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GABAergic signaling in the brain plays a key role in regulating synaptic transmission, neuronal excitability, and
cognitive processes. Large-scale sequencing has revealed the diminished expression of GABA-related genes in
Alzheimer’s disease (AD), however, it is largely unclear about the epigenetic mechanisms that dysregulate the

Slli\s]t);ne acetylation transcription of these genes in AD. We confirmed that GABA synthesizing enzymes, GAD1 and GAD2, were
CRISPR Y significantly downregulated in prefrontal cortex (PFC) of AD human postmortem tissues. A tauopathy mouse

model also had the significantly reduced expression of GABA-related genes, as well as the diminished GABAergic
synaptic transmission in PFC pyramidal neurons. To elevate endogenous Gad1 levels, we used the CRISPR/Cas9-
based epigenome editing technology to recruit histone acetyltransferase p300 to Gadl. Cells transfected with a
fusion protein consisting of the nuclease-null dCas9 protein and the catalytic core of p300 (dCas9P3%%), as well as
a guide RNA targeting Gadl promoter (gRNA®)) had significantly increased Gadl mRNA expression and
histone acetylation at Gadl promoter. Furthermore, the tauopathy mouse model with PFC injection of dCas9P3%°
and gRNAGaﬂll lentiviruses had significantly elevated GABAergic synaptic currents and improved spatial memory.
These results have provided an epigenetic editing-based gene-targeting strategy to restore synaptic inhibition and

Prefrontal cortex
Spatial memory

cognitive function in AD and related disorders.

1. Introduction

Alzheimer’s disease (AD), a leading cause of dementia, is manifested
as the impaired memory, speech, visuospatial processing and executive
functions (Knopman et al., 2021; Long and Holtzman, 2019). While
pathological hallmarks, -amyloid (Ap)-containing extracellular plaques
and tau-containing intracellular neurofibrillary tangles, have been
found in AD (Wilson 3rd et al., 2023), the effective treatment for
cognitive deficits of AD is still limited (De Strooper and Karran, 2016;
Wilson 3rd et al., 2023).

In cognitive regions like neocortex, the balanced excitatory and
inhibitory synaptic activity plays a fundamental role in neuronal
computation (Froemke, 2015; Okur et al., 2024). A variety of neuro-
degenerative diseases have excitation/inhibition (E/I) imbalance,
including frontotemporal lobar degeneration (Huber et al., 2022),
amyotrophic lateral sclerosis (Kiernan et al., 2011; Pasinelli and Brown,
2006), Huntington disease (Li et al., 2003), multiple sclerosis
(Mandolesi et al., 2015) and AD (Ghatak et al., 2021; Harris et al., 2020;
Palop and Mucke, 2016; Wilson 3rd et al., 2023). The increased E/I ratio

in parietal cortex has been reported in middle-aged AD patients of early
onset (Lauterborn et al., 2021). Seizures, which indicate neuronal hy-
perexcitability and network synchrony, can emerge several years pre-
ceding the cognitive problems and may persist into the dementia stage of
AD patients (Harris et al., 2020). The incidence of seizure is 7-8 times
higher in individuals with AD than in people without dementia (Palop
and Mucke, 2016), and seizures can hasten the cognitive decline in AD
patients (Vossel et al., 2017). AD mouse models expressing mutated
human Ap precursor protein (hAPP) (Verret et al., 2012) or tau (A152T)
(Maeda et al., 2016) also have epileptic activity.

Although E/I imbalance occurs in both prodromal AD patients and
AD animal models, the underlying mechanism remains elusive. A sys-
temic review with meta-analysis has shown GABA deficits in AD human
brains, including the lower GABA levels and the downregulation of
GAD65/67, GABA, receptors, and GABA transporters (Carello-Collar
et al., 2023). Inhibitory neurons are also found to be correlated with
cognitive resilience in late life of AD (Mathys et al., 2023). Here we
demonstrated the loss of GABA-related molecules, such as GABA syn-
thesizing enzyme Gadl, in AD, which was correlated with the
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diminished GABAergic transmission in prefrontal cortical pyramidal
neurons.

Emerging evidence indicates that CRISPR-based epigenome editing
provides a powerful approach to reorganize chromatin architecture and
alter endogenous gene expression at specific loci (Goell and Hilton,
2021; Nakamura et al., 2021; Pulecio et al., 2017; Thakore et al., 2016).
One of the strategies is to recruit histone acetyltransferase p300 to the
promoters or enhancers of specific genes to enable their upregulation via
increased histone acetylation (Hilton et al., 2015). In this study, we used
this CRISPR-based epigenetic editing technology to elevate endogenous
Gadl, and revealed the therapeutic potential of this gene-targeting
approach on synaptic and behavioral deficits in a tauopathy mouse
model.

2. Results

2.1. Bioinformatic analysis and mRNA profiling reveal the loss of GABA-
related genes in postmortem brains of AD patients

From a microarray dataset (Zhang et al., 2013), we have identified
many downregulated differentially expressed genes (Down DEGs) in
frontal cortex of AD samples (Williams et al., 2021). Using SynGo, a
synaptic gene ontology database, we found that these Down DEGs were
synaptic enriched, particularly in synaptic organization, postsynaptic
and presynaptic signaling (Fig. 1A, Sup. Table 1). Using Gene Ontology
(GO) analysis of two RNAseq databases from Mayo Clinic and Mount
Sinai (Allen et al., 2016; Wang et al., 2018), we found that the common
Down DEGs in AD were enriched in trans-synaptic signaling, GABAergic
and glutamatergic synaptic transmission and neurotransmitter release
(Fig. 1B, Sup. Table 2). Protein-protein interaction (PPI) networks
(Fig. 1C) showed the strong connections of these downregulated syn-
aptic genes, which could be clustered into 3 groups: GABA-related genes,
including those encoding GABA synthesis enzymes (GAD1 and GAD2),
GABA, receptors (GABRA1/2, GABRB2 and GABRG2), vesicular GABA
transporter (SLC32A1) and potassium-chloride co-transporter
(SLC12A5); glutamate-related genes, including those encoding iono-
tropic and metabotropic glutamate receptors (GRIA1/3, GRIN2A/2B and
GRMs) and vesicular glutamate transporters (SLC17A6/7); and genes
related to synaptic organization and transmitter release (NRXNI,
SNAP25, SYNs, SYTs). These data have confirmed the loss of synaptic
genes in AD, which may play a key role in synaptic dysfunction in this
disease condition (Brose et al., 2010; Mucke and Selkoe, 2012; Selkoe,
2002).

The loss of GABA-related genes has been implicated in AD pathology
(Carello-Collar et al., 2023; Mathys et al., 2023), so we examined the
trajectory of their changes in AD. Using the scRNA-seq SEA-AD dataset
(Gabitto et al., 2024), we found that the expression of many GABA-
related genes exhibited the profound reduction in a cell type-specific
manner during AD pseudo-progression (Fig. 1D), including GADI,
GAD2 and three markers of GABAergic neuron subtypes: parvalbumin
(PVALB), somatostatin (SST) and vasoactive intestinal peptide (VIP),
while the GABA, receptor gene, GABRG2, was largely unchanged across
various cell types. We then used quantitative PCR (qPCR) to verify the
changes of GABA-related genes with our AD human postmortem pre-
frontal cortical tissue. Compared with normal controls, the expression
GAD1, GAD2, SST and VIP was significantly reduced in AD samples, and
some GABA, receptor genes (GABRA1 and GABRG2) showed the trend
of reduction (Fig. 1E), confirming the strong loss of GABA-related genes
in AD humans.

To find out whether the altered inhibition-related transcripts are also
reduced at the protein level, we performed Western blotting experi-
ments to compare GAD67 (encoded by GAD1) protein levels in control
vs. AD human postmortem PFC. As shown in Fig. 1F, AD samples
exhibited a significantly lower level of GAD67 protein expression,
compared to controls, further suggesting that GABA synthesis is
diminished in AD.
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2.2. GABA-related gene expression and GABAergic synaptic transmission
are compromised in the PFC of a tauopathy mouse model

Next, we sought to determine whether GABA-related genes were also
altered in AD-related mouse models. To this end, we analyzed the RNA-
seq data in sorted neurons from WT and P301S Tau mice (GSE129797)
(Wu et al., 2019). GO analysis indicated that the top Down DEGs in Tau
mice were enriched in GABAergic synaptic transmission, GABA
signaling, inhibitory synapse assembly and chloride transmembrane
transport (Fig. 2A, Sup. Table 3). PPI of Down DEGs in the top GO
categories included the strongly connected GABA, receptors (Gabral/4,
Gabrb2/3, Gabrg2) (Fig. 2B).

We performed qPCR to verify the downregulation of GABA-related
genes in Tau mice. We found that (Fig. 2C & 2D) genes encoding
GABA synthesizing enzymes (Gadl/2), GABA transporters (Slc6al and
Slc32al), GABA receptor (Gabrg2) and neurotransmitter release (StxIa)
were significantly decreased in PFC of Tau mice, while other genes (Sst,
Vip, Gabrb2/a2/al, Tubb2a) were unchanged.

To find out whether the loss of GABA-related gene expression in Tau
mice may lead to diminished inhibitory synaptic transmission, we per-
formed patch-clamp recordings of PFC pyramidal neurons. As shown in
Fig. 3A and B, GABA,4 receptor-mediated inhibitory postsynaptic cur-
rents (GABAAR-IPSC) evoked by a range of stimulation intensities were
significantly smaller in Tau mice. The paired-pulse ratio (PPR) of
GABAAR-IPSC, a measure of presynaptic release probability, was
significantly different between WT and Tau mice (Fig. 3C). The fre-
quency, but not amplitude, of spontaneous IPSC (sIPSC) was also
significantly reduced in Tau mice (Fig. 3D and E), suggesting that
changes in presynaptic GABA release could contribute to the reduced
GABAergic synaptic response.

2.3. CRISPR/Cas9-based epigenome editing boosts the expression of
Gadl

With the deficiency of GABAergic transmission in PFC of Tau mice,
we next examined the therapeutic avenue to restore synaptic inhibition.
Since genes related to GABA synthesis, GABA release, GABA transport
and GABA receptors were downregulated in AD, we decided to boost the
expression of GABA synthesis enzyme Gadl using CRISPR activation
(CRISPRa), a technique to activate gene expression endogenously
(Hilton et al., 2015; Li et al., 2020). The system (Fig. 4A) contains two
components (Hilton et al., 2015, Li et al., 2020): one is deactivated
S. pyogenes Cas9 (dCas9 with mutations of D10A and H840A) fused with
the core domain of histone acetyltransferase p300 (dCas9p300); and the
other is a single guide RNA (sgRNA) with 20 bp guide sequence spe-
cifically designed to target the protomer region (~200 bp upstream the
transcription start site) of Gad1 (gRNAGadl). After transfection of the two
components into N2a cells, we found that the expression of Gadl was
significantly elevated, while neither dCas9P*®® nor gRNA®! alone
could affect Gadl expression (Fig. 4B). In addition, the expression of
three genes with similar promoter sequences as Gadl (Dgatl, Kcnip3,
Lrp2) was unchanged by dual transfection of dCas9P>%° and gRNAGadl
(Fig. 4B), suggesting that off-target effect is not a significant issue with
this approach.

To find out whether the increased expression of Gadl is due to
increased histone acetylation, we performed chromatin immunopre-
cipitation combined with quantitative PCR (ChIP-qPCR) assays using
primers at Gadl promoter region with enriched histone 3 lysine 9
acetylation (H3K9ac) (Fig. 4C). We found a significant increase of
H3K9ac occupancy at Gadl promoter in N2a cells transfected with
dcasoP3 & gRNA®! compared to those cells transfected with
gRNA%! control (Fig. 4D). These data indicate that Gadl expression
can be elevated by the CRISPR-based epigenetic editing technique.
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Fig. 1. GABA-related genes are downregulated in AD humans. A, Sunburst plot from Synaptic Gene Ontologies (SYNGO) analysis illustrating the downregulated
(DWN) genes in AD humans from a microarray dataset. B, Gene Ontologies (GO) showing the enriched pathways of common DWN genes in AD humans from two
RNAseq datasets (Mayo and MSBB). C, Protein-protein interaction (PPI) networks of downregulated genes in AD (pink: GABAergic inhibitory synapse genes; green:
glutamatergic excitatory synapse genes; orange: presynaptic genes). D, GABA-related gene expression changes across AD pseudo-progression in different cell types. E,
Bar graphs showing the mRNA level of GABA-related genes in control vs. AD human postmortem brain tissue (control: n = 9-12, AD: n = 11-12, P = 0.003 (GADI); P
= 0.002 (GAD2); P = 0.003 (SST); P = 0.014 (VIP), P = 0.05 (GABRGZ2); P = 0.07 (GABRA1); unpaired t-test). F, Bar graphs showing GAD67 protein levels in control
vs. AD human postmortem brain tissue (control: n = 10, AD: n = 10, P = 0.0073, unpaired t-test). Insets: Representative Western blots of GAD67. GAPDH was used as
a loading control. Data (E, F) are shown as mean + SEM. "P < 0.1, *P < 0.05, **P < 0.01. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Downloaded for Anonymous User (n/a) at University at Buffalo - North Campus from ClinicalKey.com by Elsevier on February
18, 2025. For personal use only. No other uses without permission. Copyright ©2025. Elsevier Inc. All rights reserved.



L. Wan et al.

A GO of DWN genes in Tau mice B

G.4 ‘2
Synaptic Transmission, GABAergic (GO:0051932) s .3
Nervous System Development (GO:0007399) 'A .1
Gamma-Aminobutyric Acid Signaling Pathway (G0:0007214) s Lgi1
Inhibitory Synapse Assembly (G0:1904862) G.2

Modulation Of Chemical Synaptic Transmission (GO:0050804) Fmrt & Syt1

Chloride Transmembrane Transport (GO:1902476)
Pten Nign1
ion (GO:0097106)

ptic Density O
Y Slitrk4

Regulation Of Synapse Assembly (GO:0051963) Pppaca slitrks

0 1 2 3 4 5
-log,, P

N
o
1

mRNA level (norm.)
o
(3,
1

Gad\ @a‘ﬂ o NS N\

0.5 |

mRNA level (norm.)

0.l

Oa‘o(gq‘ Gab(\ﬂ Oa‘)(a'l Ga‘o(a'\ 5‘*’\9 1\1\‘0‘)’26

Fig. 2. GABA-related genes are downregulated in Tau mice. A, GO showing the
enriched pathways of downregulated genes in Tau mice. B, PPI network of the
downregulated genes in top GO category (GABAergic synaptic transmission)
from A. C,D, Bar graphs showing the mRNA level of GABA-related genes in wild
type (WT) and Tau mice (control: n = 6-11, AD: n = 6-12, P = 0.006 (Gadl); P
= 0.023 (Gad2); P = 0.01 (Slc6al); P = 0.042 (Slc32al); P = 0.028 (Gabrg2); P
= 0.043 (Stx1a); unpaired t-test). Data (C & D) are shown as mean + SEM. "P <
0.1, *P < 0.05, **P < 0.01.

2.4. CRISPR-based epigenetic editing of Gadl restores GABAergic
transmission and improves spatial memory in Tau mice

Next, we examined the consequences of CRISPR-based epigenetic
editing of Gad1 in vivo by injecting both dCas9P3°® and gRNA®4! (GFP-
tagged) lentiviruses bilaterally into mouse medial PFC. The viral
expression was observed throughout cingulate cortex, prelimbic and
infralimbic cortex (Fig. 5A). The significantly increased level of Gadl
expression in GFP-positive PFC dissected from the dual virus-injected
mice (Fig. 5B) indicated the validity of this approach. Patch-clamp re-
cordings indicated that Tau mice with the PFC-injection of dCas9P3%° &
gRNA®! Jentiviruses had significantly elevated GABAAR-IPSC,
compared to Tau mice injected with gRNA® alone (Fig. 5C). It sug-
gests that the diminished GABAergic transmission in Tau mice can be
restored by boosting the expression of endogenous Gad1.

We further examined the behavioral effect of CRISPR-based epige-
netic editing of Gadl in Tau mice. Our previous studies have revealed
the spatial memory deficits of Tau mice in Barnes maze (BM) tests (Cao
et al., 2023; Cao et al., 2020; Wang et al., 2021; Williams et al., 2023).
Consistently, in Tau mice (3—4 months old), we found the significantly
decreased spatial memory index, which was calculated as the ratio of
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time spent on the correct hole (T1) and the time on all incorrect holes
(T2) in BM tests (Fig. 6A). About ~1 month after bilateral injection of
dual lentiviruses (dCas9P3°° and gRNAGadl) into mPFC of Tau mice, the
spatial memory index was significantly improved, while Tau mice
injected with gRNA®!! lentivirus alone still had poor performance
indicated by the low index (Fig. 6B and C). Comparing the individuals of
pre- and post-injection testing results, we also found the significantly
higher spatial memory index in Tau mice with PFC injection of dual
lentiviruses (dCas9P3%° and gRNAGadl), but not gRNAGadl lentivirus
alone (Fig. 6D). Together, the data suggest that behavioral deficits of
Tau mice can be mitigated by elevating Gadl expression.

3. Discussion
3.1. Alterations of GABA-related genes in AD

In the study, we identified the significantly decreased expression of
GABA-related genes in AD humans, including genes encoding GABA
synthesizing enzymes (GAD1 and GAD2), marker genes of GABAergic
neuronal subtypes (SST and VIP), and some GABA, receptor genes
(GABRG2 and GABRAI). These results are congruent with previous
microarray and RNAseq studies of AD humans (Allen et al., 2016;
Govindpani et al., 2020; Wang et al., 2018; Zhang et al., 2013). In a
meta-analysis of many microarray datasets, both GAD1 and GAD2 were
found to be significantly reduced in multiple regions of AD humans (Hill
and Gammie, 2022). Single-cell RNAseq data also found the decreased
GABA-related genes in AD human PFC (Gabitto et al., 2024; Mathys
et al., 2023). These results support the hypothesis that the hyperactivity
of neural network resulting from the loss of GABAergic inhibition
(Carello-Collar et al., 2023) may occur at the early stage of AD,
contributing to the progression of the disease through excitotoxicity and
seizure episodes (Ghatak et al., 2021; Harris et al., 2020; Kazim et al.,
2021; Palop and Mucke, 2016; Vossel et al., 2017).

3.2. Functional implications of GABA-related gene alterations in AD

Mice expressing the human mutant tau gene (P301S) have detectable
synaptic loss and cognitive deficits at 3 months of age (Cao et al., 2023),
followed by tau tangle at 6 months of age in hippocampus and cortex
(Yoshiyama et al., 2007; Zhong et al., 2024). We found the significantly
reduced GABA-related genes in PFC of Tau mice, including Gad1/2,
Slc6al (encoding Gatl), Slc32al (encoding Vgat) and Gabrg2. Similarly,
in an AD mouse model with both Ap plaque and Tau tangle pathologies,
GABA, receptor subunits (Gabrg3/Gabrrl/Gabrr2) were significantly
downregulated (Mori et al., 2023).

Our electrophysiological studies found the diminished inhibitory
transmission in PFC pyramidal neurons of Tau mice. Consistently,
electroencephalography (EEG) study indicated that young but not old
mice expressing P301S Tau had hyperactive network (Van Erum et al.,
2020). Network hyperexcitability was also detected in other tauopathy
models (Garcia-Cabrero et al., 2013; Maeda et al., 2016). By contrast, in
vivo two-photon calcium imaging revealed the reduced activity of
neuronal circuits in frontal cortex of P301S tau mice (Marinkovic et al.,
2019). The discrepancy could be due to different methods used in ac-
tivity measurements. Nevertheless, since synaptic inhibition is just one
of the factors affecting neural activity, and glutamatergic transmission is
also diminished in PFC pyramidal neurons of Tau mice (Cao et al., 2020;
Wang et al., 2021; Williams et al., 2023), the final net outcome on
neuronal activity is determined by the integration of all intrinsic and
synaptic changes.

3.3. Viability of epigenetic editing as a treatment option for AD
Epigenetic editing has emerged as a specific and durable technique to

manipulate gene expression without changing the genomic DNA se-
quences for the treatment of human diseases (Cappelluti et al., 2024; Liu

Downloaded for Anonymous User (n/a) at University at Buffalo - North Campus from ClinicalKey.com by Elsevier on February
18, 2025. For personal use only. No other uses without permission. Copyright ©2025. Elsevier Inc. All rights reserved.



L. Wan et al.

>
w

WT
-o- WT
__ 5004 _¢ Tau oA 77
<
g /
5 400
80pA .
S 3004 ‘
@ /
= Kk /
S 200 ‘\
2 Kk
S 100pA |
o 1004 s y
0 T T T T

20 40 60 80
Stimulation Intensity (pA)

L
wrﬂmm MMWWT*WMMM ﬂmw
- J

20pA ‘
1s

T J‘
100 |

E

Neurobiology of Disease 206 (2025) 106826

Tau c COWT ETau
3 *
[$)
%)
o
= kS
[\
o
o
V4 l wWT ‘, Tau
: | P | e
200pA | Jﬂ / ‘,/L e
50ms | / v
‘ [100pA
50ms
COWT BETau
*
10 401
N <
8 = 30
%)
D
2 61 a
» [
5 s 20
34 3
g =
£ 0]
g 2 e
& <
0+ 0+

Fig. 3. GABAergic synaptic transmission is diminished in Tau mice. A, Input-output curves of evoked GABAAR-IPSC in PFC pyramidal neurons from WT vs. Tau mice
(WT: n = 29 cells/3 mice; Tau: n = 19 cells/3 mice, two-way rmANOVA). B, Representative GABAAR-IPSC traces at various stimulation intensities. C, Plot of paired-
pulse ratio (PPR) of GABAAR-IPSC evoked by double pulses at 25-ms interval in PFC pyramidal neurons from WT vs. Tau mice (WT: n = 9 cells/2 mice; Tau: n = 12
cells/3 mice, P = 0.037, unpaired t-test). D, E, Representative sIPSC traces and bar graphs of sIPSC amplitudes and frequencies in PFC pyramidal neurons from WT vs.
Tau mice (WT: n = 9 cells/2 mice; Tau: n = 12 cells/3 mice, amp: P = 0.26, freq: P = 0.02, unpaired t-test). All data are shown as mean + SEM. *P < 0.05, ***P

< 0.001.

and Jaenisch, 2019; Neumann et al., 2024). By fusing an engineered zinc
finger domain that binds to Dlg4/PSD95 promoter with histone meth-
yltransferase G9a, an artificial epigenetic editor (methylating H3K9)
was generated to achieve the specific repression of DIg4/PSD95, which
demonstrated the significance of Dlg4/PSD95 in aging and AD (Bustos
et al., 2017). The CRISPR-based approach can achieve the simple tar-
geting of different genomic DNAs by altering the guide sequence within
sgRNA, therefore enabling researchers to site-specifically program
epigenetic modifications to DNA and histones, resulting in the dynamic
alteration of chromatin architecture and gene transcription at specific
loci (Pulecio et al., 2017; Thakore et al., 2016).

A CRISPR/Cas9-based technique using the nuclease-null dCas9 pro-
tein fused to the catalytic core of human acetyltransferase p300 and
single guide RNA that targets specific genomic loci offers a more flexible
approach to enable gene activation via targeted histone acetylation
(Hilton et al., 2015). In this study, we have demonstrated the effec-
tiveness of this technique in elevating endogenous Gadl expression.
More importantly, we showed that elevation of Gadl using CRISPR-
based epigenome editing in Tau mice not only boosted the diminished
inhibitory synaptic transmission, but also mitigated the spatial memory
deficits. It underscores the therapeutic potential of targeting GABAergic
transmission for restoring neural network homeostasis and cognitive
functionality in AD.

Currently FDA-approved AD therapies are either acetylcholines-
terase (AChE) inhibitors or amyloid beta (Ap)-directed antibodies. AChE
inhibitors have mild effects on some symptoms without modifying the
disease progression (Marucci et al., 2021). Ap antibodies have incon-
sistent efficacy in slowing cognitive decline with the potential for serious
side effects (Rentz et al., 2024). CRISPR/dCas9-based epigenetic editing
has the advantage of enabling the precise manipulation of specific genes
endogenously. Our proof-of-concept study suggests that epigenetic
editing of key genes that are altered in AD provides a novel treatment

avenue.
3.4. Limitations of the therapeutic strategy and alternative approaches

So far there are only a few studies that have successfully used this
approach to alter gene expression especially for gene activation in brain
(Bohnsack et al., 2022; Savell et al., 2019). One possibility of this lim-
itation is the large size of dCas9P3° that prevents it from being packaged
into AAV (maximal packaging size: ~4.7 kb). In this study, we found the
improvement of synaptic and behavioral phenotypes in Tau mice with
PFC injection of dCas9P>®® and gRNA®! lentiviruses. However, the
lentivirus expression in brain is restricted to small regions and at low
levels, which reduces the effectiveness of gene upregulation with this
approach in vivo. Future studies will check whether the deactivated
Cas9 could be replaced with smaller versions such as Cas® (Pausch et al.,
2020) to accommodate packaging capacity of AAV.

Another restriction factor for the clinical utility of epigenomic edit-
ing is the potential off-targeting issue, which is particularly challenging
given our limited understanding of the mechanisms that govern epige-
netic regulation of gene expression. The transient effects of epigenomic
editing may also be a concern if sustained changes are needed. Never-
theless, with proper spatiotemporal control to minimize off-targeting
and enhance functional durability, as well as further optimization to
increase targeting specificity, expand targeting ranges, and enhance
delivery efficiency, CRISPR-based epigenomic editing will offer a
powerful tool for controlling biological function and treating diseases
(Goell and Hilton, 2021; Nakamura et al., 2021).
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Fig. 4. CRISPR/Cas9 editing of Gadl enhances its expression by increasing H3K9ac at its promoter. A, Schematic diagram showing epigenetic editing through
CRISPR/dCas9 fused with p300 core and gRNA targeting Gadl promoter located from 186 to 205 nt upstream of transcription start site (TSS). B, Bar graphs showing
the mRNA level of Gadl and 3 other potential off-target genes (Dgat1, Kcnip3, Lrp2) in N2a cells transfected with gRNA®?41&dCas9P*%° or two controls (gRNAS?!
alone, dCas9P>% alone) (n = 4/group; P < 0.001, gRNA®21&dCas9oP3?° vs. gRNASL P < 0.01, gRNAS* & dCas9oP3 vs. dCas9P>*°, one-way ANOVA). Inset: A
representative image of N2a cells transfected with dCas9P*° and gRNA®®d! (GFP-tagged) plasmids for 48 h. Scale bar: 100 pm. C, ChIP-seq landscape showing the
occupancy of H3K9ac, H3K27ac, and H3K4me3 at Gadl promotor region. The location of primers used in ChIP assays is highlighted with orange. D, ChIP assay data
showing H3k9ac levels at Gadl promotor in N2a cells transfected with gRNA®I! alone or gRNA®*41&dCas9P3°° plasmids (n = 4/group, t-test). IgG control is also

shown. All data are shown as mean + SEM. **P < 0.01, ***P < 0.001.

4. Materials and methods
4.1. Animals and human postmortem brain tissue

All experiments were performed with the approval of the State
University of New York at Buffalo IACUC Committee. The PS19 mouse
line harboring the T34 isoform of microtubule-associated protein tau
encoding the human P301S mutation (Yoshiyama et al., 2007) was
maintained as we previously described (Cao et al., 2020; Wang et al.,
2021; Williams et al., 2023). Both male and female P301S mice (3-6
months old) and age-matched WT littermates were used. There were no
sex-dependent effects in our measurements, so data from both males and
females were pooled together.

Postmortem human frontal cortex (Brodmann’s area 10) from AD
patients and control subjects was provided by NeuroBioBank of National
Institutes of Health (NIH), as used in our previous studies (Cao et al.,
2020; Williams et al., 2023). Information about these individuals was
included in Sup. Table 4. The average age was 78, and most AD cases
were at Braak Stage 5-6. Upon arrival, tissue was stored in a — 80 °C
freezer.

4.2. Bioinformatic analysis

AD human microarray dataset (Zhang et al., 2013) and RNAseq

datasets from Mayo Clinic and Mount Sinai (Allen et al., 2016; Wang
et al., 2018), as well as AD mouse (P301S Tau) RNA-seq dataset
(GSE129797) (Wu et al., 2019), were used for bioinformatic analyses.
SYNGO [https://www.syngoportal.org/] (Koopmans et al., 2019) was
used to examine the enrichment of genes associated with synapses.
EnrichR [https://maayanlab.cloud/Enrichr/] (Kuleshov et al., 2016; Xie
etal., 2021) was used to identify enriched categories of the differentially
expressed genes (DEGs). String database [https://string.db] (Szklarczyk
et al.,, 2021) was used to create protein-protein interaction (PPI) net-
works. Gene expression changes across AD pseudo-progression in
different cell types were obtained from Seattle Alzheimer’s Disease
Brain Cell Atlas (SEA-AD) [https://sea-ad.shinyapps.io/ad_gene_traje
ctories/].

4.3. Plasmids construction

Single guide RNA (sgRNA) against mouse Gadl promoter (fwd: 5'-
caccgCTGGTCGCAAACCCGTGAGC-3, rev: 5'- aaacGCT-
CACGGGTTTGCGACCAGc-3) was designed with filtering tools
[https://crispor.gi.ucsc.edu/crispor.py]l. To generate the sgRNA
plasmid, oligonucleotides were annealed in the following reaction: 10
uM guide sequence oligo, 10 pM reverse complement oligo, T4 ligation
buffer (1x), and 5 U of T4 polynucleotide kinase (NEB) with the cycling
parameters of 37 °C for 30 min; 95 °C for 5 min and then ramp down to
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Fig. 5. CRISPR/Cas9 editing of Gadl elevates gene expression and restores
GABAergic synaptic currents in Tau mice. A, Images of PFC slices from Tau
mice with the stereotaxic injection of gRNA%4! (GFP-tagged) and dCas9P>°°
lentiviruses. Inset: confocal images of PFC GFP+ cells. B, Bar graphs showing
the mRNA level of Gadl in PFC of mice with stereotaxic injection of gRNA-
Gadl g 4Cas9P3% lentiviruses or gRNA%! alone (gRNA®*l: n = 4, gRNA-
Gadlg 4Cas9P®: n = 3, P = 0.03, t-test). C, Input-output curves of evoked
GABAAR-IPSC in PFC pyramidal neurons from WT and Tau mice injected with
gRNA%1&dCas9P3° lentiviruses or gRNA%! alone (WT + gRNA®!: n = 9
cells/3 mice; Tau+gRNA®!: n = 10 cells/3 mice; Tau+gRNA%4&dCas9P3°0:
n = 13 cells/4 mice. ** P < 0.01; ***P < 0.001, two-way rmANOVA, black:
Tau+gRNA%! vs. WT + gRNA®L; red: Tau+gRNA®! vs. Tau+gRNA-
Gadlg 4Cas9P3*). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

25 °C at 5 °C/min. The annealed oligos were cloned into the sgRNA
vectors using Golden Gate Assembly strategy including: 100 ng circular
sgRNA vector plasmid (Addgene, #138461), 0.2 pM annealed oligos, 1
T4 DNA ligase buffer (NEB), 20 U of BbsI-v2 restriction enzyme (NEB),
and 750 U of T4 DNA ligase (NEB) with the cycling parameters of 20
cycles at 42 °C for 5 min, 20 °C for 5 min, followed by 60 °C incubation
for 20 min. The product was transformed into competent E. coli cells
(Thermo Stbl3 or NEB Stable). Insertion of sgRNA was validated by
Sanger sequencing. Plasmid used for expression of dCas9P3°° was ob-
tained from Addgene (#83889).

4.4. N2a cell culture and transfection

Mouse neuroblastoma (N2a) cells were obtained from ATCC (#CCL-
131) and were routinely cultured in Dulbecco’s Modified Eagle Medium
(DMEM, gibco, # 11995-065) containing 10 % fetal bovine serum
(56 °C heated for 30 min, gibco #A5256801), 1 % penicillin/strepto-
mycin (gibco, 10378-016) and maintained in a 5 % CO3, 95 % air hu-
midified incubator at 37 °C. Cells were passaged every three days.

CRISPR/Cas9 and sgRNA plasmids were transfected into N2a cells
using the lipofectamine 3000 transfection reagent (Thermo Scientific,
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Fig. 6. CRISPR/Cas9 editing of Gadl ameliorates cognitive deficits in Tau
mice. A, Bar graphs showing the spatial memory index (T1/T2) in Barnes Maze
(BM) tests of WT vs. Tau mice (WT: 1.23 4 0.17, n = 21, Tau: 0.56 & 0.06, n =
34, P = 0.0008, t-test). B, Bar graphs showing T1/T2 in BM tests of Tau mice
with PFC injection of gRNA%'&dCas9P3* lentiviruses or gRNAS! alone
(Tau+gRNA®!: 0.42 + 0.07, n = 11, Tau+gRNA®*41&dCas9P>°%: 1.01 + 0.26,
n=17,P = 0.039, t-test). C, Representative heatmaps of each group from A and
B. D, Plot of BM spatial memory index in Tau mice at pre- and post-injection of
gRNAC41 g dCasoP3%° lentiviruses or gRNA®?! alone (Tau+gRNA%: 0.61 +
0.06 (pre); 0.49 + 0.09 (post), n = 9, P = 0.27; Tau+gRNA%&dCas9P3;
0.43 £ 0.06 (pre); 1.02 + 0.19 (post), n = 9, P = 0.02, paired t-tests). All data
are shown as mean + SEM. *P < 0.05; ***P < 0.001.

L3000015) according to the manufacturer’s manual. Briefly, 70,000
cells were seeded in 12-well plate per well and cultured overnight (~70
% confluency). Before transfection, cells were changed with the fresh
medium. For each well, 100 pl opti-MEM Medium, 1 or 2 pg DNA (1 pg
sgRNA%! plasmid mixed with 1 pg dCad9P>® plasmid for dual trans-
fection; 1 pg ngNAGadl plasmid alone or 1 pg dCad9P3°° plasmid alone
for single transfection), 2 pl P3000 reagent and 1.5 pl Lipofectamine
3000 reagent were used. The medium containing the transfection solu-
tion was replaced with fresh medium after overnight incubation and the
transfection efficiency was determined using EVOS Cell Imaging Sys-
tems (Thermo Scientific) at 48 h after transfection before immediate
harvesting. The transfection efficiency was 60 %-70 %.

4.5. Quantitative real-time PCR

Total RNA was isolated with Trizol reagent (Invitrogen, 15596026).
iScriptTM cDNA synthesis Kit (Bio-Rad, 1708891) was used to obtain
cDNA from the mRNA. Quantitative real-time PCR was carried out using
the CFX Connect Real-Time PCR Detection System and iQ™ SYBR®
Green Supermix (Bio-Rad, 1708882). GAPDH was used as the house-
keeping gene for quantitation of the expression of target genes. A total
reaction mixture of 20 pl was amplified in a 96-well thin-well PCR plate
(Bio-Rad, HSP9601) using the following PCR cycling parameters: 95 °C
for 3 min followed by 39 cycles of 95 °C for 15 s, 60 °C for 45 s, and
followed by melt curve analysis with 55-95 °C, 0.5 °C increment, and 5
s/step. Fold changes in the target genes were calculated as following:
ACt = Ct(target) — Ct(GAPDH), and A(ACt) = ACt(Tau mice) — mean ACt
(WT mice), and Fold change = 2784C) T4 find out potential off-targets
of Gadl sgRNA, we employed the CRISPR-Cas9 guide RNA design
checker tool [https://www.idtdna.com/site/order/designtool/index/
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CRISPR_CUSTOM]. Those genes with their promoters having <4
nucleotide (nt) mismatches compared to Gadl sgRNA guide sequence
(20-nt) were included as potential off-targets for further examination.
All primers used are included in Sup. Table 5.

4.6. Western blot

Frontal cortical tissues (50 mg) from human subjects were homog-
enized with 1 % Sodium Dodecyl Sulfate (SDS) lysis buffer (350 pl)
containing protease inhibitor (Thermo Scientific, A32953). The ho-
mogenate was boiled for 10min and followed by centrifugation at
17,000 xg, 4°C for 15min. The supernatant was collected and used for
quantification with the Pierce™ BCA protein assay kit (Thermo Scien-
tific, 23227).

Protein from each sample (10 or 20 pg) was boiled for 10 min in 4x
loading buffer (0.25 M Tris-HCI (pH 6.8), 8 % (w/v) SDS, 40 % (v/v)
Glycerol, 0.02 % (w/v) Bromophenol Blue, 5 % 2-mercaptoethanol) and
loaded onto a 10 % SDS-PAGE gel for electrophoresis. Proteins were
transferred onto nitrocellulose membrane using the Trans-Blot Turbo
Transfer System (Bio-Rad). Membranes were incubated with non-fat
milk to block non-specific background, then were incubated with a
primary antibody (anti-GAD67, Cell Signaling #41318, 1:1000, or anti-
GAPDH, Cell Signaling #5174, 1:2000) at 4 °C overnight. After washing
with TBST buffer three times, membranes were blotted with a secondary
antibody (anti-mouse 1:2000, GE Lifesciences, NA931, or anti-rabbit
1:2000, GE Lifesciences, NA934) IgG coupled to peroxidase at room
temperature for 1 h. After washing, ECL (SuperSignal West-Pico
#34577, Thermo Fisher, Waltham, MA, USA) was used to develop
membranes. The Integrated Density of each band was measured with
ImageJ software.

4.7. Animal surgery

Lenti viral particles (sgRNA®: 3 x 109 IU/ml; dCas9P**%: 4 x 10°8
IU/ml) were produced by the viral core center of Emory University. Mice
were anesthetized with Ketamine/ xylazine and placed on stereotaxic
apparatus (Stoelting, 51730D). Bilateral stereotaxic injection of lenti-
virus sgRNA®! (0.75 pL per hemisphere) or sgRNA®24 &dCasoP3%° (1:1
mixture, 1.5 pL per hemisphere) into PFC (2.0 mm anterior to bregma;
0.3 mm lateral and 2.0 mm dorsal to ventral) was performed with a
Hamilton syringe (gauge 31) at a speed of 0.1 pl/min. After injection, the
needle was kept in place for an additional 10 min. All experiments were
conducted 2-4 weeks after surgery.

4.8. Electrophysiological recordings

Mice were rapidly decapitated after being anesthetized with iso-
flurane. Brains were quickly removed and submerged into the ice-cold
sucrose solution (in mM: 234 sucrose, 4 MgSOg4, 2.5 KCI, 1 NaH5POy4,
0.1 CaCly, 15 HEPES, 11 glucose). Coronal slices (300 pm) were cut on a
vibratome (Leica VT1000s), then transferred into oxygenated artificial
cerebrospinal fluid (ACSF) (in mM: 130 NaCl, 26 NaHCOs3, 3 KCl, 5
MgCl,, 1.25 NaH3POy4, 1 CaCly, 10 Glucose), and kept at 32 °C for 1 h
and then at the room temperature (22-24 °C) for 1-4 h. For recordings,
the slice was positioned in a perfusion chamber attached to the fixed
stage of an upright microscope (Olympus) and submerged in continu-
ously flowing oxygenated ACSF. Whole-cell patch-clamp experiments
were performed with a Multiclamp 700 A amplifier and Digidata 1322 A
data acquisition system (Molecular Devices). Neurons were visualized
with the infrared differential interference contrast video microscopy.
Data were acquired using the software Clampex 9.2 (Molecular Device).
Recording electrodes were pulled from borosilicate glass capillaries
(1.5/0.86 mm OD/ID) with a micropipette puller (Sutter Instrument, P-
97). The resistance of patch electrode was ~3 MQ.

As we previously described (Cao et al., 2020; Qin et al., 2021; Wang
et al.,, 2021; Zheng et al., 2019), whole-cell voltage-clamp recordings
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were used to measure synaptic currents in medial PFC layer V pyramidal
neurons. For GABAAR-IPSC recordings, the internal solution contained
(in mM) 100 CsCl, 30 N-methyl-D-glucamine, 10 HEPES, 4 NaCl, 1
MgCly, 5 EGTA, 2 QX-314, 12 phosphocreatine, 5 MgATP, 0.5 NayGTP,
pH 7.2-7.3, 265-270 mOsm. D-APV (25 pM) and CNQX (20 pM) were
added to ACSF. Neurons were held at —70 mV. Evoked IPSC was elicited
by a series of current pulses (40-80pA, delivered at 0.05Hz) from S48
stimulator (Grass Technologies) via a bipolar stimulating electrode
(FHC) that placed ~100 pm apart from the recording neuron. Paired-
pulse ratio (PPR) was evoked by two pulses with various intervals
(25-200 ms).

4.9. Chromatin immunoprecipitation (CHIP)

ChIP assay was performed as we previously described (Qin et al.,
2021; Zheng et al., 2019). After 48 h of transfection, N2a cells were
collected in 250 pl ice cold bouncing buffer (10 mM Tris-HCl, pH 7.5, 4
mM MgCl,, 1 mM CaCl,) and homogenized with 1 ml 26-gauge syringe
for 6 times. The homogenized sample was incubated with micrococcal
nuclease (5 U/ml, Sigma, N5386) for 7 min at 37 °C and terminated by
adding EDTA (10 mM, Invitrogen, 15575-038). The samples were
incubated with 0.4 ml hypotonic lysis buffer (10 mM Tris-HCl, pH 7.4,
0.2 mM EDTA, pH 8.0, 50 mM NaCl, 0.1 mM benzamidine, 0.1 mM
PMSF, 50 % Glycerol, 0.1 mM PMSF and 1.5 mM DTT) with protease
inhibitor on ice for 1 h with brief vortex every 10 min. The supernatant
was collected after centrifugation at 3000 xg for 5 min at 4 °C. After
adding 10 x incubation buffer (50 mM EDTA, 200 mM Tris-HCI, 500
mM NaCl), 10 % supernatant was saved as input control. To reduce
nonspecific background, the supernatant was pre-cleared with 60 pl
salmon sperm DNA/protein A agarose-50 % slurry (Millipore, 16-157)
for 1 h at 4 °C with agitation. The pre-cleared supernatant was incubated
with antibodies against H3K9ac (Cell Signaling, 9649) or Rabbit IgG
(Sigma Aldrich, 12-370) (4 pg per reaction) overnight at 4 °C under
constant rotation, followed by incubation with 60 pl Salmon Sperm
DNA/Protein A agarose 50 % Slurry for 2 h at 4 °C. After washing with
Low salt wash buffer, High salt wash buffer, LiCl wash buffer and TE
buffer (twice), bound complex was eluted twice from the beads by
incubating with the elution buffer (1 % SDS, 0.1 M NaHCO3) at room
temperature. EDTA (0.5 M, 8 ul), NaCl (5 M, 16 pl), Tris-HCI (10 mM, 16
pl, pH 7.4), RNaseA (10 mg/ml, 0.4 ul) and proteinase K (20 mg/ml, 0.8
pl, Thermo Fisher, EO0491) were used to combine eluates and inputs
and incubated for 1 h at 60 °C. Immunoprecipitated DNA and input DNA
were purified by QIAquick PCR purification Kit (Qiagen, 28104). Buffer
EB (30 pl, Qiagen, 19086) was used for DNA dissolution. Oligos used in
ChIP-qPCR were designed against Gadl promoter region (Forward: 5’-
TTAGCTGTGAGCCTCACTCG, Reverse: 5’-ACCGAAGTCTCGGAGACA-
GAA). Quantification of ChIP signals was calculated as % input.

4.10. Behavioral testing

Barnes maze (BM) test was carried out as we previously described
(Cao et al., 2020; Wang et al., 2021; Williams et al., 2023; Zheng et al.,
2019). In brief, mice were transferred to dim lighted testing room for
one-hour habituation. Then the mouse was placed on a round platform
with eight equally spaced holes at the edge, one of which was attached
with an escape box at the bottom (correct hole). Signs of different colors
and shapes on the surrounding walls were used as visual cues. A strong
light was shed on the platform as a stimulation to increase the motiva-
tion of escaping. Each mouse had 3 learning phases (5-min interval) to
find the correct hole based on the visual cues and enter the escape box.
Then, the mouse had a 15-min rest in a holding cage. In the testing phase
(5-min), the escape box was removed, the mouse was put back on the
platform, and the time spent on the correct hole (T1) and the other seven
incorrect holes (T2) were recorded. Spatial memory index was calcu-
lated as T1/T2.
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4.11. Statistical analysis

Data were analyzed with GraphPad Prism 7 (GraphPad), Clampfit
(Molecular Devices, Sunnyvale, CA), and Mini analysis (Synaptosoft,
NJ). All values were means + SEM. Differences between two groups
were assessed with unpaired two-tailed Student’s t-test unless otherwise
stated. Differences between more than two groups were assessed with
one-way or two-way ANOVA, followed by post hoc Bonferroni tests for
multiple comparisons.
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