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Targeted transcriptional modulation in the central nervous sys-
tem (CNS) can be achieved by adeno-associated virus (AAV) de-
livery of CRISPR activation (CRISPRa) and interference
(CRISPRi) transgenes. To enable AAV packaging, we con-
structed minimal CRISPRa and CRISPRi transgenes by fusing
catalytically inactive Staphylococcus aureus Cas9 (dSaCas9) to
the transcriptional activator (VP64 and VP160) and repressor
(KRAB and SID4X) domains along with truncated regulatory
elements. We then evaluated the performance of these con-
structs in two reporter assays (bioluminescent and fluorescent),
five endogenous genes (Camk2a, Mycn, Nrf2, Keap1, and
PDGFRA), and two cell lines (neuro-2a [N2a] and U87) by tar-
geting the promoter and/or enhancer regions. To enable sys-
temic delivery of AAVs to the CNS, we have also generated an
AAV1-PHP.B by inserting a 7-mer PHP.B peptide on AAV1
capsid. We showed that AAV1-PHP.B can efficiently cross the
blood-brain barrier (BBB) and be taken up by the brain tissue
upon lateral tail vein injection in mice. Importantly, a single-
dose intravenous administration of AAV1-PHP.B expressing
CRISPRa was shown to achieve targeted transgene activation
in the mouse brain. This proof-of-concept study will contribute
to the development of a non-invasive, specific and potent AAV-
CRISPR system for correcting transcriptional misregulation in
broad brain areas and multiple neuroanatomical structures.

INTRODUCTION
CRISPR technology has become the preferred platform for modifica-
tions of the target DNA sequence such as gene knockout1,2 and gene
knockin3 in the genome of a living organism. A major addition to the
CRISPR toolbox was the discovery of smaller-size Cas9 variants such
as Staphylococcus aureus Cas9 (SaCas9) that has the capability to
edit the genomewith efficiency and specificity similar to the commonly
used Streptococcus pyogenes Cas9 (SpCas9).4 Based on homology to
nuclease-dead SpCas9 (also known as dCas9, contains D10A and
H840A mutations), a catalytically inactive SaCas9 (dSaCas9) was
derived by introducing two mutations, D10A and N580A, on the
SaCas9.4 Similar to dSpCas9, dSaCas9 can be fused to a transcriptional
activator (e.g., VP645) or repressor (e.g., KRAB6) domain for targeted
modulation of gene expression. Owing to the large size of a dSpCas9
fusion protein, dSaCas9 can help to circumvent the issue of adeno-asso-
Molecular T
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ciated virus (AAV)applicationsby enablingdelivery of a dSaCas9-fused
effector domain and its single-guide RNA (sgRNA) in a single AAV
vector. The development of an all-in-one AAV vector system can
simplify the AAV production and improve gene modulation efficiency
by ensuring delivery of all CRISPR components into individual cells.

AAV provides one of the most suitable viral vectors to package,
deliver, and express CRISPR components in vivo owing to its good
safety profile and promising therapeutic efficacy shown in a wide range
of animal models and human clinical trials.7–9 In addition, AAV elicits
a very mild immune response in vivo, and it rarely causes unwanted
integration events in the host genome.7 However, most of the
commonly used natural AAV serotypes (including AAV1) are ineffi-
cient in crossing blood-brain barriers and have low transduction effi-
ciency in vivo. One of the possible ways to overcome these limitations
is to de-target the native AAV tropism through genetic modification of
the AAV capsids. For example, AAV9-PHP.B is one of themost prom-
ising AAVmutants engineered to date for systemic gene delivery to the
CNS. AAV9-PHP.Bwas generated by inserting a 7-mer PHP.B peptide
on the wild-type AAV9 capsid.10 Compared to the native AAV9,
AAV9-PHP.B transduced human neurons and astrocytes more effi-
ciently.10 It also enabled more efficient and widespread transduction
in the adult mouse CNS after intravenous injection.10 Therefore, we
envisioned to investigate whether the enhanced blood-brain barrier
crossing of PHP.B modification could be extended to other AAV
serotypes, such as AAV1. The capsid of AAV1 has been genetically
modified to improve AAV1 transduction efficiency in cultured motor
neurons11 and neuroblastoma12 and glioblastoma13 cells. AAV1 is also
one of the most commonly used AAV serotypes for transduction of
brain tissue via stereotactic injection.14,15

In this study, we have developed a series of all-in-one CRISPR activa-
tion (CRISPRa) and interference (CRISPRi) expression cassettes,
which have an accumulated transgene size within the 4.7-kb
herapy: Nucleic Acids Vol. 16 June 2019 ª 2019 The Authors. 637
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Figure 1. Constructions of Minimal CRISPRa and CRISPRi Transgenes into

pAAV Vector Backbone

To achieve efficient packaging of dSaCas9 fusion proteins and its sgRNA in a single

AAV vector, a truncated version of the mouse Mecp2 brain-specific promoter

(235 bp, pMecp2); a minimal polyadenylation signal (48 bp, spA); and the smallest

version of the transcriptional regulator domain, such as VP64 activator (156 bp),

VP160 activator (390 bp), KRAB repressor (227 bp), and SID4X repressor (432 bp),

were used.
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AAV-packaging capacity. We first validated the performance of these
plasmid constructs using bicistronic infrared-GFP fluorescent and
luciferase bioluminescence reporter assays. We then transfected these
CRISPRa and CRISPRi constructs into two different cell lines for
modulating the cis-regulatory elements (e.g., promoter and enhancer)
of five endogenous genes (Camk2a, Mycn, Nrf2, Keap1, and
PDGFRA). Next, we genetically modified native AAV1 to AAV1-
PHP.B by inserting 7-mer PHP.B peptides on the AAV1 capsid.
We then evaluated the transduction efficiency of this AAV1-PHP.B
vector by using it to package the bicistronic infrared-GFP fluorescent
reporters for delivery in vitro. These vectors were finally intravenously
injected into the adult mice to track their localization and accumula-
tion in the brain tissue. To demonstrate targeted transgene activation
in the brain tissue, we also intravenously injected this AAV reporter
vector together with another AAV1-PHP.B vector carrying CRISPRa
into the mice.

RESULTS
Construction of Minimal CRISPRa and CRISPRi Transgenes

Figure 1 illustrates the AAV-compatible CRISPRa and CRISPRi
transgenes that have been constructed in this study. To achieve effi-
cient packaging of the dSaCas9-fused effector domain and its sgRNA
into a single AAV vector, a truncated version of the mouse Mecp2
promoter (235 bp, pMecp2); a minimal polyadenylation signal
(48 bp, synthetic polyadenylation signal [spA]); and the smallest
version of previously characterized chromatin catalytic domains
such as VP64 activator (156 bp), VP160 activator (390 bp), KRAB
repressor (227 bp), and SID4X repressor (432 bp) were used. The
minimal pMecp2 promoter and the spA polyadenylation signal
were recently shown capable of inducing robust transgene expression
in primary mouse cortical neurons and mammalian brain.16 Several
more potent transcriptional repressors (e.g., DNMT3A,17 histone de-
acetylase [HDAC],18 and LSD119) and activators (e.g., VP64-p65-Rta
[VPR],20 TET1,21 and P30022) have been reported recently, however,
their large size has ruled out the possibility of co-packaging themwith
dSaCas9 and its sgRNA into a single AAV vector.
638 Molecular Therapy: Nucleic Acids Vol. 16 June 2019
Validation of CRISPRa and CRISPRi Functions Using Luciferase

Reporter Assay

Super-enhancers are large clusters of transcriptional enhancers in
close genomic proximity with unusually high levels of master regula-
tors and mediator binding that play key roles in human cell identity,
both in health and diseases.23 By analyzing the H3K27ac and MED1
enhancer marks of the major genes associated with the development
of the nervous system and neuronal functions in the super-enhancer
databases (dbSUPER and Super-Enhancer Archive [SEA]), we iden-
tified a putative super-enhancer region at the upstream of alpha CaM-
KII gene in mice. Therefore, the sgRNAs were designed to target the
super-enhancer of mouse alpha CaMKII in the luciferase reporter
assay. Alpha CaMKII is a neuronal-specific protein prominent in
the cerebral cortex that plays key roles in neurotransmitter release,
hippocampal synaptic plasticity, long-term potentiation, memory
formation, learning, and cognitive function.24,25 We classified the
alpha CaMKII intergenic super-enhancer into proximal and distal su-
per-enhancers based on two distinct clusters of transcriptional
factories, DNaseI hypersensitivity and chromatin marks (H3K27ac
and H3K4me1) in the mouse cerebral cortex, with the former closer
to the alpha CaMKII promoter.

To examine the alpha CaMKII super-enhancer activity (Luc3), we
inserted the full length of the intergenic super-enhancer upstream
of the alpha CaMKII promoter and luciferase reporter gene
(Figure 2A). As a positive control (Luc2), the well-characterized
1.3-kb alpha CaMKII promoter was inserted upstream of the lucif-
erase vector. Three different sgRNAs of CRISPRa or CRISPRi trans-
genes were designed to target the alpha CaMKII promoter, and six
sgRNAs were designed to target different regions of the intergenic
super-enhancer. Multiple transcriptional regulator domains local-
ized to the promoter were shown to synergistically enhance gene
activation (Figure 2B). Similar results were obtained with the inter-
genic super-enhancer (Figure 2C). Simultaneous modulation of the
promoter and super-enhancer by nine different CRISPRas resulted
in the highest activation of luciferase activity. Importantly, the
data from this luciferase reporter assay confirmed the functionality
of our newly constructed dSaCas9-VP64, dSaCas9-VP160, dSaCas9-
KRAB, and dSaCas9-SID4X.

Modulation of Endogenous Alpha CaMKII Promoter and

Super-Enhancer by CRISPRa and CRISPRi

The same set of sgRNAs from the luciferase reporter assay was used to
modulate the endogenous alpha CaMKII promoter and super-
enhancer in mouse neuro-2a (N2a) cells (Figure 3A). In this case,
only dSaCas9-VP160 activator and dSaCas9-KRAB repressor were
tested. Plasmid transfection with dSaCas9 fusion proteins targeting
a single DNA site (only one sgRNA) had no effect on alpha CaMKII
transcriptional activity, which was similar to the results using GFP
control plasmid and dSaCas9 fusion proteins with empty sgRNA.
Nevertheless, co-transfection of multiple dSaCas9-VP160 at different
sites could effectively upregulate alpha CaMKII expression levels in
N2a cells (Figure 3B). The activation effect was strongest on the
promoter, followed by the proximal and distal super-enhancers.



Figure 2. Activation and Repression of Luciferase Activity in Mouse N2a Cells Mediated by Various Minimal CRISPRa and CRISPRi Transgenes

(A) Luciferase reporter vector construction. Luc1 is the promoterless pGL4.10[luc2] background control. Luc2 is a modified Luc1 vector that has been inserted with 1.3-kb

mouse alpha CaMKII promoter amplified from the genomic DNA of N2a cells. Luc3 is a modified Luc1 vector that has been inserted with 6.8-kb mouse alpha CaMKII

promoter and intergenic super-enhancer regions amplified from the genomic DNA of N2a cells. TK-Renilla was used as an internal normalization control in all luciferase

reporter assay experiments. (B) Luciferase activity with dSaCas9-fused activators and repressors targeting mouse alpha CaMKII promoter. The CRISPRa or CRISPRi

transgenes targeting the mouse alpha CaMKII promoter were co-transfected with Luc2 vector and TK-Renilla control vector. Three sgRNAs were designed to target three

different binding sites on the promoter (Pm). Luciferase activities weremeasured when the CRISPRa or CRISPRi transgenes were used singly (site 1, 2, or 3) or in combination

(sites 1, 2, and 3). (C) Luciferase activity with dSaCas9-fused activators and repressors targeting mouse alpha CaMKII promoter and intergenic super-enhancer. The sgRNAs

(legend continued on next page)
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Similar to the luciferase reporter data, the highest activation effect was
observed by simultaneously targeting the promoter and super-
enhancer regions. However, dSaCas9-KRAB downregulated (14%)
the alpha CaMKII expression level only by designing sgRNAs to
target the promoter region (Figure 3C). Therefore, we designed the
sgRNAs of dSaCas9-KRAB to target the gene body (downstream of
the promoter) in the subsequent experiments. In addition, the dSa-
Cas9 alone had no impact on the alpha CaMKII expression (Fig-
ure 3D). The protein expression data of alpha CaMKII in western
blot was highly consistent with the mRNA expression data (Fig-
ure 3E), confirming the modulation effect on cis-regulatory elements
mediated by our minimal CRISPRa and CRISPRi transgenes. We also
used SaCas9s to knock out the protein-coding region of alpha
CaMKII in order to validate alpha CaMKII antibody specificity (Fig-
ure 3E). A strong downregulation of protein level was detected by
western blot after the knockout of alpha CaMKII in N2a cells.

Modulation of Endogenous Promoters of PDGFRA, Mycn, Nrf2,

and Keap1

We further validated the effectiveness of dSaCas9-VP64 activator and
dSaCas9-KRAB repressor by designing sgRNAs to target the pro-
moter of four additional endogenous genes (PDGFRA in human
U87 cells; Mycn, Nrf2, and Keap1 in mouse N2a cells) (Figure 4).
PDGFRA is a receptor tyrosine kinase gene and prominent glioma
oncogene that is frequently mutated, amplified, or overexpressed in
glioblastomas.26 Mycn is a proto-oncogene that is frequently ampli-
fied and overexpressed in neuroblastoma.27 Also, poor prognosis
and treatment failure in patients with neuroblastoma were often asso-
ciated with the amplification ofMYCN.27 Nrf2 transcription factor is
encoded by NFE2L2, which can regulate hundreds of genes involved
in the cytoprotective response against oxidative stress by binding to
the antioxidant response element (ARE) in their upstream promoter
region.28 As a major regulator of oxidative stress defense in the
human body, many pharmacological drugs in pre-clinical testing
have been developed to target and activate NFE2L2 for the treatment
of human neurodegenerative diseases, including Alzheimer disease29

and Parkinson’s disease.30 Under normal condition, Nrf2 gene
expression is repressed by a negative regulator Keap1. When cells
are exposed to oxidative stress, Nrf2 escapes Keap1-mediated repres-
sion and activates ARE-dependent detoxifying and antioxidant gene
cells.31 Therefore, activatingNrf2 or repressing Keap1 to activate neu-
roprotective pathways can ameliorate the pathogenesis of neurode-
generative diseases.

Three different sgRNAs of dSaCas9-VP64 activator or dSaCas9-
KRAB repressor were designed to target the promoter of each gene.
Designing sgRNAs of dSaCas9-VP64 to target the Mycn promoter
effectively upregulated the Mycn expression level (Figure 4A).
However, dSaCas9-KRAB had no significant effect on the Mycn
targeting mouse alpha CaMKII promoter and intergenic super-enhancer were co-transfe

designed to target three different binding sites on the promoters (Pm), three on proximal (

were normalized to the corresponding empty sgRNA. The statistical significance levels f

All data are presented as mean ± SD (n = 4).
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expression, probably due to the amplification of this gene in neuro-
blastoma cells. In addition, we successfully used dSaCas9-VP64 and
dSaCas9-KRAB to robustly upregulate Nrf2 (Figure 4B) and downre-
gulate Keap1 (Figure 4C) in N2a cells, respectively. Weaker but statis-
tically significant repression of Nrf2 (by 26%) and activation of Keap1
(by 31%), respectively, were also observed. We also designed sgRNAs
to target the PDGFRA gene in human U87 glioblastoma cells (Fig-
ure 4D). dSaCas9-VP64 and dSaCas9-KRAB effectively upregulated
and downregulated PDGFRA expression level in U87 cells, respec-
tively. Taken together, dSaCas9-VP64 activator and dSaCas9-KRAB
repressor could effectively modulate endogenous expression levels
of these four genes, albeit to varying extents.

Validation of CRISPRa Function Using Bicistronic Fluorescent

Reporter Vectors

To enable in vivo and ex vivo imaging of brain tissue, we have con-
structed plasmid AAV (pAAV)-based bicistronic fluorescent reporter
vectors that can co-express iRFP720 and GFP trangenes driven by
three different promoters, including mouse methyl CpG-binding pro-
tein 2 promoter (pMecp2), human synapsin 1 promoter (pSyn1), and
cytomegalovirus promoter (pCMV) (Figure S1A). Near-infrared fluo-
rescent proteins (iRFPs) derived from bacterial phytochrome photo-
receptors are potentially useful for in vivo whole-body imaging due to
their deep tissue penetration capacity, low autofluorescence, and
light-scattering effects.32,33 In contrast to the widely used luciferase
reporter, iRFP does not require an exogenous supply of the chromo-
phore biliverdin to fluoresce in mammalian tissues.32,33 Flow cytom-
etry analysis revealed no fluorescence spillover between iRFP720
and GFP proteins; thus, both of these fluorescent proteins could be
co-expressed for detection (Figure S1B). The neuron-specific pMecp2
was used to confirm the functionality of this promoter in driving the
expression of CRISPR components in mouse neuroblastoma cells and
brain tissue.

To further confirm the luciferase reporter data of dSaCas9-VP64, we
designed sgRNAs to target three different sites on pSyn1 (Figure S2A).
To avoid targeting the mouse genome in N2a cells and brain
tissue, the sgRNAs were designed to target the human pSyn1 instead
of the mouse neuron-specific promoters, such as pMecp2 and
pCaMKIIa. Again, the data from fluorescent microscope imaging
of cells confirmed the functionality of dSaCas9-VP64 in activating
gene expression (Figure S2B). Co-transfection of dSaCas9-VP64s
with three different sgRNAs resulted in the highest increase in
iRFP720 and GFP expressions.

Validation of AAV1-PHP.B Transduction Efficiency in Brain

Tissue Using Bicistronic Fluorescent Reporter Vectors

To enable blood-brain barrier (BBB) crossing and improve the trans-
duction efficiency in brain tissue, we genetically modified the AAV1
cted with the Luc3 vector and TK-Renilla control vector. A total of nine sgRNAs was

SEP) and three on distal intergenic super-enhancer sites (SED). All luciferase activities

rom control (empty sgRNA) are indicated as *p < 0.05, **p < 0.01, and ***p < 0.001.



Figure 3. Modulation of Endogenous Alpha CaMKII Expressions by Using Minimal CRISPRa and CRISPRi Transgenes Targeting Super-Enhancer and

Promoter in Mouse N2a Cells

(A) sgRNA target sites on super-enhancer and promoter of mouse alpha CaMKII. The locations of nine different sgRNA target sites designed to target the promoter (Pm),

proximal super-enhancer (SEP), and distal super-enhancer (SED) are shown. Red arrows indicate the sense or antisense orientation of sgRNAs designed to recognize target

DNA sequences. (B) dSaCas9-VP160-mediated activation of endogenous alpha CaMKII mRNA level in mouse N2a cells. Nine dSaCas9-VP160 activators were designed to

target the Pm, SEP, and SED. Expression levels of alpha CaMKII in N2a cells are shown. (C) dSaCas9-KRAB-mediated repression of endogenous alpha CaMKII mRNA level in

mouse N2a cells. Nine dSaCas9-KRAB repressors were designed to target the Pm, SEP, and SED. Expression levels of alpha CaMKII in N2a cells are shown. (D) dSaCas9-

mediated transcriptional interference of mouse alpha CaMKII. (E) Western blot for protein lysate of alpha CaMKII in mouse N2a cells. The monoclonal mouse alpha CaMKII-

(54 kDa) specific antibody was used. Beta-actin (Actb, 42 kDa) was used as an internal control. Protein expression levels of alpha CaMKII were measured for wild-type (WT),

knockout (KO), and under the effects of dSaCas9-VP160 and dSaCas9-KRAB in N2a cells. Right panel shows the normalized protein expression level of alpha CaMKII in N2a

cells. (B-D) The statistical significance levels from control (wild-type N2a) are indicated as *p < 0.05, **p < 0.01, and ***p < 0.001. All data are presented as mean ± SD (n = 3).
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capsid to AAV1-PHP.B by inserting a 7-mer PHP.B peptide between
S588 and T589 (Figure 5A). This modification site of AAV1 capsid
was equivalent to the insertion site between N587 and R588 of the
AAV2 capsid.34,35 Real-time PCR showed similar viral yields in
AAV1-wild-type (WT) and AAV1-PHP.B, indicating insertion of a
7-mer peptide between S588 and T589 of AAV1 capsid did not affect
Molecular Therapy: Nucleic Acids Vol. 16 June 2019 641
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Figure 4. Modulation of Other Endogenous Genes in Mouse

N2a and Human U87 Cells

(A)Modulationof endogenousMycngene inN2acells. The locationsof

different sgRNA target sites designed to target the promoter (C10,

C11, C12, and E13) and gene body (E14 and E15) are shown. Right

panel shows the relative expression levels of Mycn in N2a cells. (B)

Modulation of endogenous Nrf2 gene in N2a cells. The locations of

different sgRNA target sites designed to target the promoter (C16,

C17, and C18) and gene body (E19, E20 and E21) are shown. Right

panel shows the relative expression levels of Nrf2 in N2a cells. (C)

Modulation of endogenous Keap1 gene in N2a cells. The locations of

different sgRNA target sites designed to target the promoter (C22,

C23, and C24) and gene body (E25, E26, and E27) are shown. Right

panel shows the relative expression levels of Keap1 in N2a cells. (D)

Modulation of endogenous PDGFRA gene in U87 cells. The locations

of different sgRNA target sites designed to target the promoter (C28,

C29, and C30) and gene body (E31, E32, and E33) are shown. Right

panel shows the relativeexpression levelsofPDGFRA inU87cells.Red

arrows indicate the senseorantisenseorientationof sgRNAsdesigned

to recognize target DNA sequences. The statistical significance levels

from control (wild-type N2a or U87) are indicated as *p < 0.05, **p <

0.01, and ***p < 0.001. All data are presented as mean ± SD (n = 3).
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AAV1 packaging and production. We then used this AAV1-PHP.B to
package the CMV-driven bicistronic fluorescent reporter transgene
for delivery (Figure 5B). Using an MOI of 40,000 viral genomes/
cell, we compared the transduction efficiency between AAV1-WT
and AAV1-PHP.B in HEK293FT (Figure 5C) and U87 cells (Fig-
ure 5D). Both fluorescent microscopy imaging and flow cytometry
analysis of iRFP720 and GFP fluorescence-expressing cells revealed
a higher transduction efficiency in AAV1-PHP.B than in AAV1-
WT. A similar pattern of data was obtained for both cell lines, as
well as the experiments performed with single and double transduc-
tions. Taken together, these data supported that displaying a PHP.B
peptide between S588 and T589 of AAV1 capsid can improve
AAV1 transduction efficiency while preserving vector genome-
packaging capability, capsid assembly, infectivity, and gene transfer.

AAV1-PHP.B-Mediated Transgene Activation in the Brain Tissue

To track and compare the accumulation of AAV1-WT and AAV1-
PHP.B in the brain tissue, pSyn1-driven bicistronic fluorescent
642 Molecular Therapy: Nucleic Acids Vol. 16 June 2019
reporter transgene was packaged into these viruses for
delivery (Figure 6A). These viruses were then introduced
into the mice by lateral tail vein injection. This bicis-
tronic fluorescent reporter vector enabled iRFP720 im-
aging in vivo to detect the accumulation of AAV particles
in the brain of living mice (Figure 6B). At 7 weeks after
AAV injection, the brains were harvested and both
iRFP720 and GFP fluorescent intensities were quan-
tified ex vivo. Our ex vivo imaging data of the brain
tissue revealed a stronger fluorescent intensity from
both iRFP720 and GFP in AAV1-PHP.B than in
AAV1-WT, indicating a higher blood-brain barrier-
crossing ability and accumulation of AAV1-PHP.B par-
ticles in the brain (Figure 6C; Figure S3). Importantly, co-injection
of two different AAV1-PHP.B vectors, one vector carried pSyn1-
iRFP720-GFP transgene and the other vector carried dSaCas9-
VP64 that targets the Syn1 promoter, generated the strongest fluores-
cent signals. These data demonstrate that a single-dose intravenous
administration of AAV1-PHP.B expressing dSaCas9-VP64s was suf-
ficient to achieve targeted transgene activation in the mouse brain.

DISCUSSION
Here we have successfully developed a potent AAV-CRISPR system
for targeted transgene activation in the mouse brain by engineering
both AAV1-PHP.B and CRISPRa vectors. The recently developed
dSpCas9-based CRISPRa and CRISPRi were not feasible for AAV
packaging, though these transgenes can be easily packaged into
the lentiviral vector for delivery.36–38 Therefore, we developed all-
in-one CRISPRa and CRISPRi vectors that each has a transgene
size fall within the AAV-packaging capacity. Despite these vectors
being minimal in size, their transgene expression and functionality



Figure 5. Efficient Transduction of Bicistronic Fluorescent Reporter Vectors Using AAV1-PHP.B

(A) Inserting a 7-mer PHP.B peptide sequence in between S588 and T589 of the AAV1 capsid to generate AAV1-PHP.B. (B) pCMV-iRFP720-GFP construct fusing iRFP720

infrared to the GFP fluorescent transgenes via the T2a bicistronic element. CMV promoter is used to drive the expression of bicistronic fluorescent reporter vectors.

(C) AAV1-WT and AAV1-PHP.B transductions of HEK293FT cells. (D) AAV1-WT and AAV1-PHP.B transductions of U87 cells. After 24 h of incubation with 0.1� ViraDuctin,

AAVs were added to the U87 cells. GFP fluorescent images were taken 3 days after the first transduction (for single transduction) or 2 days after the second transduction (for

double transduction). Second transduction was performed 24 h after the first transduction. In the flow cytometry analysis (right), the fluorescent channels APC-H7 and FITC

were used to detect the iRFP720- and GFP-expressing cells, respectively. The percentage of cells expressing both iRFP720 and GFP are indicated in the density plot.
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Figure 6. Targeted Transgene Activation in the Brain

Tissue by Systemic Delivery of AAV1-PHP.B

Expressing CRISPRa

(A) pSyn1-iRFP720-GFP construct. The red arrows (34, 35,

and 36) on the hSyn1 promoter indicate the locations of

three different sgRNA target sites for dSaCas9-VP64. (B)

Example of in vivo imaging of the mouse brains. AAV1-WT

(left) or AAV1-PHP.B (right) expressing iRFP720 and GFP

fluorescent proteins was intravenously injected into the

mice. In vivo imagingwas carried out 5weeks after injection.

iRFP720 signal was detected only at the head of the AAV1-

PHP.B-injected mouse. (C) Ex vivo imaging of the dissected

ventral brain tissues. AAV1-PHP.B expressing dSaCas9-

VP64 was injected together with AAV1-PHP.B expressing

iRFP720 and GFP fluorescent proteins. After seven weeks

of AAVs injection, the mouse brains were harvested. Ex vivo

imagingwas then carried out to detect and quantify theGFP

(left) and iRFP720 (right) fluorescent signals on the mouse

ventral brains. The statistical significance levels from control

(uninjected brain) are indicated as *p < 0.05, **p < 0.01, and

***p < 0.001. All data are presented as mean ± SD.
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were not compromised. Transcriptional modulation offers several
advantages over genome editing, such as restoring normal gene
expression without inducing DNA damage and off-target mutagen-
esis. With the exception of gene knockout,39 no study yet has reported
the use of an all-in-one AAV system for the delivery of CRISPR fusion
protein and its sgRNA into the adult mouse brain.40 To our knowl-
edge, the existing strategies to enable transcriptional modulation
in vivo were based on the use of a dual-vector AAV system,41 a
split dCas9 AAV system,42,43 or Cre-inducible dCas9-expressing
mice.44–46 In the future, it remains possible to improve the potency
of our CRISPRa and CRISPRi vectors using the recently in vitro-
validated strategies such as truncation of small dCas9 orthologs47

(e.g., mini-dSaCas9) and highly potent effector domains47,48

(e.g., truncated VPR transactivation domain).

In addition, we show that the enhanced blood-brain barrier
crossing of PHP.B modification can be extended to AAV1. Impor-
tantly, AAV1-PHP.B enabled the delivery of CRISPRa to the CNS,
644 Molecular Therapy: Nucleic Acids Vol. 16 June 2019
and it mediated transgene activation in the
mouse brain tissue upon lateral tail vein injec-
tion. Based on amino acid sequence alignment
analysis, we engineered our AAV1-PHP.B by
inserting a PHP.B peptide sequence between
S588 and T589 of the AAV1 capsid, which is
equivalent to the common insertion site
between N587 and R588 of the AAV2
capsid.34,35 S588 and T589 amino acid residues
are located within surface region VIII (588-
STDPATGDVH-597) of the AAV1 capsid.49

This surface region VIII has been shown to
be mutable and tolerate small peptide inser-
tions without impairing the AAV1 produc-
tion and infectivity.12,13 Modification on this
AAV1 capsid site also allows effective displaying of foreign peptide
epitopes on all VPI, VP2, and VP3 capsid proteins.12,50 Because
the sialic acid-binding site for AAV1 is located on N447, S472,
V473, N500, T502, and W503,51 modification at S588 or T589 of
the AAV1 capsid is unlikely to disrupt its primary native glycan
receptor for cell entry. Therefore, AAV1-PHP.B can be an addi-
tional tool besides AAV9-PHP.B for the efficient delivery of trans-
gene throughout the CNS.

While brain-targeting specificity can be improved using a neuron-
specific promoter, it will be interesting to investigate whether the
enhanced blood-brain barrier crossing of AAV1-PHP.B is restricted
to specific mouse strains and animal models just like AAV9-PHP.B.
For example, the enhanced tropism in the CNS was restricted to
mouse strain C57BL/6J, and AAV9-PHP.B may perform poorly in
other mouse strains.52 Furthermore, a recent study revealed a similar
transduction efficiency between AAV9-PHP.B and native AAV9 in
the marmoset brain.53
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We have shown that co-injection of the two AAV1-PHP.B vectors
was able to achieve targeted transgene activation in the mouse brain.
In contrast, separate injection of these two AAV1-PHP.B vectors,
with a 24-h time interval, decreased the fluorescent signals (Figure S4).
This observation suggests that intravenous injection of AAV1-PHP.B
can trigger the production of neutralizing antibodies against the later
AAV1-PHP.B administration. In fact, a recent study revealed that
second time administration of another AAV9-PHP.B vector after
24-h exposure to AAV9-PHP.B could pronouncedly decrease the
transgene’s expression in the mouse brain.54 Furthermore, the pro-
duction of neutralizing antibodies became detectable 2 days after
intravenous injection of AAV9-PHP.B into mice.54

MATERIALS AND METHODS
Cell Line Cultures

Mouse N2a, human HEK293FT, and U87 glioblastoma cell lines were
cultured in DMEM (high glucose) (Gibco 11965092) with 10% fetal
bovine serum (Gibco 10270106). The cells were cultured under a stan-
dard cell culture condition (37�C, 5% CO2) in a humidified incubator.

CRISPRa and CRISPRi pAAV Vector Backbone Construction

To construct pAAV-pMecp2-SaCas9-spA-pU6-sgRNA (vector A), the
truncated version of themouseMecp2 promoter (235 bp, pMecp2) was
amplified from the plasmid PX551 (Addgene 60957) and replaced the
CMV promoter in the plasmid backbone pX601 (Addgene 61591),
using XbaI and AgeI. A short oligonucleotide containing a minimal
polyadenylation signal (48 bp, spA) was digested with EcoRI and
KpnI to replace the bGHpA in plasmid pX601. To construct pAAV-
pMecp2-dSaCas9-spA-pU6-sgRNA (vector B), the SaCas9 from vector
A was replaced with the catalytically inactive SaCas9 (dSaCas9) from
plasmid PX603 (Addgene 61594), using AgeI and EcoRI. The minimal
catalytic domain of the transcriptional regulators (156-bp VP64,
390-bp VP160, 227-bp KRAB, and 432-bp SID4X) was amplified
from the plasmid backbones dCAS9-VP6436 (Addgene 61422),
dCas9-VP16055 (Addgene 48240), dCas9-KRAB56 (Addgene 50919),
and SID4X domain57 (Addgene 43882), respectively. To construct
the dSaCas9-based transcriptional modulator, the amplified transcrip-
tional regulator domain was inserted into the previously constructed
vector B using BamHI and EcoRI. The newly constructed CRISPRa
and CRISPRi included pAAV-pMecp2-dSaCas9-VP64-spA-pU6-
sgRNA (vector C), pAAV-pMecp2-dSaCas9-VP160-spA-pU6-sgRNA
(vector D), pAAV-pMecp2-dSaCas9-KRAB-spA-pU6-sgRNA (vector
E), and pAAV-pMecp2-dSaCas9-SID4X-spA-pU6-sgRNA (vector F)
(Figure 1). Primers used for vector construction are listed in Table S1.

Design of sgRNA Target Sites

To construct the sgRNA guide sequence, a pair of annealed oligonu-
cleotides was cloned into a CRISPR expression cassette bearing the
sgRNA scaffold backbone, tracrRNA and SaCas9 or dSaCas9 nuclease
using BsaI (New England Biolabs R3535). The oligonucleotides were
designed based on the target site sequence (21 or 22 bp), and they
were flanked on the 30 end by a 6-bp 50-NNGRRT-30 (R = A/G)
PAM sequence. The first nucleotide of the transcribed gRNA was a
guanine nucleotide (G) to maximize U6 promoter activity. The
CRISPR RGEN (RNA-guided endonuclease) Tool Cas-Designer
(http://www.rgenome.net/cas-designer/) was used to identify the
target sequence of sgRNAs. The selected sgRNA target sequences
had no potential off-target sites of RNA-guided endonucleases within
2-nt mismatches, as determined by blasting the genome of Homo
sapiens (GRCh38/hg38) or Mus musculus (mm10) in Cas-Designer.
By inferring to Common SNP Track Settings for mouse (dbSNP
142) and human (dbSNP 146), the BLAT Search Genome tool in
UCSC Genome Browser was used to confirm the absence of common
genetic variants (R1%) for each selected sgRNA target site. BsaI and
XbaI were used to screen the clones with target sequence insertion.
Two DNA fragment sizes (3 and�4 kb) were observed for the sgRNA
vector with no insertion, while a single DNA band (�7 kb) was
observed when digested with BsaI and XbaI for the modified sgRNA.
Then, the pU6-seq primer was used for DNA sequencing to confirm
successful target sequence insertion in the sgRNA. All primers used
for designing sgRNAs are listed in Table S2.

Luciferase Bioluminescence Reporter Assays

For the construction of pCaMKIIa-Luc vector (Luc2), the 1,316 bp of
mouse alpha CaMKII promoter was amplified from the genomic
DNA of N2a cells and inserted into the promoterless pGL4.10[luc2]
(Promega E6651), using KpnI and HindIII. Nested PCR was used
to amplify the mouse alpha CaMKII promoter and super-enhancer
at intergenic Camk2a-Arsi from the genomic DNA of N2a cells.
Then, the amplified 6.8-kb mouse alpha CaMKII promoter and inter-
genic super-enhancer (Luc3) were inserted into promoterless
pGL4.10[luc2] with SacI and HindIII. Platinum PCR SuperMix
High Fidelity (Invitrogen 12532016) was used for the PCR amplifica-
tion. For the amplification of 6.8-kb DNA fragments, PCRwas carried
out as follows: an initial denaturation step at 98�C for 30 s followed by
40 cycles at 98�C for 10 s, 65�C for 30 s, and 68�C for 7 min, with a
final extension step at 68�C for 10 min. Primers used for luciferase
vector construction are listed in Table S3.

Using Lipofectamine 3000 Transfection Reagent (Invitrogen
L3000001), the luciferase reporter (50 ng/well) and CRISPR
(50 ng/well) constructs were co-transfected with the TK-Renilla
control (Promega E2241) (10 ng/well) at a ratio of 10:1 into a
96-well plate. For co-transfection of multiple CRISPRs, an equal
amount of each CRISPR was used. After 48 h of transfection, cells
were lysed and quantified for the luciferase activity using the
Dual-Luciferase Reporter (DLR) Assay System (Promega E1910).
The firefly luminescence on a 96-well white polystyrene plate
was measured with the SpectraMax M5e Microplate Reader
(Molecular Devices). Four replicates for each experimental group
were performed.

Plasmid Transfection of CRISPRa and CRISPRi

At 1 day prior to plasmid transfection, 3 � 105 N2a or U87 cells was
seeded into each well of a 6-well plate. Briefly, 2,500 ng DNA was
mixed with 5 mL P3000 Reagent and 5 mL Lipofectamine 3000
(Invitrogen) in 1 mL Opti-MEM I Reduced Serum Medium (Gibco
31985062). For co-transfection of multiple CRISPRs, an equal
Molecular Therapy: Nucleic Acids Vol. 16 June 2019 645
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amount of each CRISPR was used. The mRNA and protein were har-
vested from the cells after 2 and 3 days, respectively.

qRT-PCR and Melt Curve Analysis

Total RNA was extracted from the N2a and U87 cells with the RNeasy
Mini Kit (QIAGEN 74104) and treated with DNase I to digest genomic
DNA (QIAGEN 79254). The concentration and purity of total RNAs
were then determined with a Biochrom spectrophotometer. The total
harvested RNA was reverse transcribed using SuperScript III First-
Strand Synthesis System (Invitrogen 18080051), according to the man-
ufacturer’s protocol. For qRT-PCR, the SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad 1725271) was used to amplify the synthe-
sized cDNA. The mixture for each qPCR reaction was 10 mL 2X
SsoAdvanced Universal SYBR Green Supermix, 0.2 mL 10 mM forward
primer, 0.2 mL 10 mM reverse primer, 2 mL 2.5 ng/mL cDNA sample,
and 7.6 mL nuclease-free water. qPCR was done by using Thermal
Cycling (Bio-Rad CFX96 Connect System).

qPCR was carried out as follows: an initial denaturation step at 95�C
for 3 min followed by 40 cycles at 95�C for 15 s and 60�C for 60 s. The
housekeeping gene glyceraldehyde 3-phosphate dehydrogenase
(Gapdh) was used for internal normalization. Relative quantification
of gene expression was calculated using the 2-DDCt method. Tech-
nical triplicates for each sample were performed. Melt curve analysis
was done at 65�C –95�C with 0.5�C increments and 2–5 s/step to
check specificity of the primers and to ensure no primer-dimer for-
mation during the qPCR.Melt curve analysis was also used to confirm
the absence of longer qPCR products to ensure no genomic DNA
amplification. An exon-exon junction primer was designed to avoid
genomic DNA amplification during the qPCR. Primers used for
qRT-PCR are listed in Table S4.

Protein Extraction and Western Blot Analysis

Ice-cold radioimmunoprecipitation assay (RIPA) buffer (Cell
Signaling Technology 9806) with added Protease Inhibitor Cocktail
(Cell Signaling Technology 5871) was used to lyse cultured cells for
protein extraction. Protein concentration was determined with a
Pierce BCA Protein Assay Kit (Thermo Scientific 23227) using the
SpectraMax M5e Microplate Reader (Molecular Devices). Then,
50 mg protein lysate was isolated by NuPAGE Novex 4%–12%
Bis-Tris Protein Gels (Invitrogen NP0335BOX) and transferred to
0.45-mm Invitrolon polyvinylidene fluoride (PVDF) membranes (In-
vitrogen LC2005). NuPAGE LDS Sample Buffer (Invitrogen NP0007)
and NuPAGE Sample Reducing Agent (Invitrogen NP0004) were
added to reduce the protein samples prior to electrophoresis. The pro-
teins were separated by electrophoresis at 200 V constant for 35 min
in NuPAGE MES SDS Running Buffer (Invitrogen NP0002) supple-
mented with NuPAGE Antioxidant (Invitrogen NP0005). The mem-
brane transfer was performed at 40 V for 90 min in ice-cold NuPAGE
Transfer Buffer (Invitrogen NP0006) supplemented with NuPAGE
Antioxidant and 10% methanol.

The membranes were blocked for 1 h at room temperature with 5%
blocking buffer (Bio-Rad 170-6404), then incubated with 1,000�-
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diluted CaMKII-a (6G9) mouse monoclonal antibody (Cell Signaling
Technology 50049) in 5% BSA (Cell Signaling Technology 9998) at
4�C overnight. The membrane was then incubated with anti-mouse
immunoglobulin G (IgG), horseradish peroxidase (HRP)-linked anti-
body (Cell Signaling Technology 7076). CaMKII-a (6G9) mouse
monoclonal antibody (mAb) recognizes endogenous levels of total
CaMKII-a protein and does not cross-react with CaMKII-b or
CaMKII-d proteins. All the membrane-washing steps were performed
with Tris-buffered saline supplemented with Tween 20 (TBST) (Cell
Signaling Technology 9997). Immunoreactive bands were visualized
using Pierce ECL Western Blotting Substrate (Thermo Scientific
32109). The alpha CaMKII-staining membrane was stripped with
Restore Western Blot Stripping Buffer (Thermo Scientific 21062)
and reprobed with b-actin (8H10D10) mouse monoclonal antibody
(Cell Signaling Technology 3700) to confirm equal loading. Precision
Plus Protein Kaleidoscope Prestained Protein Standards (Bio-Rad
1610375) was used for band referencing and blot orientation during
electrophoresis and membrane transfer. MagicMark XP Western
Protein Standard (Invitrogen LC5603) was used to determine the pro-
tein band size during western blot detection with Luminescent Image
Analyzer LAS-4000 (Fujifilm). The protein band intensities were
analyzed and quantified with ImageJ (NIH, USA).

Flow Cytometry Analysis

The BD FACSVerse flow cytometer and BD FACSuite software (BD
Biosciences) were used to quantify iRFP720- and GFP-expressing
cells. 100,000 cells were analyzed for each sample. The fluorescent
channels allophycocyanin (APC)-H7 and fluorescein isothiocyanate
(FITC) were used to detect the iRFP720- and GFP-expressing cells,
respectively.

Construction of iRFP720 and GFP Fusion Vectors

To construct pAAV-pMecp2-iRFP720-spA, the 948-bp iRFP720 was
amplified from the plasmid piRFP720-N1 (Addgene 45461) and re-
placed the SpCas9 in the plasmid backbone PX551 (Addgene
60957), using AgeI and EcoRI. Then, 774-bp T2A-GFP was amplified
from the plasmid pX601-GFP (Addgene 84040) and we inserted the
T2A-GFP into the pAAV-pMecp2-iRFP720-spA using a single EcoRI
digestion. BamHI was used to confirm correct orientation of the
inserted T2A-GFP. A stop codon was added to the downstream
sequence of GFP in the pAAV-pMecp2-iRFP720-T2A-GFP-spA
vector.

To construct the pAAV-pCMV-iRFP720-T2A-GFP-spA vector, the
553-bp CMV promoter was amplified from the plasmid piRFP720-N1
(Addgene 45461) and replaced the pMecp2 promoter in the pAAV-
pMecp2-iRFP720-T2A-GFP-spA vector, using XbaI and AgeI. To
construct the pAAV-pSyn1-iRFP720-T2A-GFP-spA vector, the
476-bp human Syn1 promoter was amplified from the plasmid
pAAV-hSyn-hChR2(H134R)-mCherry (Addgene 26976) and replaced
the pMecp2 promoter in the pAAV-pMecp2-iRFP720-T2A-GFP-spA
vector, using XbaI and AgeI. These three newly modified constructs
were subjected to DNA sequencing confirmation after being checked
with the restriction enzymes. The other iRFP variant, iRFP713
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(Addgene 31857), was also tested in this study. Primers used for vector
construction are listed in Table S5.

AAV1 Capsid Modification

AAV-1 Helper Free Packaging System, consisting of pAAV-RC1
Vector, pHelper Vector, and pAAV-GFP Control Vector, was pur-
chased from Cell Biolabs (VPK-401). The wild-type AAV1 capsid
sequence on the pAAV-RC1Vector was geneticallymodified by insert-
ing a 7-mer PHP.B (TLAVPFK) in between S588 and T589. The 21-bp
DNA oligonucleotide encoding PHP.B was introduced into the AAV1
capsid via MscI and SphI. The modified AAV1 capsid vector (AAV1-
PHP.B) was subjected to DNA sequencing confirmation. DNA oligo-
nucleotides used for AAV1 capsid modification are listed in Table S6.

Recombinant AAV Vector Production

At 1 day before plasmid transfection,�7� 106 HEK293FT cells were
seeded on each 100-mm dish. To generate recombinant AAV vectors,
HEK293FT cells were transfected with transgene plasmid (iRFP720-
GFP or CRISPR encoded), pAAV1 serotype vector (AAV1-WT or
AAV1-PHP.B), and pHelper vector at a 1:1:1 ratio using Calcium
Phosphate Transfection Kit (Invitrogen K278001), with some modi-
fications. Briefly, 4 h prior to transfection, the culture media in each
100-mm dish were replaced with 12 mL fresh media consisting of 1%
heat-inactivated fetal bovine serum (Gibco 10082139). Then, 600 mL
transfection mixture that consisted of 36 mL 2M CaCl2, 20 mg DNA,
300 mL 2� HEPES-buffered saline (HBS), and H2O was added to the
cells. After 72 h of plasmid transfection, cells from each 100-mm dish
were collected into a single tube for AAV particle extraction. AAV
particles within the cells were extracted using AAVpro Extraction
Solution (Takara 6235). The extracted AAV particles in each tube
(cells from a 100-mm dish) were suspended in 400 mL AAV Extrac-
tion Solution A, followed by 40 mL AAV Extraction Solution B. The
mixture was then stored at -80�C.

Viral Genome Extraction and TaqMan qPCR

Viral nucleic acids fromAAV vector preparations were extracted with
the High Pure viral nucleic acid kit (Roche 11858874001), according
to the manufacturer’s instructions. Briefly, 20 mL harvested viral su-
pernatant was used for viral genome extraction. The purified viral
genome was eluted into 50 mL elution buffer. The eluted viral DNA
was diluted 100� for qPCR titering. SsoAdvanced Universal Probes
Supermix (Bio-Rad 172-5280) and high-performance liquid chroma-
tography (HPLC)-purified 6-FAM/ZEN/Iowa Black-labeled probes
(Integrated DNA Technologies) were used to measure the titer of
the AAV viruses. The probes and primers specific to dSaCas9 or
iRFP720 were used (Table S7). The qPCR reaction mixtures consisted
of 10 mL SsoAdvanced Universal Probes Supermix (2�), 0.2 mL of
each 10 mM forward and reverse primers, 0.2 mL 10 mM FAM-labeled
probe, 2 mL 100�-diluted viral genome, and 7.4 mL nuclease-free wa-
ter. The thermal cycling of Bio-Rad CFX96 Connect System was
settled at 95�C for 3min for polymerase activation and DNA denatur-
ation, followed by 40 cycles of denaturation at 95�C for 15 s and an-
nealing at 60�C for 60 s. Plasmid pAAV-CMV-iRFP720-GFP
(5,313 bp), pAAV-hSyn1-iRFP720-GFP (5,185 bp), or pAAV-
Mecp2-dSaCas9-VP64 (6,992 bp) at 1 ng/mL was used to generate
the DNA standard curve in 10-fold series dilution from 1 � 108 to
1 � 101 viral copies.

AAV Transduction

At 1 day prior to AAV transduction, 5� 104 HEK293FT or U87 cells
were seeded into each well of a 24-well plate. On the next day, the cul-
ture media in each well were replaced with 400 mL 1% heat-inacti-
vated fetal bovine serum (FBS) media containing AAV particles. After
24 h of AAV infection, the transductionmixture was removed and the
cells were maintained in 1 mL fresh culture media containing 1%
heat-inactivated FBS (Gibco 10082139). For transduction of bicis-
tronic fluorescent reporter vectors, AAV1-WT or AAV1-PHP.B par-
ticles were added at an MOI of 40,000 viral genomes/cell. A second
transduction was performed 24 h after the first transduction. At
2 days after the second transduction of AAV viruses, the iRFP720-
and GFP-expressing individual cells were analyzed with flow cytom-
etry and imaged with fluorescent microscopy. To transduce U87 cells,
ViraDuctin AAV Transduction Reagents (Cell Biolabs AAV-201)
were added prior to incubating the cells with the AAV-containing
media. Briefly, the ViraDuctin was added to the culture medium at
a final concentration of 0.1�. After 24-h incubation of ViraDuctin,
the media were removed and the cells were added to fresh media
containing AAV particles. ViraDuctin can improve the transduction
efficiency of AAVs by overcoming the rate-limiting step in the viral
second-strand DNA synthesis.

Systemic Administration of AAV Particles into the Mice

All animal experiments were approved by the ethics committee of
City University of Hong Kong and carried out according to the regu-
lation in Hong Kong. The AAV particles were injected into the adult
male C57BL/6J mice (�20 g) intravenously via lateral tail vein. Each
mouse was injected with 1.0� 1010 copies of AAV particles. The AAV
supernatant was diluted to 200 mL with PBS for injection into each
mouse. Mice were divided into 4 different treatment groups. The first
group of non-injected mice was a negative control. The second group
of mice was injected with wild-type AAV1 expressing bicistronic fluo-
rescent reporters (pSyn1-iRFP720-GFP). The third group of mice was
injected with engineered AAV1-PHP.B expressing bicistronic fluo-
rescent reporters. The last group of mice was co-injected with two
different AAV1-PHP.B vectors, each 1.0 � 1010 copies: one of the
AAV1-PHP.B vectors carried bicistronic fluorescent reporters, while
the other AAV1-PHP.B vector carried dSaCas9-VP64s (targeting 34,
35, and 36 sites on the hSyn1 promoter). At 7 weeks after AAV injec-
tion, the mouse brains were harvested and fixed in 10% formalin
overnight. The tissue was imaged ex vivo using the In-Vivo Xtreme
Imaging System (Bruker) to measure the intensity of both GFP and
iRFP720. Excitation at 700 nm and emission at 750 nm were used
to detect the iRFP720 signals. Excitation at 480 nm and emission at
535 nm were used to detect the GFP signals.

Bioinformatics Analysis

Two super-enhancer databases, dbSUPER (http://bioinfo.au.tsinghua.
edu.cn/dbsuper/) and SEA, were used to identify the potential
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super-enhancers implicated in neuronal and brain functions. Then, the
Encyclopedia of DNA Elements (ENCODE) and Roadmap Epigenom-
ics Integrative Analysis in the UCSC Genome Browser were used to get
detailed epigenetic information on selected super-enhancers for
designing target sites of sgRNAs.

Statistical Analysis

Using IBM SPSS Statistics Program, significant differences in contin-
uous variables among subject groups were confirmed by ANOVA,
followed by Dunnett (for comparing to a control) or Tukey (for all
pairwise comparisons) post hoc multiple comparisons. All p values
were two tailed. The statistical significance levels are indicated as
*p < 0.05, **p < 0.01, and ***p < 0.001. All data are presented as
mean ± SD.
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