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Abstract

Recent studies have highlighted a potential role of genetic and epigenetic variation 
in the development of Alzheimer’s disease. Application of the CRISPR-Cas genome-
editing platform has enabled investigation of the functional impact that Alzheimer’s 
disease-associated gene mutations have on gene expression. Moreover, recent advances 
in the technology have led to the generation of CRISPR-Cas–based tools that allow 
for high-throughput interrogation of different risk variants to elucidate the interplay 
between genomic regulatory features, epigenetic modifications, and chromatin struc-
ture. In this review, we examine the various iterations of the CRISPR-Cas system 
and their potential application for exploring the complex interactions and disruptions 
in gene regulatory circuits that contribute to Alzheimer’s disease.

INTRODUCTION
Alzheimer’s disease (AD) is a progressive neurodegenerative 
disorder that affects approximately 50 million people world-
wide and carries a significant public health burden (44). 
The disorder is characterized by the aggregation of amyloid 
beta (Aβ) plaques and neurofibrillary tangles of hyperphos-
phorylated tau protein in the cerebral cortex and limbic 
brain regions, which in turn cause neuronal cell death and 
thus, cognitive impairment (12). Although the pathophysiol-
ogy of AD has been well described, current therapeutic 
strategies only temporarily alleviate symptoms and, to date, 
no disease-modifying treatments that target the underlying 
causes are available.

Owing to advances in genomic technology, a number of 
large-scale genome-wide association studies (GWAS) and 
epigenome wide association studies (EWAS) have successfully 
been undertaken in AD in recent years, which are extensively 
reviewed elsewhere in this mini-symposium series (2, 45, 67, 
77). Regarding its genetic heritability, the autosomal domi-
nant inheritance of disease-causing mutations in the amyloid 
precursor protein (APP), presenilin (PSEN) 1 and 2 genes 
results in the early onset familial form of AD, which accounts 
for less than 5% of total AD cases (60). In contrast, the 
majority of AD cases are sporadic, which is associated with 
a number of common genetic risk factors that individually 

only slightly contribute to disease development. However, 
the accumulation of these common risk variants has a sig-
nificant impact on disease risk (79). The vast majority of 
AD GWAS loci reside in non-coding regions of the genome 
and combined with the polygenicity of sporadic AD this 
severely complicates the functional characterization of risk 
variants. Similarly, as epigenetic variation is tissue and cell-
type specific and as AD EWAS have to be undertaken on 
post-mortem brain tissue, it is not possible to determine 
whether disease-associated epigenetic changes are causal, or 
are simply secondary to the disease process. Furthermore, 
the relationship between epigenetic variation and gene expres-
sion is situation-dependent and largely still needs to be 
explored in the context of AD. Taken together, further 
research is now required to elucidate the downstream func-
tional consequence of AD-associated genetic and epigenetic 
variation, which could then allow their translation to novel 
treatments.

THE GENOME EDITING TOOLBOX
In the past decade, functional genomics has been trans-
formed by the emergence of  various different gene editing 
tools, including zinc-finger nucleases (ZFNs), transcription 
activator-like effector nucleases (TALENs), and the 
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clustered regularly interspaced short palindromic repeat 
(CRISPR)-CRISPR-associated protein 9 (Cas9) technology. 
Genome engineering approaches like ZFNs and TALENs 
use Fokl endonuclease domains fused to transcription fac-
tor derived DNA-binding modules to specifically modify 
a locus (3, 29). TALEN technology significantly improved 
upon the feasibility of  gene editing experiments pioneered 
by the ZFNs. However, despite its DNA binding specificity 
at a single nucleotide level and immense targeting capac-
ity, TALEN guided gene editing can be costly and time 
intensive (29). In contrast, the CRISPR-Cas9 system offers 
a simple, cost-effective, multifunctional platform that has 
led to the generation of  new model systems in vitro and 
in vivo in various research areas (23, 83). As a result, 
this technology has the realistic potential to elucidate the 
functional consequence of  genetic and epigenetic signatures 
in AD, thereby establishing whether these associations are 
secondary to pathogenesis or causal in disease develop-
ment. In this review, we discuss the recent advances in 
CRISPR technology, its existing application to other neu-
rodegenerative disorders and the limitations of  such 
approaches.

The CRISPR-Cas system is an adaptive immune mecha-
nism used by prokaryotes to intercept foreign nucleic acids 
(81). The type II CRISPR-Cas9 identified in Streptococcus 
pyogenes is the most commonly used of the bacterial CRISPR 
systems and effectively achieves DNA cleavage at a genomic 
locus of interest, which is illustrated in Figure  1A. The 
ribonucleoprotein Cas9 forms a complex with a synthetic 
single guide RNA (sgRNA) strand through a scaffold sequence 
and recognizes its target via a ~20 nucleotide long spacer 
sequence adjacent to the Protospacer Adjacent Motif  (PAM) 
(14). Upon target binding, the Cas9 protein undergoes a 
conformational change that places the nuclease domains 
RuvC and HNH on opposite strands to induce a double-
strand break (DSB) within the target DNA. The cleaved 
DNA may then be repaired by the error-prone non-homol-
ogous end joining (NHEJ) pathway, which causes nucleotide 
insertions or deletions at the DSB site that can knockout 
a gene through premature stop codon formation. It is pos-
sible to introduce specific nucleotide modifications using the 
homology directed repair (HDR) pathway where a homolo-
gous DNA donor template is provided and its sequence is 
incorporated into the target DNA during repair at a low 
efficiency (47, 58).

A major advantage of  CRISPR technology is its inher-
ent ability for multiplex genome engineering. Previous gene 
editing tools required repeated delivery of  large expression 
constructs coupled with numerous selection markers such 
as fluorescent reporter or antibiotic resistance genes to 
generate a population of  cells carrying multiple modified 
loci. The labor intensive nature of  these methodologies 
limited the development of  isogenic control cell lines and 
disease gene knockout models suitable for modeling a 
polygenic disease. With the introduction of  sgRNA, Cas9 
complexes can be directed to different loci simultaneously 
without the need for designing specific DNA targeting 
domains, which is depicted in Figure  1B (9). Moreover, 
the experimental drawbacks from repeated construct 

delivery and selection can be averted with “all-in-one” 
vectors that carry multiple sgRNA expression cassettes 
on a single plasmid and are visualized in Figure  1C. 
Transcriptional regulation is then guided by several inde-
pendent promoters or linked sgRNA sequences under the 
control of  one promoter, where the transcript requires 
post-translational processing to deliver the various sgRNA 
(30, 35, 62). Therefore, the concurrent modification of 
multiple disease-associated loci in the context of  sporadic 
AD may elucidate the interplay between numerous GWAS 
identified genes. The power of  this tool culminates in its 
ability to determine the functional consequences of  genetic 
variation in a high-throughput fashion. As such, CRISPR-
Cas9 technology holds the key to dissect the etiology of 
complex diseases such as AD.

ATTACKING THE DISEASE AT ITS 
SOURCE: TARGETING THE GENETIC 
MUTATIONS CAUSING AD
As discussed elsewhere in this Mini-Symposium (2), genom-
ics plays a significant role in AD pathogenesis, particularly 
in familial AD where autosomal dominant mutations in 
the APP, PSEN1, and PSEN2 genes are known to cause 
enhanced production of the Aβ1-42 peptide. Briefly, Aβ 
production begins with the aberrant cleavage of the trans-
membrane protein APP by the beta-secretase BACE1. A 
subsequent cleavage through the gamma secretase complex, 
where the protein products of PSEN1 and PSEN2 are 
located, yields the Aβ peptide with these monomers accu-
mulating into the characteristic amyloid plaques of AD (6, 
65). Although only a small fraction of AD cases result 
from these autosomal dominant mutations, the pathological 
hallmarks of familial AD and sporadic AD are identical 
and thus, familial AD is ideally suited for studying the 
consequence of amyloid pathology using the CRISPR-Cas9 
system.

A number of  studies have used the CRISPR-Cas9 system 
in familial AD patient induced pluripotent stem cell (iPSC) 
lines to generate isogenic controls without the causal muta-
tion and this process is depicted in Figure  2. Ortiz-
Virumbrales et al used CRISPR-Cas9 in iPSC neurons 
derived from a patient carrying the PSEN2 N141I mutation 
to correct the autosomal dominant mutation, which led to 
the normalization of the Aβ42/40 ratio (50). The generation 
of gene-corrected isogenic control iPSC lines from patients 
has also been performed in patient lines bearing the PSEN1 
mutations A79V and L150P and constitutes a useful in 
vitro disease model to investigate both the mechanisms 
underlying familial AD and the consequence of  Aβ pathol-
ogy (54, 56). In the APP gene, the Swedish mutation is a 
well characterized, amyloidogenic double mutation that 
occurs adjacent to the BACE1 cleavage site in APP and 
causes a two amino acid substitution where lysine and 
methionine become asparagine and leucine. The resulting 
increase in secreted Aβ40 and Aβ42 from this mutation 
leads to severe amyloid pathology (63). Using patient derived 
fibroblasts carrying the Swedish mutation, Gyorgy et al 
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recently disrupted the cleavage site and observed a 60% 
decrease in Aβ production (22). Furthermore, the mutation 
was also targeted in both cultured primary cortical neurons 
and in vivo using Tg2576 adult mice that carry the APPSW 
mutation via adeno-associated virus mediated delivery of 
the Cas9 and sgRNA constructs into the hippocampus. 

Although disruption of the Swedish mutation in the form 
of single base pair insertions was observed, the editing 
efficiency was significantly limited by the Tg2576 mouse 
model, which carries around 100 copies of  the transgene 
in each neuron (22). To avoid the restrictions of  such mod-
els, Park et al instead targeted BACE1, using self-assembling 

Figure 1. A. The Cas9 nuclease of the clustered regularly interspaced 
short palindromic repeat (CRISPR) gene editing platform recognizes a 
DNA sequence of interest via the single guide (sg) RNA that forms a 
complex with Cas9. The target DNA must contain the protospacer 
adjacent motif (PAM) sequence for the Cas9-sgRNA complex to bind 
and induce a double strand break (DSB). The damaged DNA is then 
repaired by the non-homologous end joining (NHEJ) pathway, which is 
error-prone and may produce insertion or deletion (Indel) mutations that 
in turn can cause a gene knockout by the formation of premature stop 
codons. Alternatively, a precise gene knock-in can be generated by 

harnessing the homology directed repair pathway (HDR), which requires 
a homologous DNA template. B. Multiplexing is facilitated by the short 
construct size of the plasmid carrying the sgRNA sequence and the 
various selection markers than can be applied to identify successfully 
transfected cell populations. C. Multiple sgRNA sequences can be 
integrated into a single plasmid and the different sgRNA are then 
delivered via post-translational processing of the mRNA transcript by 
site specific RNA endonucleases or distinct promoter sequences for 
each sgRNA sequence. 

A B

C
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nanocomplexes of  the amphiphilic R7L10 peptide to pack-
age the Cas9 and gRNA constructs (51). Injection of the 
nanocomplexes into the hippocampus of  the 5xFAD trans-
genic AD mouse model showed an approximately 70% 
decrease in BACE1 expression. This was accompanied by 
an up to 15% reduction in hippocampal plaque burden 
and correlated with improvements in behavioral tests (51). 
Together, these strategies demonstrate the capability of 
CRISPR-Cas9 to modulate gene expression in patient derived 
iPSC lines and reduce pathology in transgenic mouse models 
of  familial AD, by successfully manipulating the 

amyloidogenic pathway. However, non-dominantly inherited 
forms of AD constitute the majority of  AD cases and 
stem from a multiplicity of  different risk factors that require 
alternative methodologies to develop an effective therapeutic 
option for these cases. A potentially protective mutation 
was identified in the 3’UTR of the APP gene and induced 
in APP knock-in mouse zygotes with CRISPR-Cas9 medi-
ated deletions. The 3’UTR disruption substantially reduced 
APP expression at both the transcriptional and translational 
levels (49). Such a targeted screening strategy of  rare vari-
ants in human populations can be used to identify protective 

Figure 2. Interrogation of AD-associated gene mutations using iPSC 
technology and CRISPR-Cas9 gene editing to generate isogenic (ie, 
same genetic background) control cell lines. iPSC cells derived from a 
patient affected by familial AD (FAD) carry the pathogenic mutation, 
which is corrected by CRISPR-Cas9. The mutation corrected iPSCs are 
used to model disease development during differentiation into specific 

cell types of the brain (eg, neurons). Introduction of the pathogenic 
mutation in iPSC cells derived from a healthy patient by CRISPR-Cas9 
may be applied to demonstrate recapitulation of disease pathogenesis 
in vitro when compared to the isogenic controls. The CRISPR-Cas9 
platform enables the study of gene interaction networks and 
environmental conditions in AD. 
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AD mutations. Indeed, similar novel approaches have been 
utilized by Sun et al, where the C-terminus of  the APP 
gene was targeted to prevent endosomal trafficking of  the 
protein, and thus aberrant cleavage by β-secretase and 
decreased Aβ secretion was observed in both iPSCs and 
mouse derived cells (74).

In terms of genetic risk factors for AD, the most sig-
nificantly associated gene with sporadic AD is the ε4 isoform 
of the polymorphic Apolipoprotein E (APOE) gene. The 
major three alleles differ by single amino acid substitutions 
of  cysteine to arginine that cause conformational changes 
in the protein and modify its ability to interact with APOE 
receptors and Aβ. Although our understanding of  APOE 
ε4’s role in AD development is limited, it is known that 
carriers of  the ε4 allele have a significantly increased risk 
of  developing AD in comparison to those with the more 
common ε3 allele, whereas the rare ε2 variant confers 
reduced risk (10, 36, 40). To elucidate APOE ε4’s role in 
sporadic AD, Lin et al generated an isogenic iPSC APOE 
ε4 line from an APOE ε3 line, which had been modified 
to harbor homozygous APOE ε4 alleles through a HDR-
mediated CRISPR-Cas9 edit where the repair template car-
ried the single amino acid substitution (Cys112Arg) to yield 
APOE ε4 (39). After differentiating the APOE ε3 and APOE 
ε4 iPSC lines into different brain cell types, they demon-
strated impaired Aβ clearance in astrocytes and microglia, 
and increased Aβ42 secretion in neurons, in the APOE ε4 
line compared to its APOE ε3 isogenic counterpart. 
Furthermore, when they used the same methodology to 
convert APOE ε4 to APOE ε3 in iPSCs generated from 
sporadic AD patients, they observed reduced extracellular 
uptake and accumulation of Aβ (39). Consequently, this 
study establishes the impact of  the APOE ε4 allele on 
cell-type specific alterations and highlights the potential 
applications of  CRISPR-Cas9 technology to elucidate the 
functional consequence of  AD-associated variants. Although 
this tool has been rapidly implemented to study the role 
of  specific genes in AD (eg, APOE, APP, PSEN1, and 
PSEN2), sporadic AD has a considerable polygenic com-
ponent, with common risk variants often found within 
non-coding regions of  the genome, which makes it more 
complicated to understand their functional impact on cel-
lular pathways. Furthermore, the presence of  protective 
alleles such as APOE ε2 and the existence of  other (non-
genetic) risk factors further complicates the modeling of 
disease phenotype. Finally, it is difficult to model treatment 
development in vivo, as post-mitotic neurons are unsuitable 
for CRISPR approaches that use HDR mediated gene 
modification where cell division must occur. Despite the 
promising results from modeling the functional consequence 
of  AD-associated variants in single genes, it still remains 
to be seen whether CRISPR-Cas9 is the optimal technology 
for modeling all the aspects of  a complex disease such as 
sporadic AD. Indeed, emulation of the gradual-, age-related 
processes, and various environmental influences on short 
living cells in cell culture is challenging. Nonetheless, the 
platform has experienced incredible development in recent 
years and disease-causing genes are not the only targets 
that can now be investigated with this technology.

NEW FRONTIERS FOR GENE EDITING  
IN AD
Engineering of the Cas9 nuclease has transformed the 
CRISPR system into a DNA recognition complex capable 
of modifying gene expression independent of its ability to 
induce DSBs. Inactivation of the RuvC and HNH nuclease 
domains by point mutations in SpCas9 (D10A and H840A, 
respectively) result in a catalytically deficient Cas9 nuclease 
(dCas9) whose only function is to bind a DNA sequence 
complementary to the sgRNA (57). Additionally, recombinant 
DNA technology has advanced CRISPR-Cas9 into a modular 
platform that enables the fusion of dCas9 with enzymatic 
effector domains. As a result, a vast dCas9 toolbox with 
diverse modifiers has been engineered to elicit targeted gene 
regulation, among many other applications. Although experi-
ments harnessing these tools to explore AD-associated genetic 
and epigenetic variation are yet to be published, other neu-
rological conditions have been investigated with CRISPR-
Cas9 in that context, thereby establishing the technology 
as the ideal platform for future investigations.

In CRISPR interference (CRISPRi), transcription repres-
sor domains such as the Kruppel associated box (KRAB) 
are tethered to dCas9 and effectively cause gene silencing 
when targeting promoter regions such as the transcription 
start site (TSS) by inducing heterochromatin formation (21). 
In cultured hippocampal neurons, Zheng and colleagues 
achieved more than 90% knock down efficiency in genes 
essential to neurotransmission with dCas9-KRAB and con-
sequently, reduced neurotransmitter release (85). Moreover, 
by multiplexing their dCas9-KRAB and sgRNA constructs, 
inactivation of five genes (Syt1, Vamp2, Snap25, Stx1a, and 
Stx1b) was achieved in the mouse hippocampus, thereby 
demonstrating the feasibility to multiplex CRISPRi and 
modulate the expression of multiple genes, which would 
lend itself  well to polygenic neuronal disorders such as AD 
(85).

Conversely, CRISPR activation (CRISPRa) uses specific 
activation systems such as the dCas9-VPR protein, which 
consists of the three transcription factors VP64, p65, and 
Rta joined to dCas9. This tripartite synthetic activator may 
initiate transcription when guided to the promoter regions 
of the target gene (5). Similarly, Savell et al recently sought 
to multiplex gene expression activation of immediate early 
genes (Fos, Fosb, and Egr1) involved in neuronal function 
(64). Simultaneous induction of target genes was observed 
in striatal cultures when pooled lentiviruses were applied. 
Next, to establish the specificity of CRISPRa, they manipu-
lated specific mRNA transcript levels by targeting the unique 
upstream promoter regions within the BDNF gene, which 
has a vital role in diverse neuronal processes. sgRNAs were 
devised to selectively induce expression of the transcript 
variants BDNF-I and BDNF-IV in hippocampal neurons, 
and upregulation of both the respective variant mRNA levels 
and total BDNF mRNA was observed (64). Thus, this 
approach can be used to directly characterize the functional 
roles of individual mRNA transcripts, which would be an 
incredibly powerful tool to investigate transcriptional dys-
regulation in AD-associated genes.
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Introduction of exogenous transcriptional regulators has 
proven to be an excellent way to study endogenous gene 
expression and investigate its dysfunction in disease (25). 
The field of epigenetics could particularly benefit from the 
CRISPR platform, since the mechanistic role of aberrant 
epigenetic modification is poorly understood and the previ-
ously available tools lacked feasibility or have global effects 
on the epigenome (27, 29, 73). With the addition of dCas9, 
the epigenetic landscape of complex disease can now be 
interrogated by several different modifiers that are specific 
to epigenetic marks. Modulating histone acetylation to elicit 
transcriptional activation can be achieved by tethering dCas9 
to the catalytic core domain p300 of histone acetyltrans-
ferase, which causes histone acetylation H3Lys27 at endog-
enous loci and has been shown to transactivate gene expression 
at promoters and distal enhancers (24). Other epigenetic 
marks such as DNA methylation can be modified as well 
via fusion of dCas9 to the catalytic domain of Ten-eleven 
translocation methyl cytosine dioxygenase 1 (TET1), which 
demethylates DNA and may result in targeted activation 
of gene expression (82). For example, hypermethylation of 
the CGG expansion mutation in the FMR1 gene leads to 
transcriptional repression that is responsible for fragile X 
syndrome. Liu and colleagues were able to reinstate FMR1 
expression by demethylating the mutation with dCas9-TET1 
in vitro and in vivo, thereby demonstrating the applicability 
of such tools to study the causality of disease-associated 
DNA methylation events (41). Likewise, dCas9 coupled with 
the catalytic domain of DNA methyltransferase 3A 
(DNMT3A) has been used to cause targeted DNA methyla-
tion of CpG islands within promoter regions, which resulted 
in decreased transcript levels and thus, gene silencing (80). 
To improve upon the methylation editing efficiency, repeating 
peptide arrays were added to the fusion constructs, which 
in turn recruit multiple catalytic domains fused to antibodies 
that elicit a far more significant change in methylation across 
a region of interest. Pioneered by the SunTag system, deriva-
tives of this technology demonstrate more than 90% dem-
ethylation in several tested loci when TET1 was combined 
with the system and the introduction of DNMT3A can 
methylate a 4.5kb genomic region to silence HOXA5 gene 
expression (26, 48). The epigenetic dCas9 toolbox has 
expanded rapidly and the technologies described herein are 
illustrated in Figure  3. Although experiments specifically 
focusing on modeling epigenetic changes in AD models are 

yet to be published, there is considerable potential for their 
application in the context of AD, which are discussed in 
the following section.

SOLVING THE EPIGENETIC PUZZLE OF 
AD: IN SEARCH OF THE CAUSAL 
MECHANISMS
As reviewed elsewhere in this Mini-Symposium, a growing 
number of EWAS investigating DNA methylation patterns 
in AD have been published in recent years (77). Interestingly, 
many of the differentially methylated loci reported in AD 
seem to be consistently observed across different cohorts. 
The first large-scale EWAS in AD, published in 2014 by 
Lunnon et al and De Jager et al reported a number of 
overlapping CpG sites between studies, featuring, for example, 
genes such as ANK1, CDH23, and RHBDF2, which were 
significantly associated with differences in mRNA expression 
(13, 42, 43). These loci and a number of others have since 
been replicated by many other studies (37, 67–70). However, 
one caveat of the EWAS approach is the inability to deter-
mine whether the epigenetic variation seen in AD actually 
leads to disease, or is simply a consequence of the ongoing 
pathology. With the CRISPR-Cas9 system, the functional 
consequence of these associations could now be investigated 
by inducing AD-associated methylation levels at specific loci, 
such as ANK1, both in vitro and in vivo. However, it is 
worth noting that neuronal processes are driven by complex 
regulatory networks of gene expression and particularly in 
neurodegeneration, the dysregulation caused by epigenetic 
alterations is unlikely to be unidirectional. Given the many 
differentially methylated loci in AD, the true power of the 
CRISPR-Cas9 technology emerges from its ability to be 
multiplexed.

High-throughput functional screening of genes and regula-
tory elements is made possible by extensive sgRNA libraries 
that can knockout vast amounts of targets in the genome 
and annotate both the coding and non-coding regions within 
it, which is illustrated in Figure 4. Coupling of these genome-
wide pooled CRISPR-Cas9 screens with single-cell RNA 
sequencing enables the interrogation of higher order interac-
tions and is exemplified by Perturb-Seq (15). In this method, 
the effects of CRISPR-based perturbations on gene targets 
and cell states are analyzed to infer complex phenotypes 

Figure 3. The CRISPR Cas9 platform enables targeted gene regulation 
via deactivation of the catalytic domain in the Cas9 nuclease (dCas9) 
and fusion to an enzymatic domain. Transcriptional activation (CRISPRa) 
may be achieved by a tripartite effector protein termed VPR (VP64, p65, 
Rta) that is targeting the promoter region of a gene, whereas 
transcriptional inactivation (CRISPRi) requires transcriptional repressor 

domains such as the Krüppel-associated box (KRAB). DNA methylation 
can be altered by the DNA methyl transferase 3A (DNMT3A) enzyme 
that adds methyl groups to cytosines or the Ten-eleven translocation 
methylcytosine dioxygenase 1 (TET1) enzyme, which removes DNA 
methylation at the target locus. 
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such as transcription factor regulation by dendritic cells in 
response to an immunogenic compound like lipopolysac-
charide. The identity of the perturbation is encoded in a 
guide barcode on the sgRNA and single-cell RNA sequenc-
ing tags each cell with a unique molecular identifier, thereby 
associating the genetic modification with their respective 
transcriptional profiles. As a result, next generation sequenc-
ing of the sgRNA library facilitates the study of individual 

gene or epistatic effects on cell behavior and this could be 
a valuable tool for the AD field. The ability to perform 
CRISPR-pooled screens with epigenetic modifiers opens up 
a variety of experimental designs that could be readily 
applied to AD. The CRISPR-Cas9-based epigenomic regula-
tory element screening (CERES) technique pioneered by 
Klann and colleagues effectively identifies regulatory element 
activity in the native chromosomal context and uses CRISPRi 

Figure 4. High-throughput genetic screens are made possible by 
sgRNA libraries. Pools of oligonucleotides are cloned into plasmids and 
packaged into a lentiviral library encoding the sgRNAs. Cas9 or dCas9 
expressing cells are then transduced with the sgRNA library at a 
multiplicity of infection that delivers one sgRNA construct per cell. This 
methodology enables annotation of the coding and non-coding genome 
via screening of functional and regulatory elements based on a selected 
phenotype. Selection is facilitated by markers such as fluorescent stains 

or reporters that are associated with the phenotype and identify the cell 
population of interest via fluorescent activated cell sorting (FACS). 
Alternatively, exposure to a chemical compound during cell culture may 
select for a cellular trait of interest such as vulnerability or resistance to 
the compound. Coupling of these processes with next generation 
sequencing to quantitate sgRNA enrichment across cells may determine 
the genes controlling the phenotype of interest. 
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and CRISPRa to carry out loss-of-function and gain-of-
function screens (32, 33). Applying such high-content func-
tional annotation in the context of AD may deliver insight 
into the regulatory elements that determine cellular phenotype 
in disease.

Considering the epigenetic variation seen in AD, a straight-
forward application of the combinatorial approaches to the 
CRISPR platform would be the multiplexed emulation of 
the AD methylomic signature in a non-AD patient-derived 
cell line model, which is outlined in Figure  5. By modifying 
the methylation status of the numerous differentially methyl-
ated positions that have been robustly reported across various 
EWAS studies in AD and subsequently couple this with 
deep epigenomic and transcriptomic profiling, one could 
potentially infer the causality of loci via the acquisition of 
an AD-like cellular phenotype. However, it is worth noting 
that some of these disease-associated loci are intergenic, 
occurring outside of coding regions or the TSS. Therefore, 
although it is possible to induce the combinatorial methy-
lomic signatures in vitro, understanding the regulatory con-
sequence of epigenetic network alterations in the context 
of genome topology requires further thought. Hence, the 
development of epigenome editing strategies targeting the 
regulatory units termed topologically associated domains. 
Gene-enhancer interactions are mediated by CTCF insulator 
proteins that bind specific sites in the DNA to generate 
chromosomal loop structures and separate distal enhancers 
from promoters, which prevents the expression of neighbor-
ing genes (59). In cancer, insulator interactions are often 
compromised by DNA methylation of CTCF binding sites, 
which leads to oncogene activation (18). Epigenome editing 
via dCas9-DNMT3A has been shown to disrupt CTCF 
insulators, thereby simulating disease associated insulator 
loss events, which informs the mechanism behind epigenetic 
dysregulation of the chromatin structure (17, 75). Given 
the complexity behind the various regulatory layers that 
direct neurodevelopment and function, dissecting the impact 
of AD-associatclinical implementationed epigenetic variation 
ultimately includes interrogation of the genome’s three-
dimensional organization in disease. Recently, the assay for 
transposase-accessible chromatin (ATAC) was paired with 
high-throughput single-cell knockout screening to investigate 
genome-wide chromatin states. Known as Perturb-ATAC, 
application of this method disrupted trans-regulatory factors 
such as transcription factors and non-coding RNAs, which 
identified roles in nucleosome positioning. Furthermore, 
epistatic relationships were mapped between transcription 
factors of regulatory modules uncovered in keratinocyte 
differentiation, which enables the prediction of genetic inter-
actions through the co-localization and expression of tran-
scriptions factors (61). Perturb-ATAC provides an effective 
tool to elucidate the interplay between the epigenetic factors 
that modulate the chromatin state, which in turn determine 
cellular phenotypes.

Application of such methods would focus the interpreta-
tion of EWAS identified genes and separate causal epigenetic 
alterations from those secondary to disease development. 
However, not all cellular traits of interest can be evaluated 
using a pooled screen and the individual contributions of 

epigenetically modified loci to AD remain unclear. To further 
query the subset of potential genes contributing to AD at 
a high throughput level, arrayed CRISPR screens may be 
applied that take advantage of multi-well plates and validate 
the functional role each gene may have in the selected phe-
notype, which is further illustrated in Figure 5B (71). Although 
this technology is yet to be applied in AD, a proof-of-
concept experiment harnessed array screening to enable 
longitudinal study of CRISPRi effects in iPSC derived 
neurons, thereby paving the way for future applications in 
neurodegeneration (76). In conclusion, investigating the cau-
sality of epigenetic variation in sporadic AD is a daunting 
task that is hindered by the complex regulatory interactions 
that affect gene expression. Nonetheless, the CRISPR-Cas9 
system provides a myriad of different solutions to inter-
rogate disease-associated epigenetic loci. Its capacity for high 
content screening of regulatory elements will drive the iden-
tification of affected cellular pathways and determine which 
role DNA methylomic signatures and other epigenetic marks 
play in the etiology of AD.

CONSIDERATIONS AND CHALLENGES 
WHEN UTILIZING CRISPR TO STUDY AD
The CRISPR platform has established itself  as the gold-
standard method for gene editing and its capacity for tech-
nological advancement seems boundless. Nevertheless, 
experimental issues remain that prevent the tools from fully 
realizing their potential. Concerns about the specificity of 
CRISPR nucleases such as Cas9 permeate the critical recep-
tion of many studies (23, 84). Off-target activity has been 
evaluated in numerous different CRISPR applications and 
their findings substantiate the lack of specificity inherent 
to the system. Upon targeted editing of genes, a consider-
able amount of unintended mutations and epigenetic modi-
fications may occur both in coding and non-coding regions 
of the genome, which leads to genomic instability and hinders 
clinical implementation (11, 20, 38). However, recent advances 
in off-target prediction models such as the GuideScan speci-
ficity score have been shown to accurately determine off  
target activity in pooled CRISPR screens and filter out 
confounding sgRNA designs to improve upon specificity 
(52, 78). Moreover, orthologues of the Cas9 nuclease differ 
in their substrate specificities with variations in target sequence 
length and PAMs, which provides alternative effector enzymes 
to not only diminish off-target activity, but also increase 
on-target specificity when the genomic region of interest is 
challenging (4). In addition to specialized sgRNA designs, 
numerous studies are dedicated toward the elimination of 
off-target mutations, thereby implying a rapid development 
of novel techniques to combat this issue (34).

A major contributing factor to off-target effects is the 
constitutive expression of  the Cas9 nuclease and sgRNA 
even after target gene modification has occurred. Strict 
spatiotemporal control over expression is not only neces-
sary to avoid unintended modifications, but also plays an 
important role in complex neurodevelopmental and behav-
ioral experiments where precisely timed induction of  gene 
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modification is crucial to the study design. Importantly, in 
vivo delivery of  Cas9 constructs has been shown to produce 
an immune response in mice, thereby impeding therapeutic 

development (7, 66). Dynamic control of  Cas9 function is 
now possible via inducible systems that can be triggered 
by light or small molecules (16, 55). Doxycycline mediated 

Figure 5. A. Application of a pooled CRISPR screen to determine the 
phenotypic impact of epigenetic variation in AD. The sgRNA library is 
designed according to the EWAS identified hits with multiple sgRNA for 
each locus of interest. The pooled oligonucleotides are packaged into a 
lentiviral library and transduced into a non-AD primary cell line of interest 
(eg, neurons) stably expressing dCas9 coupled to an editor that induces 
the DNA methylomic signature of AD. The cell population of interest is 
selected according to an AD-associated cellular trait such as amyloid 
plaque formation that can be identified via fluorescent tagging of gene 
expression. Thereafter, next generation sequencing is used to determine 

the targeted genes whose expression was modified, which delivers 
insight into the epigenetic mechanism underlying AD development. B. 
In an arrayed screen, neurons are placed in individual wells and 
transduced with distinct sgRNAs. Each well may receive a set of 
sgRNAs targeting one or multiple genes. Using a combinatorial 
approach, synergistic relationships between epigenetic loci can be 
identified. Thus, the genes and epigenetic interactions necessary to 
develop the AD-associated phenotype may be determined by the array 
screen. 

A

B
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induction of  Cas9 transcription is a popular method for 
expression control that doesn’t sacrifice its editing efficiency 
unlike other systems. However, it does suffer from significant 
leakiness, which leads to Cas9 expression in the absence 
of  doxycycline (72). Recently, Chylinski et al made a radi-
cal leap in inducible systems in the form of  CRISPR-Switch 
(SgRNA With Induction/Termination by Cre Homologous 
recombination) (8). This is a novel method that achieves 
rapid induction and termination of  gene editing through 
gRNA expression modulation, whilst avoiding potential 
immunogenicity in vivo and demonstrating no detectable 
leakiness. Strikingly, the system enables sequential editing 
of  two loci via tightly controlled consecutive expression 
of  different gRNAs and was used to determine the order 
of  mutagenic events necessary for glioma tumorigenesis 
(8). Consequently, implementation of  this technique in 
combinatorial approaches within the AD field will facilitate 
the deductive identification of  key players in the molecular 
mechanisms underlying disease etiology.

Despite all the advancements in CRISPR-Cas9 technology, 
the field of AD research still lacks proper in vivo and in 
vitro models of disease that capture both its polygenic nature 
and other non-genetic factors. Current transgenic mouse 
models rely on human sequences bearing autosomal domi-
nant mutations to recapitulate aspects of AD pathology 
such as amyloid plaques and no murine models carrying 
the multiple modified loci representative of sporadic AD 
have yet been developed (19, 31). iPSCs have also greatly 
contributed toward our understanding of autosomal domi-
nant forms of AD, where assessment of a gene variant’s 
functional impact is facilitated by modified isogenic control 
cell lines. Furthermore, iPSC lines can also be derived from 
sporadic AD patients bearing a high polygenic load for 
AD. However, there are certain limitations to using iPSCs 
to model epigenomic changes in the context of age-related 
disorders such as AD. For example, the epigenome of patient 
derived iPSCs is transformed by the process of inducing 
pluripotency, and recent studies have shown that iPSC-derived 
neurons display a fetal epigenetic age even when they resem-
ble mature neurons morphologically (28). As such careful 
consideration needs to be given to the cell population being 
used to model DNA methylomic signatures in AD. Finally, 
as epigenetic patterns are cell type-specific, multiplex epi-
genetic editing to model disease should be performed in 
different brain cell types (eg, microglia, neurons, and astro-
cytes), with consideration given as to which disease-associated 
loci should be altered in each given population.

FUTURE PERSPECTIVES
The publishing rate of new CRISPR methodologies is truly 
astounding and their various capabilities open up a raft of 
exciting possibilities for investigating AD etiology. The pri-
mary focus of this review has been on the potential appli-
cation of the CRISPR-Cas9 platform for elucidating the 
functional consequence of AD-associated genomic and epi-
genomic variation. However, given the rapid growth of this 
area, there are many more existing techniques that may 
have utility, but were not discussed herein. In fact, these 

strategies could also have genuine relevance to the compre-
hension of genetic and epigenetic mechanisms in AD, the 
range of which extends beyond the scope of this mini-
symposium and a detailed review thereof can be found here 
(53). Nonetheless, recent research highlights are worth men-
tioning that encapsulate the impact this platform will have 
on the future of research in the field of neurodegeneration. 
For instance, a small molecule inhibitor of Cas9 was identi-
fied by a high-throughput CRISPR-Cas9 screen that enables 
dose and temporal control of Cas9 activity (46). Furthermore, 
“prime editing” is a revolutionary new CRISPR-Cas9 method 
that enables precision genome editing without the need of 
creating a DSB at the target locus, thereby avoiding the 
pitfalls of HDR whilst demonstrating a higher specificity 
through lower off-target effects (1). Such methods promise 
an exciting time for functional genetics and the prospects 
of uncovering the spatiotemporal pattern of molecular 
mechanisms driving AD pathology will continue to grow 
rapidly. Ultimately, as both genetic and epigenetic factors 
contribute to the development of AD, combinatorial 
approaches of CRISPR-Cas9 will help to elucidate the role 
of genetic and epigenetic risk variants in disease.
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