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CRISPR/dCas9-Dnmt3a-mediated targeted 
DNA methylation of APP rescues brain 
pathology in a mouse model of Alzheimer’s 
disease
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Abstract 

Background: Aberrant DNA methylation patterns have been observed in neurodegenerative diseases, including Alz-
heimer’s disease (AD), and dynamic changes in DNA methylation are closely associated with the onset and progres-
sion of these diseases. Particularly, hypomethylation of the amyloid precursor protein gene (APP) has been reported in 
patients with AD.

Methods: In this study, we used catalytically inactivated Cas9 (dCas9) fused with Dnmt3a for targeted DNA methyla-
tion of APP, and showed that the CRISPR/dCas9-Dnmt3a-mediated DNA methylation system could efficiently induce 
targeted DNA methylation of APP both in vivo and in vitro.

Results: We hypothesized that the targeted methylation of the APP promoter might rescue AD-related neuronal 
cell death by reducing APP mRNA expression. The cultured APP-KI mouse primary neurons exhibited an altered 
DNA-methylation pattern on the APP promoter after dCas9-Dnmt3a treatment. Likewise, the APP mRNA level was 
significantly reduced in the dCas9-Dnmt3a-treated wild-type and APP-KI mouse primary neurons. We also observed 
decreased amyloid-beta (Aβ) peptide level and Aβ42/40 ratio in the dCas9-Dnmt3a-treated APP-KI mouse neurons 
compared to the control APP-KI mouse neurons. In addition, neuronal cell death was significantly decreased in the 
dCas9-Dnmt3a-treated APP-KI mouse neurons. Furthermore, the in vivo methylation of APP in the brain via dCas9-
Dnmt3a treatment altered Aβ plaques and attenuated cognitive and behavioral impairments in the APP-KI mouse 
model.

Conclusions: These results suggest that the targeted methylation of APP via dCas9-Dnmt3a treatment can be a 
potential therapeutic strategy for AD.
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Background
Alzheimer’s disease (AD) is a progressive neurological 
disease and the most common form of neurodegenerative 
dementia [1]. At the cellular level, AD is characterized by 
Aβ accumulation, tau protein hyperphosphorylation, and 
neuroinflammation [2]. Physiological production of Aβ 
peptides through amyloid precursor protein (APP) pro-
teolysis by β- and γ-secretases is an essential step in AD 
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pathogenesis [1, 2]. AD is a complex disease that involves 
many key risk factors [3]. Several studies have suggested 
the potential role of epigenetic mechanisms in neuro-
degenerative processes leading to AD [4]. Particularly, 
changes in epigenetic modification in neuronal cells can 
trigger variations in gene transcription levels, leading to 
AD pathogenesis [5]; this highlights the important role of 
epigenetics in the onset and progression of AD.

Aberrant DNA methylation is associated with neu-
rodegenerative diseases including AD [6, 7]. As an epi-
genetic mechanism, DNA methylation involves the 
covalent transfer of a methyl group from S-adenosyl-l-
methionine (SAM) to the C-5 position of cytosine (5c) to 
form 5-methylcytosine (5mC) [8]. This process is medi-
ated by DNA methyltransferase (DNMT) family mem-
bers, namely, DNMT1, DNMT2, DNMT3a, DNMT3b, 
and DNMT3l [8, 9]. The catalytic domain of Dnmt3a is 
the functional domain for CpG methylation. Dnmt3a is 
a major de novo DNA methyltransferase and predomi-
nantly methylates CpG dinucleotides [10]. Also, DNA 
methylation plays a critical role in many biological pro-
cesses, including transcription regulation [11], chromo-
some maintenance [12], and genomic imprinting [13]. 
In addition, APP hypomethylation has been reported in 
patients with AD, suggesting that DNA methylation may 
control AD pathogenesis.

Catalytically inactivated Cas9 (dCas9) is an endonu-
clease-inactivated clustered regularly interspaced short 
palindromic repeats (CRISPR)/Cas9 mutant, which pro-
vides an efficient tool for targeted gene modification 
[14]. When fused with effector domains, it can be used 
for various genomic engineering processes, such as DNA 
methylation [15, 16], gene expression modulation [17], 
and epigenetic regulation [18]. For instance, the fusion of 
Dnmt3a or Ten-eleven translocation 1 (Tet1) with dCas9 
can induce targeted DNA methylation in the mamma-
lian genome in  vitro and in  vivo [15]. Targeted DNA 
methylation around promoter regions can be effectively 
achieved using dCas9-mediated de/methylation [15, 16]. 
DNA methylation editing has been used as a novel treat-
ment for a broad range of diseases [19, 20]. For example, 
dCas9-Dnmt3a-based system has been used to increase 
DNA methylation for repressing the transcription of 
oncogenes CDKN2A (cyclin-dependent kinase inhibi-
tor 2A) and BACH2 (BTB domain and CNC homolog 2) 
in cancer development associated with aberrant DNA 
methylation [21, 22]. DNA methylation editing has also 
been implemented in the treatment of several neurode-
generative diseases. For instance, the Cas9-mediated 
DNA methylation editing of FMR1 efficiently repairs 
neuronal abnormalities observed in fragile X syndrome 
(FXS) [20]. Thus, DNA methylation editing has emerged 

as a novel approach to controlling gene expression effi-
ciently for treating genetic diseases.

In this study, we used a dCas9-Dnmt3a-mediated DNA 
methylation editing system to induce APP hypermeth-
ylation for effectively suppressing APP in primary neu-
rons and in the mouse brain in vivo. Initially, we verified 
the targeted methylation of the APP promoter region 
by dCas9-Dnmt3a and subsequent suppression of APP 
expression in the mouse brain. Then we examined  Aβ42 
formation and Aβ-associated memory impairment in the  
APP knock-in (APP-KI) mouse model, in order to test the 
potential of targeted methylation editing of APP gene as 
an AD treatment strategy.

Methods
Production of guide RNAs
A single guide RNA (sgRNA) was cloned with a pLenti-
sgRNA (Addgene, Cambridge, MA, #71,409) vector. The 
vector was linearized with the BsmbI (NEB) enzyme at 
37 °C for 2 h. Next, guide RNA oligonucleotide pairs were 
annealed using a T4 polynucleotide kinase (NEB), and 
30  ng of the digested pLenti-sgRNA vector was ligated 
with the annealed oligonucleotides at room temperature 
(RT) for 2 h. The ligated vectors were transformed, and 
transformation was confirmed through enzyme digestion 
and sequence analysis (GAC TAT CAT ATG CTT ACC GT 
was used as the primer).

Animal experiments
All animal experiments were approved by the Institu-
tional Animal Care and Use Committee at Dongguk 
University and performed in accordance with institu-
tional guidelines. The mice used in this study were main-
tained under controlled conditions (12-h light/dark cycle 
at 22–23  °C). APP-KI (AppNL-G-F/NL-G-F; Swedish [NL], 
Beyreuther/Iberian [F], and Arctic [G] mutation knock-
in) mice were purchased from the RIKEN Brain Science 
Institute [23]. Three-month-old male APP-KI mice and 
B6C57 mice were used for the experiments. For stere-
otaxic injection, the male mice were anesthetized with 
120  mg/kg Avertin (2,2,2-tribromoethanol; Sigma,  St. 
Louis, MO), and 10 µl of dCas9-Dnmt3a and empty vec-
tor (control) or APP -189 sgRNA lentivirus were micro-
injected into the dentate gyrus (DG) region of each 
hemisphere at the following coordinates: AP − 2  mm, 
ML ± 1.1  mm, and DV − 2  mm. One month after injec-
tion, the mice were subjected to behavioral tests and 
biochemical analysis. For the behavioral tests, Y-maze, 
fear conditioning, and water maze tests were conducted, 
and observations were recorded and analyzed using 
Noldus Ethovision XT 13 (Noldus, Netherlands). In the 
Y-maze test, the number of alternations was determined 
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using three open-arm chambers. The mouse behavior 
was recorded for 10 min and the total number of spon-
taneous visits to each arm position was calculated. Fear 
conditioning tests were conducted for 2 consecutive 
days. On day 1 of training, the mice were placed in a fear 
conditioning chamber and allowed to explore for 3 min. 
Then, they were given pairs of regular stimuli and aver-
sive unconditioned stimuli (1 s, 0.7 mA). After exposure 
to stimuli, the mice stayed for further 1  min for meas-
urement of freezing behavior. On day 2, freezing behav-
ior tests were conducted to evaluate the conditioned 
fear, and freezing behavior was recorded for 2 min. The 
water maze test was performed in a circular water tank. 
In the visible platform trial, the mice were trained for 
4 days, with three trials conducted per day. In the invis-
ible platform test on day 4, the time spent in each quad-
rant was recorded for 1  min. After the behaviorial test, 
the 4-month-old male mice were sacrificed for biochemi-
cal analysis.

Cell culture
Mouse primary fibroblasts (MEFs) and NIH/3T3 cells 
were cultured in Dulbecco’s Modified Eagle Medium 
(Gibco, Waltham, MA) supplemented with heat-inac-
tivated fetal bovine serum (Gibco) and 1% penicillin/
streptomycin (Gibco). Primary neurons were obtained 
from APP-KI mice on embryonic day 14 (E14) and main-
tained in a neurobasal medium (Gibco) supplemented 
with heat-inactivated fetal bovine serum (Gibco), glu-
tamine (Gibco), B-27™ supplement (Gibco), L-glutamine 
(Gibco), P/S (Gibco), and laminin (Corning®, Corning, 
NY), for 2  weeks followed by biochemical analysis. All 
cells were incubated at 37 °C in 5%  CO2. Cell lines were 
authenticated by STR (Short  Tandem  Repeat) analysis 
(Kogene Biotech, Seoul, Korea), and mycoplasma was 
tested using a MycoSensor PCR assay kit (Agilent, Santa 
Clara, CA). For lentivirus production, HEK293T cells 
were passaged and cultured at 80% confluency and trans-
fected with lentiviral vectors (psPAX2, pMD2.G, and 
pLenti-sgRNA [Addgene, Cambridge, MA, #71409] or 
Fuw-dCas9-Dnmt3a [Addgene, #84476]) using calcium 
phosphate (Sigma) and HEPES (Sigma). The medium was 
replaced 24  h after transfection, and the virus was har-
vested by centrifugation after 72 h.

Off‑target analysis
Potential off-target sequences were validated using the 
off-target site prediction software Cas-OFFinder (http:// 
www. rgeno me. net/ cas- offin der) [24]. For validation of 
potential off-target sites, the top six predicted off-tar-
get sites with two or less mismatches compared to the 

on-target sequence were analyzed using quantitative 
real-time PCR analysis.

Immunocytochemistry
Cells and hippocampal brain tissues were fixed in 4% 
paraformaldehyde (Sigma) and washed with PBS buffer. 
The samples were blocked with PBST supplemented with 
1% BSA for 20 min and incubated with anti-NeuN (Invit-
rogen, PA5-78639), anti-Tuj1 (Sigma, T8578), anti-Map2 
(Thermo Fisher Scientific, Waltham, MA, 13-1500), or 
anti-ab42 (Abcam, Cambridge, UK, ab201060) at 4  °C 
overnight. Then they were washed with PBST, incubated 
with appropriate secondary antibodies at RT for 2 h, and 
counterstained with DAPI (Invitrogen). The stained sam-
ples were visualized under an LSM 700 confocal micro-
scope (Zeiss, Oberkochen, Germany). The percentage 
of Aβ42+/Map2+ cells was calculated as follows: num-
ber of Aβ42- and Map2-double positive cells/number of 
Map2-positive cells × 100%.

RNA isolation and qRT‑PCR
RNA was extracted using an eCube tissue RNA mini kit 
(Philekorea, Seoul, Korea) in accordance with the manu-
facturer’s instructions. In brief, 1 μg of the prepared RNA 
was reverse transcribed using AccuPower®  CycleScript 
RT PreMix (Bioneer, Daejeon, Korea). qRT-PCR was 
conducted using a Rotor-Gene Q real-time PCR cycler 
(Qiagen, Hilden, Germany) with suitable primer sets and 
AccuPower® PCR PreMix (Bioneer, Daejeon, Korea).

Western blot analysis
The samples (cells and brain tissues) were mixed with 
radioimmunoprecipitation assay (RIPA) buffer (Sigma), 
1 × proteinase inhibitor cocktail (Sigma), and 5 × loading 
buffer, incubated at 100 °C for 10 min, and centrifuged at 
14,000×g for 10 min to remove the debris. The prepared 
samples were separated with SDS-PAGE and blotted 
onto membranes. The blotted membranes were incu-
bated with anti-APP C-terminal (Sigma,  A8717) or anti-
β-actin (AbFrontier, Seoul, Korea, LF-PA0207) at 4  °C 
overnight. They were then incubated with a conjugating 
secondary antibody. Protein bands were visualized using 
an ECL kit (Dogen, Seoul, Korea).

Bisulfite sequencing
Total DNA was extracted using an eCube tissue DNA 
mini kit (Philekorea, Seoul, Korea), in accordance with 
the manufacturer’s instructions. In brief, 2  μg of DNA 
was modified with an EpiTect bisulfite kit (Qiagen, 
Hilden, Germany) in accordance with the manufac-
turer’s instructions. The bisulfite-converted DNA was 
then amplified with PCR primer sets designed via the 
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PrimerSuite website (www. primer- suite. com). The ampli-
fied products were extracted using NucleoSpin® gel and 
a PCR clean-up kit (Macherey–Nagel, Düren, Germany) 
and cloned using a TA Cloning™ kit (Thermo Fisher Sci-
entific) for sequencing.

Aβ42 and Aβ40 quantification
Samples (cells and brain tissues) were added with RIPA 
(Sigma) and  1×  proteinase inhibitor cocktail (Sigma), 
and levels of Aβ40 and Aβ42 were determined  using Aβ 
(1–40) and Aβ (1–42) (FL) kits (IBL International, Ham-
burg, Germany), respectively. Absorbance at 450 nm was 
measured using a VERSAmax tunable microplate reader 
(Molecular Devices, San Jose, CA).

Statistical analysis
Statistical analyses were conducted using IBM SPSS Sta-
tistics (IBM Corp, Armonk, NY). Differences between 
groups were evaluated using one-way ANOVA and 
Student’s t-test. P < 0.05 was considered as statistically 
significant.

Results
Targeted DNA methylation of the APP promoter locus 
using dCas9‑Dnmt3a
APP, the precursor of Aβ, plays a pivotal role in the devel-
opment of AD [2]. Aβ is generated from APP through 
sequential cleavage by β-secretase, followed by the 
γ-secretase complex [1, 2]. In the brains of AD patients, 
aberrant CpG methylation of APP occurs, possibly con-
tributing to the aberrant gene expression of APP. Tar-
geted DNA methylation editing can be performed by 
fusing Tet1 or Dnmt3a with dCas9 [15]. Therefore, we 
evaluated whether the dCas9-Dnmt3a system could be 
used to alter the methylation level of the APP promoter 
locus (Fig. 1a). Initially, we designed three different sgR-
NAs targeting the APP promoter region at the most 
efficient binding sites for APP methylation (Fig.  1b and 
Additional file 1: Table S1), and tested the targeting effi-
cacy of these sgRNAs with dCas9-Dnmt3a in NIH/3T3 
cells. We found that the APP expression in NIH/3T3 
cells treated with APP sgRNAs and dCas9-Dnmt3a was 
significantly decreased (Fig.  1c). Particularly, the trans-
duction of the − 189 sgRNA targeting − 189  bp from 
the start codon of APP, with dCas9-Dnmt3a, led to the 
most effective reduction in APP expression (Fig.  1c–e). 
Thus, dCas9-Dnmt3a coupled with the − 189 sgRNA 
was used to edit APP DNA methylation in the following 
experiments.

We further confirmed the decrease in APP expres-
sion in the MEF cell line. The dCas9-Dnmt3a combined 
with the − 189 sgRNA efficiently decreased the mRNA 
expression of APP in MEF and NIH/3T3 cells (Fig.  1f ). 

Moreover, we validated CpG methylation in the APP 
promoter region by bisulfite sequencing analysis. We 
observed a significant increase in CpG methylation of the 
APP promoter region in NIH/3T3 cells treated with − 189 
sgRNA and dCas9-Dnmt3a (Fig.  1g, h). Additionally, 
we examined the off-target effects of dCas9-DNMT in 
treated cells. We analyzed six predicted off-target sites 
in the NIH/3T3 cells, but none of them were affected by 
sgRNA and dCas9-Dnmt3a (Fig. 1i and Additional file 1: 
Table S2). These results indicate that dCas9-Dnmt3a can 
efficiently edit the methylation of the APP promoter and 
thereby decrease APP expression in cultured mouse cells, 
without any obvious impact on other genes.

Reduction of Aβ generation via APP methylation 
by dCas9‑Dnmt3a in APP‑KI mouse primary neurons
We examined whether the dCas9-Dnmt3a-mediated 
CpG methylation of APP could reduce Aβ generation and 
exert neuroprotection on APP-KI mouse primary neu-
rons in vitro. Seven days after transduction of − 189 APP 
sgRNA and dCas9-Dnmt3a into the APP-KI mouse pri-
mary neurons, we observed a significant decrease in APP 
mRNA expression in the wild-type (WT) and APP-KI 
mouse primary neurons (Fig. 2a). We further verified that 
transduction of dCas9-Dnmt3a resulted in a significant 
reduction of APP protein level in the APP-KI mouse pri-
mary neurons (Fig. 2b, c). In addition, bisulfite sequenc-
ing of the promoter region of APP revealed that the 
cytosines of the CpG site at − 189 bp were highly meth-
ylated in the dCas9-Dnmt3a-treated primary neurons in 
which APP expression was suppressed (Fig. 2d, e).

Given that AD is characterized by deterioration of 
neuronal connectivity or the loss of dendritic spines of 
pyramidal cells [25, 26], we investigated the effects of 
dCas9-Dnmt3a-mediated APP methylation on neuronal 
connectivity and dendritic spines. The number of neu-
rons and neurite length decreased in  APP-KI mouse pri-
mary neurons, but these decreases were reversed by 
dCas9-Dnmt3a transduction (Fig.  2f–h). These results 
demonstrated that APP methylation by dCas9-Dnmt3a 
and APP sgRNA reduced the apoptosis and neurite dys-
trophy of  APP-KI mouse  primary neurons. Aβ peptide 
is a marker of AD, promoting the formation of amyloid 
fibrils that accumulate in senile plaques [1, 27]. There-
fore, we determined the Aβ42 levels in primary neurons 
after transduction with dCas9-Dnmt3a. Results showed 
that the number of Aβ42+/Map2+ double-positive neu-
rons significantly decreased in APP-KI mouse primary 
neurons transduced with dCas9-Dnmt3a (Fig.  2i, j). We 
also validated the decrease in the Aβ42/Aβ40 ratio in the 
dCas9-Dnmt3a-infected APP-KI mouse primary neurons 
(Fig.  2k). Our results suggest that APP methylation via 

http://www.primer-suite.com
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Fig. 1 dCas9-Dnmt3a mediated APP methylation in vitro. (a) Schematic of the dCas9-Dnmt3a-mediated APP methylation system. b Schematic 
of the location of the APP promotor-targeting single guide RNAs (sgRNAs) for APP allele methylation. c Quantitative real-time PCR analysis of 
APP mRNA expression with sgRNAs targeting different locations, − 94, − 112, and − 189 bp from the APP start codon. Data are expressed as 
mean ± SEM (n = 3). **P < 0.01, one-way ANOVA with Tukey’s post-hoc test. d, e Western blot analysis of APP N-terminal in NIH/3T3 cells treated with 
different sgRNAs (− 94, − 112, or − 189 sgRNA). Data are expressed as mean ± SEM (n = 3). **P < 0.01, one-way ANOVA with Tukey’s post-hoc test. f 
Quantitative real-time PCR analysis of APP expression in NIH/3T3 cells and MEF cells treated with − 189 sgRNA. Data are expressed as mean ± SEM 
(n = 3). **P < 0.01, two-sided Student’s t-test. g Bisulfite sequencing analysis of the promoter region of APP in NIH/3T3 cells treated with − 189 sgRNA 
and dCas9-Dnmt3a. h Quantification of methylated amplicons. In 3 independent experiments, 10 to 30 sequencing data were measured in total. 
Data are expressed as mean ± SEM. **P < 0.01, two-sided Student’s t-test. i Quantitative real-time PCR analysis of the predicted off-target genes in 
NIH/3T3 cells treated with − 189 sgRNA and dCas9-Dnmt3a. Data are expressed as mean ± SEM (n = 3). *P < 0.05, two-sided Student’s t-test. The 
image in d is representative of three or more similar experiments
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dCas9-Dnmt3a can alleviate neuronal deficits in APP-KI 
mouse primary neurons.

In vivo dCas9‑Dnmt3a‑mediated APP methylation 
in the brain
To evaluate whether dCas9-Dnmt3a-mediated methyla-
tion editing could be used for in  vivo APP methylation, 
we injected the lentivirus containing dCas9-Dnmt3a 
with APP sgRNA directly into the DG of mouse brain 
(Fig. 3a). The transduction of dCas9-Dnmt3a significantly 
decreased the mRNA expression and protein level of APP 
in the WT mouse brain (Fig. 3b, c).

We also tested whether dCas9-Dnmt3a could increase 
the level of APP methylation in the brain. Bisulfite 
sequencing showed that the demethylated CpG sites in 
the APP promoter were extensively methylated by dCas9-
Dnmt3a (Fig. 3d, e). To further investigate the potential 
in  vivo off-target effects of dCas9-Dnmt3a in the brain, 
predicted off-target sites were tested (Fig. 3f ). The results 
indicated that the − 189 APP sgRNA had no off-target 
effects (Fig.  3f ). Additionally, we verified the effect on 
APP expression levels in APP-KI mice. After injection of 
dCas9-Dnmt3a with APP sgRNA into the APP-KI mouse 
brain, APP expression diminished to a similar level 
as that in the WT mouse brain (Fig.  3g, h). These find-
ings indicate that dCas9-Dnmt3a induces efficient DNA 
methylation editing in the brain.

Improvement of cognitive deficits in the APP‑KI mouse 
model through APP methylation editing by dCas9‑Dnmt3a
Aβ accumulation is associated with neurodegeneration 
and cognitive decline [2]. Thus, we tested whether APP 
methylation via dCas9-Dnmt3a in the mouse brain could 
decrease Aβ (1–42) and reduce cognitive and memory 
impairments in the APP-KI mouse model. We injected 
dCas9-Dnmt3a into the DG region of the APP-KI 
mouse brain and conducted biochemical and behavioral 

analyses 4 weeks after injection (Fig. 4a). Results showed 
decreased APP expression in the DG of dCas9-Dnmt3a-
injected APP-KI mice compared with that in the DG of 
age-matched APP-KI control mice (Fig.  3g, h). We vali-
dated the methylation range at the APP promoter locus 
in the brain through bisulfite sequencing, and found that 
the demethylated CpG sites in the APP promoter were 
extensively methylated by dCas9-Dnmt3a compared with 
those in age-matched APP-KI control mice (Additional 
file 1: Fig. S1a, b).

To investigate the effects of APP methylation via 
dCas9-Dnmt3a on AD pathologies, we examined Aβ 
formation in the APP-KI mouse model. Four weeks 
after injection, dCas9-Dnmt3a significantly reduced the 
level of full-length APP compared with that in the age-
matched APP-KI control mice. In addition, the level of 
β-secretase-derived APP C-terminal fragment, specifi-
cally C99, which generates Aβ peptides, was decreased 
in the dCas9-Dnmt3a-treated APP-KI mice (Fig.  4b, c; 
Additional file 1: Fig. S2). Moreover, dCas9-Dnmt3a sig-
nificantly reduced the Aβ42/40 ratio in the hippocampus 
of APP-KI mice (Fig.  4d). Consistent with these results, 
Aβ42 plaque accumulation in the hippocampus and 
cortex of APP-KI mice was significantly decreased by 
dCas9-Dnmt3a (Fig. 4e, f ). These results indicate that the 
dCas9-Dnmt3a-mediated APP methylation attenuated 
APP expression, resulting in reduced Aβ levels in APP-KI 
mice.

Next, behavioral tests were performed to determine 
whether cognitive behaviors were affected by APP 
methylation via dCas9-Dnmt3a. First, the Y-maze test 
was performed to evaluate the spatial working mem-
ory of APP-KI mice. The percentage of alternation 
decreased in the APP-KI mice compared to the WT 
mice,  but there was no significant difference between 
the dCas9-Dnmt3a-injected APP-KI mice and the age-
matched APP-KI control mice (Fig.  4g). Next, short-
term memory was examined using the contextual fear 

Fig. 2 dCas9-Dnmt3a-mediated APP methylation enhanced neuroprotection in APP-KI mouse primary neurons. a Quantitative real-time PCR 
analysis of APP expression in WT and APP-KI mouse primary neurons treated with − 189 sgRNA and dCas9-Dnmt3a. Data are expressed as 
mean ± SEM (n = 3). **P < 0.01, two-sided Student’s t-test. b, c Western blot analysis of APP in WT and APP-KI mouse primary neurons treated 
with − 189 sgRNA and dCas9-Dnmt3a. Data are expressed as mean ± SEM (n = 3). **P < 0.01, two-sided Student’s t-test. d Bisulfite sequencing 
analysis of the promoter region of APP in APP-KI mouse primary neurons treated with − 189 sgRNA and dCas9-Dnmt3a. e Quantification of 
methylated amplicons. In 3 independent experiments, 10 to 30 sequencing data were measured in total. Data are expressed as mean ± SEM. 
**P < 0.01, two-sided Student’s t-test. f Immunostaining of Tuj1 (green), NeuN (red), and DAPI (blue) in APP-KI mouse primary neurons treated 
with − 189 sgRNA and dCas9-Dnmt3a. g The number of Tuj1-positive neurons in f. Data are expressed as mean ± SEM (n = 3). **P < 0.01, two-sided 
Student’s t-test. h Quantification of neurite length. In 3 independent experiments, over 100 neurites were measured. Data are expressed as 
mean ± SEM (n = 3). **P < 0.01, two-sided Student’s t-test. i Map2 (green), Aβ42 (red), and DAPI (blue) immunostaining in APP-KI mouse primary 
neurons treated with − 189 sgRNA and dCas9-Dnmt3a. j Percentage of  Aβ42+/Map2+ cells from i. In 3 independent experiments, over 100 
neurites were measured. Data are expressed as mean ± SEM (n = 3). **P < 0.01, two-sided Student’s t-test. k ELISA of the Aβ42/40 protein ratio in 
APP-KI mouse primary neurons transduced with − 189 sgRNA and dCas9-Dnmt3a. Data are expressed as mean ± SEM (n = 3). **P < 0.01, two-sided 
Student’s t-test. The images in b, f, i are representative of three or more similar experiments

(See figure on next page.)
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conditioning test. Interestingly, after 24  h of train-
ing, the freezing levels of the dCas9-Dnmt3a-injected 
APP-KI mice were significantly increased (Fig. 4h). To 
further investigate the spatial reference memory and 
working memory, the Morris water maze test was per-
formed. The escape latency and distance of movement 
showed no significant difference between the control 

and dCas9-Dnmt3a-injected groups in the visible plat-
form trials (Fig.  4i). In the test without the platform, 
the dCas9-Dnmt3a-injected APP-KI mice spent signif-
icantly more time in the target quadrant than the age-
matched APP-KI control mice (Fig. 4j). These findings 
showed that dCas9-Dnmt3a prevented decline in 

Fig. 2 (See legend on previous page.)
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learning ability and improved memory retention in 
APP-KI mice.

Discussion
AD is characterized by progressive cognitive decline [1], 
with pathologic manifestations of neurofibrillary tau tan-
gles and amyloid plaque accumulation, which are respon-
sible for the gradual deterioration of cognitive ability [1, 
28]. Current AD medications help temporarily alleviate 

AD symptoms [29]. Cholinesterase inhibitors are the 
only drugs that can greatly improve memory functions 
of AD patients to date [29, 30]. Some medications can 
improve behavioral symptoms of AD; however, they are 
associated with an increased fatality rate in older patients 
with AD experiencing progressive neuronal degeneration 
[30]. Consequently, alternative treatments for controlling 
AD are being explored.

Fig. 3 dCas9-Dnmt3a-mediated DNA methylation diminished APP expression in mouse brain. a Schematic of DNA methylation editing in the 
APP target region in the mouse brain in vivo. b Quantitative real-time PCR analysis of APP expression in the wild-type (WT) mouse brain infected 
with − 189 sgRNA and dCas9-Dnmt3a. Data are expressed as mean ± SEM (n = 3). **P < 0.01, two-sided Student’s t-test. c Western blot analysis of 
APP expression in the WT mouse brain transduced with − 189 sgRNA and dCas9-Dnmt3a. Data are expressed as mean ± SEM (n = 3). **P < 0.01, 
two-sided Student’s t-test. d Bisulfite sequencing analysis of the APP promoter region from the WT mouse brain and APP-KI mouse brain infected 
with − 189 sgRNA and dCas9-Dnmt3a. e Quantification of methylated amplicons. In 3 independent experiments, 10 to 30 sequencing data were 
measured in total. Data are expressed as mean ± SEM. **P < 0.01, two-sided Student’s t-test. f Quantitative real-time PCR analysis of predicted 
off-target genes in the WT mouse hippocampus transduced with − 189 sgRNA and dCas9-Dnmt3a. Data are expressed as mean ± SEM (n = 3). 
*P < 0.05, two-sided Student’s t-test. g Quantitative real-time PCR analysis of APP expression in the APP-KI mouse hippocampus transduced 
with − 189 sgRNA and dCas9-Dnmt3a. Data are expressed as mean ± SEM (n = 3). **P < 0.01, two-sided Student’s t-test. h Western blot analysis of 
APP in the APP-KI mouse hippocampus transduced with − 189 sgRNA and dCas9-Dnmt3a. Data are expressed as mean ± SEM (n = 3). **P < 0.01, 
two-sided Student’s t-test. The images in c, h are representative of three or more similar experiments
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Aβ peptide production through APP proteolysis is an 
essential step in AD pathogenesis [2]. APP hypometh-
ylation, which increases Aβ peptide production, has also 
been reported in patients with AD [5, 31]. However, dele-
tion of APP, APLP1, and APLP2 can cause abnormal cor-
tical migration, suggesting that APP also participates in 
synaptic pruning and neural outgrowth [32]. Therefore, 
knockout of these genes is not an ideal strategy for AD 
treatment. Thus, epigenetic alterations of APP can be 
an alternative strategy for AD treatment. In this study, 
we demonstrated that the CpG methylation of the APP 
promoter by dCas9-Dnmt3a decreased the generation 
of neurotoxic Aβ peptides and improved AD-associated 
learning and memory impairment. The dCas9-Dnmt3a 
treatment also led to the alteration of APP methylation 
in mouse brain with minimal off-target effects; this result 
suggests the potential of dCas9-Dnmt3a-mediated APP 
hypermethylation for AD treatment. More importantly, 
our results indicate that aberrant APP CpG methyla-
tion can be involved in AD pathogenesis. In individu-
als aged ≥ 70 years, APP is demethylated and excessively 
overexpressed, ultimately producing Aβ peptides [22, 31, 
33]. Therefore, regulation of DNA methylation plays an 
important role in the inhibition of AD pathogenesis.

Therapeutic epigenetic editing approaches have 
promising applications as innovative treatments for 
many neurodegenerative diseases [20, 34, 35]. For 
example, aberrant DNA methylation, including aber-
rant hypomethylation and hypermethylation, plays 
key roles in the pathogenesis of FXS or amyotrophic 
lateral sclerosis (ALS) [20, 34]. DNA methylation in 
FMR1 or C9orf72 promoter region elicits protec-
tive effects against pathologies observed in FXS and 
ALS [20, 34]. Moreover, de novo DNA methylation of 
the alpha-synuclein gene has potential for the treat-
ment of Parkinson’s disease (PD) [35]. Thus, by com-
bining different epigenetic effector domains, such as 
DNMT3 and Tet1, with dCas9 [22, 36], therapeutic 
epigenetic editing acts as a promising therapeutic tool 

for various neurological diseases, including FXS, ALS, 
and PD, with minimal side effects. Epigenetic editing 
induces reversible changes in DNA sequence, whereas 
gene editing causes irreversible changes; consequently, 
epigenetic editing has considerable advantages over 
gene editing for applications in a clinical setting [36]. 
However, several aspects of epigenetic editing, includ-
ing off-target effects and long-term safety, need to be 
addressed before clinical application. Also, the faith-
ful dCas9-mediated transmission for long-lasting and 
durable therapeutic effects is essential for achieving 
more effective and safer therapeutic effects.

CRISPR-based gene editing strategies hold promise for 
the treatment of AD [37–41]. However, numerous issues 
need to be addressed before clinical application of epige-
netic editing-based therapies in AD patients. For example, 
clinical trials integrating viral vectors with the CRISPR/
Cas9 system can lead to random insertional mutagenesis. 
To address this issue, non-integrating viruses or lipid vesi-
cles need to be developed for efficient delivery of CRISPR/
Cas9 components. Also, injection of viruses for delivery 
of dCas9-Dnmt3a could elicit immune responses. Thus, 
studies on the safety of this strategy are required prior 
to application in human patients. Both effectiveness and 
safety of dCas9-Dnmt3a delivery systems need to be 
improved, in order to accelerate the wide use of CRISPR/
Cas9-based genome editing strategies for gene editing and 
repair in the future. Moreover, we found that injection of 
dCas9-Dnmt3a before plaque deposition effectively mod-
ulated AD pathogenesis in the AD mouse model (Fig. 4b–
f); such epigenetic editing may effectively reduce the risk 
of AD or delay the onset of more severe symptoms before 
the formation of plaques and symptoms. However, since 
APP epigenetic editing can reduce the amount of Aβ pep-
tides by preventing APP transcription in the brain, APP 
epigenetic editing could slow down AD progression or 
stop the destruction of nerve cells even after plaque for-
mation. Thus, to achieve the best outcome, it is important 
to optimize the time point of CRISPR-based epigenetic 

Fig. 4 dCas9-Dnmt3a-mediated DNA methylation elicited therapeutic effects on the APP-KI mouse model. a Schematic of a DNA methylation 
editing-based strategy for the APP-KI mouse model. b, c Western blot analysis and quantification of full-length APP (FL-APP), β-secretase-derived 
C-terminal fragment (CTF) (C99), γ-secretase-derived CTF (C93), and beta-actin (Actin) in the APP-KI mouse hippocampus infected with − 189 
sgRNA and dCas9-Dnmt3a. Data are expressed as mean ± SEM (n = 3). **P < 0.01, two-sided Student’s t-test. d ELISA analysis of the Aβ42/40 
ratio in the APP-KI mouse hippocampus transduced with − 189 sgRNA and dCas9-Dnmt3a. Data are expressed as mean ± SEM (n = 3). **P < 0.01, 
two-sided Student’s t-test. e Aβ42 (green) and DAPI (blue) immunostaining in the APP-KI mouse hippocampus transduced with − 189 sgRNA and 
dCas9-Dnmt3a. f Quantification of the Aβ42 area presented in e. Data are expressed as mean ± SEM (n = 3). **P < 0.01, two-sided Student’s t-test. 
g Y-maze spontaneous alternation of WT and APP-KI mice transduced with − 189 sgRNA and dCas9-Dnmt3a. *P < 0.05; P > 0.05 APP-KI  vs APP-KI+ 
−189 dCas9-Dnmt3a group, one-way ANOVA with Tukey’s post-hoc test.    h Percentage of freezing behavior during the contextual fear memory 
test. Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, one-way ANOVA with Tukey’s post-hoc test. i, j Morris water maze test for evaluation 
of long-term spatial memory. i Escape latency (upper) and total distance moved (lower) during the visible platform training session. Data are 
expressed as mean ± SEM. *P < 0.05, one-way ANOVA with Tukey’s post-hoc test. j Heatmap and quantification represent the quadrant occupancy 
time during the hidden platform test session. Data are expressed as mean ± SEM. *P < 0.05, one-way ANOVA with Tukey’s post-hoc test. The images 
in b, e are representative of three or more similar experiments

(See figure on next page.)
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editing in AD patients. Also, the persistence of epigenetic 
editing effects needs to be evaluated. Here, we observed 
that the dCas9-Dnmt3a-mediated CpG methylation at 
the APP promoter was maintained up to 4 weeks after ini-
tial injection (Additional file 1: Fig. S1a). Further studies 
examining longer persistence of epigenetic editing effects, 
e.g., for more than 6 months or years, are needed.

Conclusions
In summary, our study established a novel AD treat-
ment strategy through the regulation of APP  DNA 
methylation using dCas9-Dnmt3a. Thus, the CRISPR/
dCas9-mediated epigenetic editing offers a highly effi-
cacious targeted epigenome engineering approach for 
future clinical applications in precision medicine.

Fig. 4 (See legend on previous page.)



Page 11 of 12Park et al. Translational Neurodegeneration           (2022) 11:41  

Abbreviations
AD: Alzheimer’s disease; APP: Amyloid precursor protein; Aβ: Amyloid-beta; 
dCas9: Catalytically inactivated Cas9; DG: Dentate gyrus; DNMT: DNA methyl-
transferase; 5c: C-5 position of cytosine; 5mC: 5-Methylcytosine.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40035- 022- 00314-0.

Additional file 1: Table S1. sgRNA sequences targeting APP. Table S2. 
Predicted off-target sites for − 189 sgRNA activity. Fig. S1 Bisulfite 
sequencing analysis of the methylation status of the APP promoter in 
the hippocampus of APP-KI mice. Fig. S2 Full scans of the western blots 
shown in Fig. 4b.

Acknowledgements
We would like to thank Takashi Saito and Takaomi C. Saido for providing the 
AppNL-G-F KI mouse strain.

Author contributions
HP, JS: study conception and design, experimentation, data analysis, data 
interpretation, and manuscript writing; JK: study conception and manuscript 
writing. All authors read and approved the final manuscript.

Funding
This work was supported by Korean Fund for Regenerative Medicine 
funded by Ministry of Science and ICT, and Ministry of Health and Welfare 
(2021M3E5E5096464, Republic of Korea) and Basic Science Research Program 
of the National Research Foundation of Korea (NRF) funded by the Ministry of 
Education (NRF-2022R1A6A1A03053343).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing financial interests.

Author details
1 Laboratory of Stem Cells and Gene Editing, Department of Chemistry & Bio-
medical Engineering, Dongguk University, Seoul 100‐715, Republic of Korea. 
2 Laboratory for Proteolytic Neuroscience, RIKEN Center for Brain Science, 
Wako-shi, Saitama, Japan. 3 Department of Neurocognitive Science, Institute 
of Brain Science, Nagoya City University Graduate School of Medical Sciences, 
Nagoya, Aichi, Japan. 4 Institute for Cellular Rebooting, Dongguk University, 
Seoul, Korea. 

Received: 31 May 2022   Accepted: 19 August 2022

References
 1. Castellani RJ, Rolston RK, Smith MA. Alzheimer disease. Dis Mon. 

2010;56(9):484–546.
 2. O’Brien RJ, Wong PC. Amyloid precursor protein processing and Alzhei-

mer’s disease. Annu Rev Neurosci. 2011;34:185–204.
 3. Silva MVF, Loures CMG, Alves LCV, de Souza LC, Borges KBG, Carvalho 

MDG. Alzheimer’s disease: risk factors and potentially protective meas-
ures. J Biomed Sci. 2019;26(1):33.

 4. Mastroeni D, Grover A, Delvaux E, Whiteside C, Coleman PD, Rogers 
J. Epigenetic mechanisms in Alzheimer’s disease. Neurobiol Aging. 
2011;32(7):1161–80.

 5. Bennett DA, Yu L, Yang J, Srivastava GP, Aubin C, De Jager PL. Epigenomics 
of Alzheimer’s disease. Transl Res. 2015;165(1):200–20.

 6. Lardenoije R, Iatrou A, Kenis G, Kompotis K, Steinbusch HW, Mastroeni 
D, et al. The epigenetics of aging and neurodegeneration. Prog Neuro-
biol. 2015;131:21–64.

 7. Liu X, Jiao B, Shen L. The epigenetics of Alzheimer’s disease: factors and 
therapeutic implications. Front Genet. 2018;9:579.

 8. Moore LD, Le T, Fan G. DNA methylation and its basic function. Neu-
ropsychopharmacology. 2013;38(1):23–38.

 9. Razin A, Cedar H. DNA methylation and gene expression. Microbiol 
Rev. 1991;55(3):451–8.

 10. Oka M, Rodic N, Graddy J, Chang LJ, Terada N. CpG sites preferentially 
methylated by Dnmt3a in vivo. J Biol Chem. 2006;281(15):9901–8.

 11. Pervjakova N, Kasela S, Morris AP, Kals M, Metspalu A, Lindgren CM, 
et al. Imprinted genes and imprinting control regions show predomi-
nant intermediate methylation in adult somatic tissues. Epigenomics. 
2016;8(6):789–99.

 12. Vilain A, Bernardino J, Gerbault-Seureau M, Vogt N, Niveleau A, 
Lefrancois D, et al. DNA methylation and chromosome instability in 
lymphoblastoid cell lines. Cytogenet Cell Genet. 2000;90(1–2):93–101.

 13. Bourc’his D, Xu GL, Lin CS, Bollman B, Bestor TH. Dnmt3L and 
the establishment of maternal genomic imprints. Science. 
2001;294(5551):2536–9.

 14. Tadic V, Josipovic G, Zoldos V, Vojta A. CRISPR/Cas9-based epigenome 
editing: an overview of dCas9-based tools with special emphasis on 
off-target activity. Methods. 2019;164–165:109–19.

 15. Liu XS, Wu H, Ji X, Stelzer Y, Wu X, Czauderna S, et al. Editing DNA meth-
ylation in the mammalian genome. Cell. 2016;167(1):233-247e217.

 16. Stepper P, Kungulovski G, Jurkowska RZ, Chandra T, Krueger F, 
Reinhardt R, et al. Efficient targeted DNA methylation with chi-
meric dCas9-Dnmt3a-Dnmt3L methyltransferase. Nucleic Acids Res. 
2017;45(4):1703–13.

 17. Maeder ML, Linder SJ, Cascio VM, Fu Y, Ho QH, Joung JK. CRISPR 
RNA-guided activation of endogenous human genes. Nat Methods. 
2013;10(10):977–9.

 18. Hilton IB, D’Ippolito AM, Vockley CM, Thakore PI, Crawford GE, Reddy 
TE, et al. Epigenome editing by a CRISPR-Cas9-based acetyltransferase 
activates genes from promoters and enhancers. Nat Biotechnol. 
2015;33(5):510–7.

 19. Lu Z, Liu Z, Mao W, Wang X, Zheng X, Chen S, et al. Locus-specific DNA 
methylation of Mecp2 promoter leads to autism-like phenotypes in mice. 
Cell Death Dis. 2020;11(2):85.

 20. Liu XS, Wu H, Krzisch M, Wu X, Graef J, Muffat J, et al. Rescue of fragile X 
syndrome neurons by DNA methylation editing of the FMR1 gene. Cell. 
2018;172(5):979-992 e976.

 21. McDonald JI, Celik H, Rois LE, Fishberger G, Fowler T, Rees R, et al. Repro-
grammable CRISPR/Cas9-based system for inducing site-specific DNA 
methylation. Biol Open. 2016;5(6):866–74.

 22. Vojta A, Dobrinic P, Tadic V, Bockor L, Korac P, Julg B, et al. Repurposing 
the CRISPR-Cas9 system for targeted DNA methylation. Nucleic Acids Res. 
2016;44(12):5615–28.

 23. Saito T, Matsuba Y, Mihira N, Takano J, Nilsson P, Itohara S, et al. Single 
App knock-in mouse models of Alzheimer’s disease. Nat Neurosci. 
2014;17(5):661–3.

 24. Bae S, Park J, Kim JS. Cas-OFFinder: a fast and versatile algorithm that 
searches for potential off-target sites of Cas9 RNA-guided endonucleases. 
Bioinformatics. 2014;30(10):1473–5.

 25. Mijalkov M, Volpe G, Fernaud-Espinosa I, DeFelipe J, Pereira JB, Merino-
Serrais P. Dendritic spines are lost in clusters in Alzheimer’s disease. Sci 
Rep. 2021;11(1):12350.

 26. Appel SH. A unifying hypothesis for the cause of amyotrophic 
lateral sclerosis, parkinsonism, and Alzheimer disease. Ann Neurol. 
1981;10(6):499–505.

 27. Harman D. Alzheimer’s disease pathogenesis: role of aging. Ann N Y Acad 
Sci. 2006;1067:454–60.

 28. Serrano-Pozo A, Frosch MP, Masliah E, Hyman BT. Neuropathologi-
cal alterations in Alzheimer disease. Cold Spring Harb Perspect Med. 
2011;1(1): a006189.

https://doi.org/10.1186/s40035-022-00314-0
https://doi.org/10.1186/s40035-022-00314-0


Page 12 of 12Park et al. Translational Neurodegeneration           (2022) 11:41 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 29. Birks J. Cholinesterase inhibitors for Alzheimer’s disease. Cochrane Data-
base Syst Rev. 2006(1):CD005593.

 30. Mueller C, Perera G, Hayes RD, Shetty H, Stewart R. Associations of acetyl-
cholinesterase inhibitor treatment with reduced mortality in Alzheimer’s 
disease: a retrospective survival analysis. Age Ageing. 2018;47(1):88–94.

 31. Iwata A, Nagata K, Hatsuta H, Takuma H, Bundo M, Iwamoto K, et al. 
Altered CpG methylation in sporadic Alzheimer’s disease is associated 
with APP and MAPT dysregulation. Hum Mol Genet. 2014;23(3):648–56.

 32. Herms J, Anliker B, Heber S, Ring S, Fuhrmann M, Kretzschmar H, et al. 
Cortical dysplasia resembling human type 2 lissencephaly in mice lacking 
all three APP family members. EMBO J. 2004;23(20):4106–15.

 33. Brohede J, Rinde M, Winblad B, Graff C. A DNA methylation study of the 
amyloid precursor protein gene in several brain regions from patients 
with familial Alzheimer disease. J Neurogenet. 2010;24(4):179–81.

 34. Cali CP, Park DS, Lee EB. Targeted DNA methylation of neurodegenera-
tive disease genes via homology directed repair. Nucleic Acids Res. 
2019;47(22):11609–22.

 35. Dashtipour K, Tafreshi A, Adler C, Beach T, Chen X, Serrano G, et al. Hyper-
methylation of synphilin-1, alpha-synuclein-interacting protein (SNCAIP) 
gene in the cerebral cortex of patients with sporadic Parkinson’s disease. 
Brain Sci. 2017;7(7):74.

 36. Pickar-Oliver A, Gersbach CA. The next generation of CRISPR-Cas tech-
nologies and applications. Nat Rev Mol Cell Biol. 2019;20(8):490–507.

 37. Duan Y, Ye T, Qu Z, Chen Y, Miranda A, Zhou X, et al. Brain-wide Cas9-
mediated cleavage of a gene causing familial Alzheimer’s disease 
alleviates amyloid-related pathologies in mice. Nat Biomed Eng. 
2022;6(2):168–80.

 38. Tremblay G, Rousseau J, Mbakam CH, Tremblay JP. Insertion of the Icelan-
dic mutation (A673T) by prime editing: a potential preventive treatment 
for familial and sporadic Alzheimer’s disease. CRISPR J. 2022;5(1):109–22.

 39. Guyon A, Rousseau J, Begin FG, Bertin T, Lamothe G, Tremblay JP. Base 
editing strategy for insertion of the A673T mutation in the APP gene 
to prevent the development of AD in vitro. Mol Ther Nucleic Acids. 
2021;24:253–63.

 40. Konstantinidis E, Molisak A, Perrin F, Streubel-Gallasch L, Fayad S, Kim 
DY, et al. CRISPR-Cas9 treatment partially restores amyloid-beta 42/40 in 
human fibroblasts with the Alzheimer’s disease PSEN 1 M146L mutation. 
Mol Ther Nucleic Acids. 2022;28:450–61.

 41. Gyorgy B, Loov C, Zaborowski MP, Takeda S, Kleinstiver BP, Commins 
C, et al. CRISPR/Cas9 mediated disruption of the Swedish APP allele as 
a therapeutic approach for early-onset Alzheimer’s disease. Mol Ther 
Nucleic Acids. 2018;11:429–40.


	CRISPRdCas9-Dnmt3a-mediated targeted DNA methylation of APP rescues brain pathology in a mouse model of Alzheimer’s disease
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Production of guide RNAs
	Animal experiments
	Cell culture
	Off-target analysis
	Immunocytochemistry
	RNA isolation and qRT-PCR
	Western blot analysis
	Bisulfite sequencing
	Aβ42 and Aβ40 quantification
	Statistical analysis

	Results
	Targeted DNA methylation of the APP promoter locus using dCas9-Dnmt3a
	Reduction of Aβ generation via APP methylation by dCas9-Dnmt3a in APP-KI mouse primary neurons
	In vivo dCas9-Dnmt3a-mediated APP methylation in the brain
	Improvement of cognitive deficits in the APP-KI mouse model through APP methylation editing by dCas9-Dnmt3a

	Discussion
	Conclusions
	Acknowledgements
	References


