target cytosine at position 5 relative to a downstream
PAM, resulting in a conversion rate of up to 10%. Indeed, the
generation of APOEε3/4 iPSC lines via base-pair editing has
become a routine task for many labs and is now offered as a
service from biotech companies. As an example of this technique,
BE4max was used to generate base-edited isogenic hiPSC lines

using a transient reporter for editing enrichment (BIG-TREE).
Relevantly, the researchers efficiently generated multiple clonal
lines bearing different APOE genotypes, with an astonishing 90%
of isolated clones being edited (Brookhouser et al., 2020).

Base-editing technology has become available only very
recently. Interestingly, an older editing technology—the
zinc-finger nuclease (ZFN) system—was recently applied to
generate isogenic APOEε3 and ε4 iPSC lines, by Wang and
coworkers (Wang et al., 2018). Using human neurons derived
from the isogenic iPSCs, they showed that APOEε3-expressing
neurons had higher levels of tau phosphorylation, unrelated
to their increased production of Aβ peptides. Further, they
displayed GABAergic neuron degeneration. Gene editing to
APOEε3 rescued these phenotypes, indicating a specific effect
of APOEε3. Crucially, the authors also reported that APOE
knockout neurons behave similarly to those expressing APOEε3,
and that re-introduction of APOEε3 restored the pathological
phenotypes associated with AD; these results suggest that
APOEε4 has a toxic gain-of-function effect.

As mentioned above, to best of our knowledge, base/prime
editing systems have not yet been applied to animal models of
familial AD or PD, but recent days have seen groundbreaking
results targeting other CNS diseases. For example, Levy
et al. (2020) recently applied a dual-AAV9 system to deliver
SpCas9-CBE to the brain of a mouse model of Niemann-Pick
disease type C. They successfully edited approximately 48% of
cortical cells (mixed cell types from unsorted tissue), and 0.3%
of cerebellar cells, with minimal indel formation, off-targets, or
bystander mutations. The result was an increase in surviving
Purkinje neurons and an increase in lifespan of about 10%.
Even more recently, Li et al. (2020) used an ABE derived from
the very short Campylobacter jejuni Cas9 (CjCas9) to correct
an oncogene-activating mutation in the TERT gene promotor,
which occurs in glioblastoma and many other cancer types.
Impressively, localized intracranial injection of a pair of AAVs
expressing CjCas9-ABE (and its associated sgRNA, respectively)
was capable of arresting the growth of TERT mutation-driven
gliomas (Li et al., 2020). Notably, compared to many ‘‘editable’’
diseases (particularly developmental disorders) treating familial
NDDs with base/prime editing would have at least one
major advantage. Unlike inherited developmental disorders, the
symptoms of familial NDDs present (relatively) late in life.
Thus, viral gene therapy could plausibly be administered until
adolescence/adulthood, as opposed to requiring delivery during
infancy or earlier.

All that being said, the vast majority of both AD and PD
cases are not of the early-onset type. Unlike familial cases,
the etiologies of late-onset AD/PD are quite complex, being
driven by an intricate web of generally low-impact genetic
and environmental risk factors. Unfortunately, attempts to
identify unifying pathogenic mechanisms based on the genetics
of the familial forms have had mixed results, at best. One of
the strongest pieces of evidence for the ‘‘amyloid hypothesis’’
of Alzheimer’s pathogenesis is the existence of familial AD
caused by mutations in APP, PSEN1, and PSEN2. Regardless,
several AD therapies based on this hypothesis have recently
suffered devastating failures in clinical trials for late-onset AD
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(Mullard, 2019). Importantly, many of these therapeutics very
effectively cleared beta-amyloid plaques from the brain, yet
patients saw no improvements, nor delays in disease progression.
If the mechanisms underlying these diseases can be fully
elucidated, the potential for prevention or reversal of progression
and pathophysiology will increase considerably (Gottschalk et al.,
2016; Tagliafierro andChiba-Falek, 2016; Kampmann, 2017; Lutz
et al., 2020).

As far as therapeutic options are concerned, safe, permanent
‘‘knockdowns’’ can be achieved using base editing. For example,
a mouse model of ALS was treated by using BE3 to introduce a
nonsense mutation in SOD1, resulting in prolonged survival and
slowed disease progression, even in adult mice (Lim et al., 2020).
However, the use of dCas9-based epigenetic effectors similar
to those developed in our laboratory (Tagliafierro and Chiba-
Falek, 2016) provides an additional, complementary approach to
gene repression.

A major concern over viral vectors is lingering uncertainty
over their safety profile. Although progress has been made
to reduce the toxicity of viruses by directed evolution and
engineering, most viruses that infect cells and deliver genes will
inevitably integrate their genetic elements into the host genome.
These elements can pose long-term safety risks. Furthermore,
viral vectors possess a significant risk associated with their ability
to activate deleterious immune responses. Last but not least, a
drawback of viruses is that their production is labor-intensive,
and clinical applications are expensive because each step of
clinical-grade viral vector manufacturing must strictly comply
with good manufacturing practices (GMP).

While we focus here on factors most relevant to viral
vector design and production, we would be remiss if we did
not note other novel delivery technologies being developed
in parallel. Recently, Park et al. (2019) used a ‘‘traditional

CRISPR’’ strategy (i.e., creation of disruptive indels by nuclease-
active Cas9) to successfully alleviate behavioral deficits in two
mouse models of familial AD. These constructs were delivered
not by a viral vector, but via nano complexes composed
of a synthetic, amphiphilic peptide (Arg7-Leu10). This is a
highly innovative approach—reminiscent of traditional chemical
transfection—which hopefully has therapeutic potential as well.

A few final points are worthy of discussion before concluding.
First, future gene therapies for early- and late-onset AD/PD may
be quite different. Second, and critically, the small size of many
of the epigenetic repressor modules would make packaging into a
single all-in-one AAV delivery vector relatively straightforward.
Lastly, both AAV-based delivery and the epigenetic strategy itself
carry significant advantages. Epigenetic approaches have the
benefit of never physically modifying the DNA target, ruling out
an entire class of potential off-target effects. And as mentioned
above, AAV vectors have an unparalleled safety profile. Indeed,
AAVs are the only delivery vehicle approved to administer
CRISPR-based therapeutics to humans (Wang et al., 2020). As
such, while developing AAV-compatible epigenetic therapies for
late-onset AD and PD is sure to be a challenge, it is a worthy one,
with the promise of lasting clinical reward.
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