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The Development of a Viral Mediated
CRISPR/Cas9 System with
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Expression for Inducible In vitro and
In vivo Genome Editing
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School of Behavioral and Brain Sciences, Department of Motailar and Cell Biology, University of Texas at Dallas,
Richardson, TX, USA

The RNA-guided Cas9 nuclease, from the type Il prokaryotic IGstered Regularly
Interspersed Short Palindromic Repeats (CRISPR) adaptivenmune system, has been
adapted and utilized by scientists to edit the genomes of eukryotic cells. Here, we report
the development of a viral mediated CRISPR/Cas9 system thatin be rendered inducible
utilizing doxycycline (Dox) and can be delivered to cells vitro and in vivo utilizing
adeno-associated virus (AAV). Speci cally, we developedrainducible gRNA (gRNAI) AAV
vector that is designed to express the gRNA from a H1/TO promier. This AAV vector is
also designed to express the Tet repressor (TetR) to regukathe expression of the gRNAI
in a Dox dependent manner. We show that H1/TO promoters of vating length and a
U6/TO promoter can edit DNA with similar ef ciencyin vitro, in a Dox dependent manner.
We also demonstrate that our inducible gRNAI vector can be wed to edit the genomes
of neuronsin vivowithin the mouse brain in a Dox dependent manner. Genome editg
can be induced in vivowith this system by supplying animals Dox containing food foas
little as 1 day. This system might be cross compatible with may existingS. pyogenes
Cas9 systems (i.e., Cas9 mouse, CRISPRI, etc.), and thera®it likely can be used to
render these systems inducible as well.

Keywords: CRISPR/Cas9, TRE3G, TET2, amygdala, AAV vectors, doxycycline, inducible, genome editing

INTRODUCTION

The CRISPR/Cas9 based genome editing system has proven to kizeanady powerful tool for
scientists seeking to genetically manipulate cells andegsa vitro and in vivo across multiple
species. This genome editing system takes advantage of theg&®Néd Cas9 nuclease from the
type Il prokaryotic Clustered Regularly Interspersed Shortfélatimic Repeats (CRISPR) adaptive
immune system, where it has been adapted for the use of kngakirt genes, creating specic
modi cations to genes and for the activation and suppressibtranscription in a gene speci ¢
manner Jinek et al., 2012; Cong et al., 2013; Gilbert et al., 2018phaat al., 2013; Mali et al.,
2013; Qi et al., 2013; Sander and Joung, 2014; Tanenbaum2&i1g). CRISPR/Cas9 can be used
to genetically manipulate embryonic stem cells quickly aelatively easily, which has enabled
genetically modi ed mice to be created signi cantly fastean conventional methodologies and
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this is especially true in cases where multiple genes are reddi been, in part, the motivation for developing previously desed
(Wang et al., 2003 This system also o ers a potentially better inducible CRISPR/Cas9 genome editing systeBwsv(s et al.,
alternative to RNAI mediated gene knockdown which require®015; Nihongaki et al., 2015; Zetsche et al., ROHBWeVer,
the constant overexpression of an shRNA to mediate genehile some of CRISPR/Cas9 systems have been adapted for AAV
knockdown and in some cases has proven to be toxic whedelivery Ran et al., 2015; Swiech et al., 2015; Karnan et al., 2016;
utilizedin vivo (Grimm et al., 2006; McBride et al., 2008; de Soligang et al., 20)¢ none of these AAV based systems, to date,
etal., 201p have been adapted to allow the genome editing function to be
The success of the CRISPR/Cas9 system can be explainediemporally regulated.
part, by its simplicity. For example, this genome editing gyste  Due to the bene ts of possessing temporal control over the
can be reconstituted in eukaryotic cells simply by the presenauration of Cas9 mediated genome editing, we sought to dgvel
of the Cas9 protein and guide RNA (gRNA) consisting of thean inducible CRISPR/Cas9 system that could be virally delivere
fusion of a CRISPR RNA (crRNAs) and a xed transactivatingand regulated utilizing Doxycycline (Dox). In our rst set of
CRISPR RNA (tracrRNA)—just two genes are required. Thexperiments, we attempted to regulate Cas9 expression from a
rst 20 nucleotides of the gRNA are custom designed to beetracycline response element containing promoter; however
complementary to the intended target site within the genomeletermined that genome editing could not be regulated in a Dox
and consequently guide the Cas9 protein to this site, allgwindependent manner, due to the leakiness of Cas9 expressioinwith
Cas9 to create double strand breaks (DSB) of the targeted.DN#his system. As an alternative, we developed a viral vectur th
The DSB initiates the error prone nonhomologous end joiningcould regulate gRNA expression in a Dox dependent manner, and
(NHEJ) DNA repair mechanism. Due to the error prone naturewe demonstrate that our two vector CRISPR/Cas9 system can be
of this repair pathway, insertions and deletions (Indels) tan virally deliveredn vivo to the mouse brain and genome editing
created at the DSB break/repair site. If the DSB occurs withinan be induced in a Dox dependent manner. The inducible
the protein coding region of a gene, a loss of protein functiorgRNA vector (gRNAI) we developed is cross compatible with
can occur due to: the deletion of relevant codons, an ingerti many existingS. pyogendsas9 (SpCas9) systems and therefore
of inappropriate codons, or the creation of indels that leadcoupling our gRNAi AAV vector with these systems may enable
to a shift in the reading frame—collectively, leading to alnulthem to be inducible as well (i.e., Cas9 mouse, CRISPRI, etc.).
allele/gene knockout. Alternatively, if a donor DNA temp@as
provided, Homology Directed Repair (HDR) can occur inSteaOMATERIALS AND METHODS
of NHEJ. This phenomenon can be harnessed to create precise
modi cations of the genome at speci ¢ lociJong et al., 2013; Plasmid Construction
Mali et al., 2013; Wang et al., 2013 All viral plasmids generated for this study were produced
Recently, the CRISPR/Cas9 system has been rendenetilizing standard recombinant DNA cloning techniques. The
amenable for delivery to cell; vivo via adeno-associated pAAV-pMecp2-SpCas9-spA plasmid (pX551) was a gift from
virus (AAV) (Ran et al., 2015; Swiech et al., 20Delivery of Feng Zhang's laboratory5(viech et al., 201 Addgene #60957)
CRISPR/Cas9 via AAV could be useful for potential human genand this vector served as the backbone for the inducible Cas9
therapy approaches that might intend to utilize CRISPR/Cas9ectors described in this study. The truncategg® sequence
technology and it is also highly relevant for preclinicaldiegs was PCR ampli ed from pTRE-TIGHT-Cx43-eYFP [a gift from
that could bene t from the delivery of CRISPR/Cas9 to tissue®Robin Shaw$myth et al., 20%(Addgene plasmid # 31807)] and
of living mammals. The eld of behavioral neuroscience carcloned into the Agel-Xbal sites of pX551 to create thgk-Cas9
greatly bene t from viral mediated genome editing becasisan  vector. This truncated fy; Sequence contained 3 Tet operators.
be used to knock out genes in discrete locations of the animalhis vector was subsequently modied by cloning into the
brain in a cell type speci c manner to allow the interrogatioh o Bsml-EcoR1 sites a new C-terminus region of Cas9 that lacked
how a gene in uences behavior and circuit function. Howeverthe C-term NLS and instead contained the following core PEST
in complex behavioral experiments it can be advantageous tegron sequence (HGFPPAVAAQDDGTLPMSCAQESGMDRH,;
induce the desired genetic manipulation at a speci c time point_i et al., 1998 utilizing an appropriately designed gBlock
during an ongoing experiment, but we are limited in our alyilit (Integrated DNA technologies) to create the;da-CasOPEST
to temporally control when genome editing will occur utilign  vector. This core PEST sequence is utilized in the destedili
existing technology. eGFP variant, D1eGFP. To create thgyFscCas9PEST vector,
Utilizing CRISPR/Cas9 systenis vivo, in mammals, may the truncated RPresg sequence was PCR ampli ed from pLenti
allow these systems to be active for days to weeks at a timeMVTRE3G eGFP Neo (w821-1; A gift from Eric Campeau)
In cases where CRISPR/Cas9 might be virally delivered @nd cloned into the Agel-Kpnl sites of therfgh,-Cas9PEST
humans for gene therapy, the CRISPR/Cas9 system could fsector. The truncated TRE3G promoter contains 2 Tet operators.
active inde nitely. In these instances, where CRISPR/Cas9 Ehe PrrescCas9PEST vector was subsequently modied by
chronically active for extended durations, there might be a cloning in a new 8UTR/N-terminus region into the Agel-BstXI
increase in the accumulation of o -target editing/mutatien sites, utilizing an appropriately designed gBlock (Integtate
Thus, forin vivo applications, it would likely be bene cial to DNA Technologies), that lacked a Kozak sequence and the
minimize the duration of Cas9 mediated genome editing to theN-Terminal NLS to create thefdgesg 1l Cas9-PEST viral vector.
time necessary for Cas9 to editits intended target site hisdtas To create the gRNA/tTA-GFP viral vector, the previously
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described AAV2 genome vector, pAAV-shRNA expressiorsequences for these new plasmids will be made available upon
cassette vectorHommel et al., 200Bwas systematically gutted request. All gRNA viral plasmids will be made available thioug
and the appropriate sequences were subsequently cloned indaldgene.

it. First, the CMV-rtTA-GFP-Blastocidin S Resistance-WPRE

expression cassette was removed from pMA2640 (AddgenAssessment of Invitro Genome Editing
#25434;Alexeyev et al., 20),0and cloned into the Xhol-Clal Forin vitro genome editing experiments, Neuro-2a cells (N2A,
sites of the pAAV-shRNA vector. A short70 base pair® TR  ATCC) were grown to a con uency of 60—65% in a 24 well
sequence containing two polyadenylation signal sequencezll culture plate and transfected with a plasmid containing a
which we've used previouslyHblehonnur et al., 2005 was Cas9 transgene and a plasmid containing a gRNA transgene
cloned into the Clal-Mlul sites. The Blastocidin S Resistancen a 1:1 ratio with Lipofectamine 2000 (Invitrogen), followi
coding region was removed and the appropriate portion othe manufacturer's instructions. In cases where pX330or
GFP with a stop codon was cloned back into the BamHI-MrolpX33Gmpty Were used, only one plasmid was transfected.
sites. The gRNA expression cassette was PCR ampli ed frofor samples that required Doxycycline (Dox), the media was
pX330 [Gift from Feng ZhangQong et al., 201,3Addgene, replaced with fresh media 6 h post transfection that contained
#42230)] using the following DNA primers, (QRNA Rsrll 10 mg/mL of Dox (Clontech). The cells were harvested 96 h
FP ataCGGTCCGgagggcctatttcccatgattccttc, gRNA Xhol Rpdst transfection and were collected by centrifugation (19 m
aacCTCGAGgccatttgtctgcagaattggcgcacg), and clonedthieto @ 14,000 RPM). Genomic DNA was extracted using a the
Rsrll-Xhol sites, to create the nal AAV2-gRNA/ItTA-GFP QlAamp DNA Mini Kit, (Qiagen, Cat #51304) following the
viral vector. Because the Bbsl sites used for cloning the gRNAnanufacturer's instructions. A 466 base pair region coritajn
into the gRNA expression cassette were not unique to thithe Tet2 gRNA target site was PCR amplied from genomic
AAV plasmid, the gRNAs were rst cloned into the Bbsl sitesDNA in a standard 25m PCR reaction (Platinum Tag;

of the pX330 plasmid and then the entire gRNA expressiotinvitrogen) using the following previously described DNA
cassette was transferred into the AAV plasmid via the Rsrllprimers (Tet2 Surv FP CAGATGCTTAGGCCAATCAAG and
Xhol sites utilizing the above mentioned DNA primers. TheTet2 Surv RP AGAAGCAACACACATGAAGATGNang et al.,
DNA oligonucleotides coding for the Tet2 gRNAs compatible2013. One hundred and fty nanograms of isolated genomic
with the pX330 plasmid were previously described/afhg DNA (described above) was used as the DNA template, and the
et al, 2013 Top: CACCGAAAGTGCCAACAGATATCC, PCRwas performed with the following cycling parameters @4
Bot: AAACGGATATCTGTTGGCACTTTC). The AAV2- 2min; (94C, 30s;54C, 30s; 72C, 30s) 37 cycles, 7, 45
gRNAI-TetR viral vector was developed starting with thes]. Ampli cation was con rmed using gel electrophoresis on a
AAV:ITR-U6-sgRNA(backbone)-hSyn-Cre-2A-EGFP-KASH-  1.5% agarose, 1 X TAE gel. Three microliters of PCR product
WPRE-shortPA-ITR plasmid (Addgene, #6023 att et al., was digested with 5 units of EcoRV-HF (New England Biolabs)
2019 as a backbone. The CMV promoter driving the TetRfor 2 hin a standard 1@n restriction enzyme reaction following
coding region was PCR ampli ed from pQCXIN-TetR-mCherry the manufacturer's instructions. Each rAL of digested PCR
plasmid [a gift from Tom Misteli Roukos et al., 201Addgene, product was electrophoresed on a 2.0% agarose, 0.5 X TBE gel
#59417)] and it was inserted into this vector via the XbaleNh to determine if genome editing had occurred. In some cases, t
sites. This resulted in the removal of the hSyn-Cre regionamount of genome editing was quanti ed using ImageJ (U.S.
Next, an inducible gRNA expression cassette containing aNational Institutes of Health, Bethesda, Maryland, USApftt
HI/TO promoter was created using an appropriately designedmagej.nih.gov/ij/). This was accomplished by measuring th
gBlock (Integrated DNA Technologies) and it was clonedoptical density peaks using the gel analysis feature. The peaks
into the Mlul-Xbal sites, to create the AAV2-gRNAI-TetR for the cut DNA and non-cut DNA were selected and the label
viral vector. Guide RNA sequences can be cloned into thipeaks feature was used to determine the percentage of cut and
vector via the Sapl sites, in a similar manner as to how gRNAon-cut DNA in each individual sample. Sonie vitro samples
sequences are cloned into the AAV:ITR-U6-sgRNA(backbone)were screened using the resolvase based mutation detection
hSyn-Cre-2A-EGFP-KASH-WPRE-shortPA-ITR plasmidkit (Guide-it Mutation Detection Kit, Clontech, Cat #631443
(Addgene, #60231;Platt et al., 201¢ or the similar following the manufacturer's instructions.

pX552, pAAV-U6sgRNA-hSyn-GFP-KASH-bGH vector

(Addgene, # 60958). The Tet2 gRNA sequences used witlhmunocytochemisty (ICC)

this vector were (Top: ACCGAAAGTGCCAACAGATATCC, Glass coverslips were placed in 24 well cell culture plates
Bot: AACGGATATCTGTTGGCACTTTC). The entire and treated with poly-I-lysine (0.1 mg/mL; Sigma) overnight.
HI/TO gRNAi expression cassette can be PCR ampliedlhe following day, the poly-l-lysine was removed and the
with the following DNA primers [H1ITO gRNA FP (Mlul) coverslips were washed 3 with phosphate bu ered saline
AGCTACGCGTAATATTTGCATGTC and H1TO gRNA RP pH 7.4 (PBS). N2A cells were seeded at 65% con uency on
(Xbal) ACGTTCTAGAACTAGTCCATGG]. The entire U6/TO these glass coverslips. Twenty-four hours later, the celte we
and H1-L/TO expression cassettes containing the Tet2 gRN&ansfected with AAV viral plasmids designed to express Cas9
were PCR amplied from appropriately designed gBlocksand rtTA/gRNA plasmids using Lipofetamine 2000 (Invitrogen),
(Integrated DNA Technologies) and inserted into the AAV2-following the manufacturer's instructions. Six hours post
gRNAI-TetR viral vector via the Mlul-Xbal sites. The DNA transfection, media was replaced with fresh media and in some

Frontiers in Molecular Neuroscience | www.frontiersin.gr 3 August 2016 | Volume 9 | Article 70


http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

de Solis et al. Inducible AAV Mediated CRISPR/Cas9 System

cases the media contained m@/mL of Dox. The ICC procedure viruses were co-infused bilaterally into the BLA, each atex ti
was carried out 24 h post addition of doxycycline as previouslpf 6E12 GC/mL (1ml/side). The AAV2/DJ8-Recp-Cas9 and
described flolehonnur et al., 201)zusing an anti-Cas9 antibody AAV2/DJ8-gRNAfret>Empty Viruses were co-infused bilaterally
(1:200; Diagenode, C15200203) and TxRed secondary antibadyo the BLA, each at a titer of 2.5E12 GC/mLn{lside). In cases
(1:000; Life Technologies). The ICCs were imaged at 200hen mice were provided Dox, it was supplied through their food
magni cation using a uorescence microscope (Olympus, BX51)(Dox 1 g/kg; Bio-Serv).

The on and o Dox pictures were taken at the same exposure

conditions. An additional high exposure image was taken ef thAssessment of In vivo Genome Editing

o Dox samples to reveal the low level Cas9 expression. For ICG&t the appropriate time point, mice were euthanized via £O
following viral transduction of 293FT cells, 1n@ of AAV2/DJ-  euthanasia and the brain was rapidly removed and frozen with
Prigh-Cas9 (6E12 GC/mL) and i of AAV2/DJ-gRNA/ITA- powdered dry ice and then stored at80 C. Tissue was then
GFP (1E13 GC/mL) were diluted in 208l of culture media mounted and sliced using a cryostat (Thermo Scientic) to
containing 2% FBS and it was applied to cells for 2 h, with gentltake coronal sections that contained the amygdala. When GFP
rocking every 30 min. Following the 2-h incubation, 460of  reporter signal was present in the amygdala, 2®0 punches
culture media containing 18% FBS was added to the wells. Doxere taken within the amygdala with a 2 mm punch tool (Fine
was added to the wells 6 h later and the ICC was carried out 24$cience Tools) until the GFP signal ceased within the amggdal

after the addition of Dox. Punched tissue was stored aB0 C. Tissue was homogenized in
a 1.7 mL centrifuge tube with pestle and extracted in the same
Viral Production, Puri cation, and Titering manner as thén vitro experiments.

Procedures were carried out as previously described . .

(Holehonnur et al., 2014 AAV2 genome plasmids were S€duencing of Edited DNA

pseudotyped as either AAV2/DJ8 or AAV2/DJ as speci edN2A cells that were transfected with pX33@ were prepared
Viruses were produced using a triple-transfection, helpeefr for DNA extraction and PCR ampli cation as described above.
method into 293FT cells (Invitrogen) using polyjet (Signage PCR product was digested with EcoRV and electrophoresed and
Laboratories) following the manufacturers instructiorfer ~ the DNA band exhibiting editing was excised from the gel and
AAV production. A total of 5 15 cm cell culture plates were Puri ed using a gel puri cation kit (Qiagen). Gel puri ed DNA
transfected per virus. Viruses were puried on an iodixanolwas cloned into the PCR4 Topo vector using a Topo cloning
step gradient and further concentrated and puried usingkit (Invitrogen) and transformed into Top10 cells (Invitrogk
Amicon Ultra-15 centrifugal Iter units (Millipore). Puried Colonies were screened for the presence of the Tet2 sequence
AAV was titered using a quantitative-PCR based titeringimoet  Via PCR and PCR product was sent for DNA sequencing
as previously describecHplehonnur et al., 2074 All Cas9 (RetrogenInc.).

transgene containing viruses were titered utilizing custo .

Cas9 primers/probe (Custom Tagman gene expression assa%:’bjeCts ] ] ] )
Invitrogen). All GFP transgene containing viruses werergtl Adult C57BL/6 mice were used in this study. All animals
with (GFP Primer/Probe (ID# Mr04329676_mr; Invitrogen). Were housed individually and mz_ilntalne_d on a 12h light/dark
The results were reported as the number of DNAse resistaat vir Y¢le: Food and water were provided libitum throughout the

particles as genome copies per milliliter (GC/ml). experiments. Animal use procedures were in accordance with
the National Institutes of Health Guide for the Care and Use
Viral Infusion of Laboratory Animals and were approved by the University of

Viral infusions targeting the mouse BLA were performedT€Xas atDallas Animal Care and Use Committee.
similarly as described Holehonnur et al., 2014 Briey, . .
mice were rendered unconscious with an intra-peritoneaﬁta‘tlstlCal AnaIySIS__ | .

injection of ketamine (100 mg/kg) and xylazine (10 mg/kg)Qu"’mtI ed genome editing . dgta_ was analyzed using a
prior to stereotaxic surgery. Thirty-one gauge custom ifgas non-parametric Kruskal-Wallis individual sample comparison

cannulas (C315G, PlasticsOne) were very securely insieted or multiple sample comparison, with a prot_JabiIity threshold of
polyethylene tubing (1.D. 0.0150 in. O.D. 0.043 in., wallkhiess 0-0°- A one-way ANOVA, followed by a Fishers PBast-hoc

0.0140 in; A-M systems, Inc.) that were 50 cm in length Thes@nalysis was used to compare the di erent inducible promoters.

tubes were rst back lled with 1 x phosphate bu ered saline, pH”* Wo-tailed T-test assuming equal variances was used to
7.4 (PBS), followed by sesame oil, where onlyPBS was present compare samples analyzed with the mutation detection Kit.
inthe 5cmregion closestto the infusers to avoid getting sesame

oil in the brain. Syringes (2., 23-gauge (88,500); Hamilton RESULTS

Company)) were used for the viral infusion. The viral cocktai . .
was drawn up into the infusion cannula. Infusers were biiallg Construction of a Doxycycline Regulated

lowered into the BLA of mice [AR1.6, ML 3.3, DV 4.97] SPCas9 Transgene within an AAV2 Viral

and infused (IrL/side) at a rate of 0.0@L/min for 15min using  Vector
an infusion pump (New Era Pump Systems Inc., NE-300) Thé&/iral vectors are necessary to introduce the genetic compisne
AAV2/DJ-Prigh-Cas9 and AAV2/DJ-gRNAy-Empy/ItTA-GFP  of the CRISPR/Cas9 system into speci ¢ mammalian dells
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vivo. Adeno-associated virus (AAV) is the vector of choice to us¢PAM) sequenceRigure 10). The PAM site is the DNA sequence
within mammalian systems due to its high tolerability vivo  immediately following the DNA sequence targeted by the Cas9
(Daya and Berns, 20p@&nd because it is possible to producenuclease. The location of the restriction enzyme site prewithe
high titer AAV relatively easily that is capable of transchgcia  ability to screen cells for genome editing, because Cas$ateed
large number of cells. In our rst set of experiments, we famlis genome editing utilizing this gRNA would likely destroy the
on designing an inducible CRISPR/Cas9 system that was siital@nzyme site, and therefore genome editing can be accessed vi
for AAV delivery, where the SpCas9 transgene expression coutdstriction fragment length polymorphism (RFLP) analysis to
be regulated. To accomplish this, it was necessary to t thassess the presence or absence of this restriction enzyee sit
entire Cas9 transgene within AAV's strict genome packagingo demonstrate this and to validate that this Tet2 targeting
limit which hovers somewhere between 4.7 and 5kb. ThigRNA indeed was capable of e ciently editing its intended tatrg
packaging limit also includes the two inverted terminal refgea site, we transfected the mouse neuroblastoma cell line Neuro-
that are 150 bases each, therefore limiting AAV's ability to2A (N2A), with the Cas9/gRNA expression plasmid pX330,
deliver transgenes that are no larger tha.4—4.7kb. Since that contained the Tet2 gRNA (pX33&2). Ninety-six hours
the coding region of SpCas9 is4.2 kb, this leaves very little post transfection, the cells were harvested and genomic DNA
room for the promoter and 8untranslated sequences (UTR). was isolated, and the Tet2 locus was PCR ampli ed utilizing
Because of this, we opted to design an AAV vector that harborelCR primers that ank the intended Cas9 cut siteiqure 1D,

the Cas9 coding region under the control of a truncated 2ndane 1). The full length uncut Tet2 PCR product is 466 bps.
generation tetracycline response element (TRE) promotgg,® In cells that did not receive gRNAs targeting the Tet2 locus
(Figure 1A). Of the three generations of TRE promoters (TRE2(pX33Gmpty), genome editing did not occur, and the EcoRV
Tight, TRE3G), the Tight promoter is the shortest of the threedigestion of the Tet2 PCR product yielded 2 bands 200 bps
promoters. We also truncated the promoter at tHefd so that as expectedFgure 1D, lane 2). However, in cells that were
it only included 3 Tet operators (TetO), creating a promoteath transfected with the pX33@i plasmid, genome editing did
was 175 bps. To regulate therg,-Cas9 transgene and deliver occur, as demonstrated by the fact that the EcoRV digestias w
the gRNA expression cassette, another AAV was developed, thadt capable of digesting the entire pool of PCR product. In this
harbored a gRNA transgene, utilizing a U6 promoter, and arcase, the digestion of the PCR product yielded fully digested
additional transgene, containing a CMV promoter driving rtTA DNA, creating 2 bands at 200 bps and one undigested band
(Tet-On Advanced) transcription factor expression. Thisugir at 440 bps, indicating genome editing had occurred. In this
was also designed to express green uorescent protein (GFBase, the amount of editing was33% as determined by the
from an internal ribosomal entry site (IRES), following th@At  ratio of the digested and undigested ban&ggy(re 1D, lane 3).
open reading frame (ORigure 1A). In cells that receive both We cloned and sequenced some of these edited PCR products to
the Prignt-Cas9 virus and the gRNA/ItTA virus in the presencebetter characterize the nature of Cas9 mediated Indel féiona

of Doxycycline (Dox), rtTA would become activated, allogin In the 6 independent clones we sequenced, Cas9 had created
it to bind to the Prign; promoter and drive Cas9 expression, deletions spanning 1-15 nucleotides, therefore undersgdtie
inducing genome editing. When Dox is not present, the systenatility of the RFLP screening={gure 1B).

theoretically should not be able to express Cas9 and thexrefor

genome editing should not be possible. We produced both of\ Doxycycline Regulated SpCas9 within

these viral vectors pseudotyped as DJ serotype and transduc o .
293FT cells grown in culture in the presence or absence of Doé%‘v’ Exhibits Leaky Expression, and

Forty-eight hours post viral transduction, immunocytochistmy ~€nome Editing in a Doxycycline
(ICC) was performed for Cas9 protein expression. The cellndependent Manner
exhibited GFP uorescence, indicating that they were ewily ~ To determine if our Rjgn-Cas9 and gRNA/tTA-GFP viral
transduced by the gRNA/TA-GFP virus. The ICC revealed lasmids could edit the Tet2 locus in a Dox dependent
dramatic increase in Cas9 expression in the presence of Daxanner, we cotransfected therf}-Cas9 plasmid with the
indicating that our viral vectors appropriately expressed theigRNAre/rtTA-GFP plasmid containing the Tet2 gRNA into
intended transgenes and it appeared that Dox could regulatd2A cells in the presence and absence of Dox. As a
Cas9 expression (replicates of samples produced similar sgsultontrol, we also cotransfected the;f-Cas9 plasmid with the
Figure 1B). 9RNAEmpy/ItTA-GFP plasmid that did not contain a gRNA into
Next, we wanted to determine if these viral vectors couldN2A cells in the presence or absence of Dox. Ninety-six hours
edit the genome in an inducible manner. To do this wepost transfection, the cells were harvested and the genoii D
chose to utilize a previously described and validated gRNAvas isolated and examined for genome editing at the Tet2slocu
targeting the mouse Tet2 genomic locus. Tet2 is a membefia PCR/RFLP analysis as described above. Cells that rededved t
of the Ten-eleven translocation (Tet) gene family, and irigh-Cas9 and gRNAmpty/ItTA-GFP plasmids, did not exhibit
involved in the enzymatic conversion of 5-methylcytosirte ( editing of the Tet2 locus, as expected. Cells that received th
mC) to 5-hydroxymethylcytosine (5 hmC) to promote DNA Prigh-Cas9 and the gRNAw/ITA-GFP plasmids did exhibit
demethylation. In particular, this gRNA is designed to target editing of the Tet2 locus; however, the editing occurredhe t
genomic sequence that contains an EcoRV restriction enzynm@esence and the absence of Dox (similar results obtained in 3
site that is directly adjacent to the Protospacer AdjacentiMot independent samples per groupigure 2A). Notably, there was
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FIGURE 1 | (A) AAV vector maps depicting AAV-Righ-Cas9 and AAV-gRNA/ITA. AAV-Righ-Cas9 consists of a Cas9 transgene under the control of a Dox
inducible Tight promoter. AAV-gRNA/ITA consists of a gRNAx@ression cassette and a rtTA (Tet-On Advanced) transgeneoatrolled by a CMV promoter. It also is
designed to express GFP via an IRES element following the rtTAading frame.(B) ICC for Cas9 and GFP was performed on 293FT cells transduced by
AAV-Prigh-Cas9 and AAV-gRNA/ITA viruses in the presence or absence ddox. Native GFP expression is visible in virtually all of ticells (i, iii). Cas9 expression is
robustly induced in the presence of Dox (i), compared to theo Dox condition (iv). Representative images are shown. Thexperiment was repeated twice with similar
results. (C) Diagram depicting the approximate location of where the T&tgRNA targets the Tet2 locus. Underlined nucleotides indate the sequence of the Tet2
gRNA. Location of the EcoRV site and PAM sequence are denotedD) An approximate 460 bps region of the Tet2 locus that includeshe site targeted for editing via
the gRNAverp: was PCR ampli ed from N2A genomic DNA and electrophoresed on atandard agarose gel and stained with ethidium bromide (lan1). N2A cells were
transfected with the pX33Qmpty, a plasmid designed to express spCas9 and no gRNA, and 96 h lat, the genomic DNA was isolated and the Tet2 locus was PCR
ampli ed and subjected to EcoRYV digestion. The PCR product wa cut into two pieces of DNA as expected (lane 2). However, wheN2A cells were transfected with
pX3307et2 and similarly processed, the PCR product was incompletely igested resulting in a total of three bands on the gel - one ungt PCR product ( 460 bps) and
two smaller bands. In this case the genome editing was 33%. (E) Edited DNA depicted in D, lane 3) was gel puri ed and TA cloned and 6 independent clonesvere
sequenced. These 6 clones contained deletions which destiged the EcoRYV site.

no di erence between the induced (i.e., Dox) samples, comparetthe animals were sacri ced, and their BLA were microdisséct

to the non-induced samples (i.e., no Dox), indicating thagrla  The genomic DNA was isolated from the microdissected BLA
might be a low level of Cas9 expression that is su cient fortissue and subjected to PCR/RFLP analysis to assess genome
genome editing in the non-induced samples. To determine igditing at the Tet2 locusHigure 2C). Animals that received
these viruses would function in an inducible manriervivo, the AAV2/DJ-Rign-Cas9 and AAV2/DJI-gRNAmpt/rtTA-GFP

we infused these viruses into the basal and lateral amygdalauses, did not exhibit editing of the Tet2 locus, as expected
(BLA) of mice. Speci cally, AAV2/DJ-Ryni-Cas9 and AAV2/DJ-  Animals that received the AAV2/DJf-Cas9 and AAV2/DJ-
gRNATet/tTA-GFP were co-infused bilaterally into the BLA, gRNArer/rtTA-GFP viruses did exhibit editing at the Tet2 locus,
each at a titer of 6E12 GC/mL (dl/side) (Figure 2B). For a  but similarly to thein vitro experiments, the editing was not Dox
control, AAV2/DJ-Frighi-Cas9 and AAV2/DJ-gRNAnpt/ItTA-  dependent (similar results obtained in 3 independent samples pe
GFP were infused in a similar manner. Half of the animals ingroup; Figure 2D). Since these viral plasmids cannot be tightly
the Tet2 group and half of the animals in the Empty group wereegulated using Dox, these vectors would not be suitable for
placed on a diet of 1 g/kg of Dox. Ten days following surgeryinducible genome editing vitro or in vivo.
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FIGURE 2 | (A) The AAV-Prigh-Cas9 plasmid and the AAV-gRNAeo-1tTA plasmid were cotransfected into N2A cells in the presece or absence of Dox. As a
control, the AAV-Prigh-Cas9 plasmid and the AAV-gRNAsmpty~ItTA plasmid were co-transfected too. Nighty six hours postransfection, the cells were harvested, the
genomic DNA was isolated and PCR and RFLP analysis was perfoled to assess if genome editing had occurred at the Tet2 locusGenome editing was not observed
in cells that had received the gRNfmpry plasmid either in the presence or absence of Dox as expectedCells that were transfected with a plasmid containing the
gRNA plasmid, did exhibit editing, however the editing occurredn samples that were in the presence or absence of Dox, indidang that genome editing occurred
independently of Dox. Similar results were observed in atdst 3 independent samples per group.(B) Image of a Nissl stained coronal mouse brain section with the
BLA highlighted in red [adapted fromranklin and Paxinos, 2007] (i). Image depicting GFP expression within BLA neurons insamilar anatomical coronal slice as in (i)
taken 10 days following BLA infusion of both AAV-gRNfyo-ItTA-GFP and AAV-Rrigh-Cas9 viruses (i) (C) Timeline from infusion of virus into the mouse amygdala tq
assessment of genome editing via RFLP analysi¢D) RFLP analysis of genome editing from BLA tissue transduced ithh AAV-Prigh-Cas9 and AAV-gRNAempry-1tTA
or AAV-Prigh-Cas9 and AAV-gRNApe-1tTA from mice that were fed a diet that included Dox or a diethat did not include Dox. No genome editing occurred in
samples that received gRNA:mpty as expected. Genome editing did occur in BLA samples that reeived gRNAet, however, genome editing occurred independently
of Dox administration. Two independent samples per group & shown. Similar results were observed in at least 3 indeperaht samples per group.

We speculated that the inability to regulate genome editindpackground Cas9 expressiontfigscCas9PEST). Finally, we
with our Prigh-Cas9 vector was due to low level Cas9 expressiomodi ed the PrrescCas9QPEST vector by removing the Kozak
that was not rtTA dependent. Therefore, we created a numbesequence and the N-terminal NLSf3c1 Cas9PEST). The
of other AAV vectors with modi cations to attempt to reduce removal of the Kozak sequence, might lead to less e cient
expression of Cas%{gure 3A). We rst modi ed the Prigne-  translation initiation, possibly lowering Cas9 protein lésje
Cas9 vector by removing the C-terminal NLS sequence at tle erand the removal of the N-Terminal NLS should reduce the
of the Cas9 ORF and adding a PEST sequengg,(FCas9PEST). e ciency of Cas9 nuclear import, leading to reduced Cas9
The removal of the NLS should decrease the e ciency ofactivity. These 4 viral vectors were transfected into N2Asce
Cas9 nuclear import which could reduce Cas9 activity and thavith the gRNAreto/tTA-GFP and gRNAmpty/ItTA-GFP vectors
addition of the PEST sequence could reduce the half-life dhthe presence or absence of Dox and genome editing of the Tet2
the Cas9 protein, thus reducing Cas9 levels. We subsequeniihcus was assessed via PCR/RFLP analysis as described above
modi ed Prigh-Cas9PEST by exchanging the Tight promoter for(Figure 3B). Genome editing of the Tet2 locus did not occur in
a truncated 3rd generation TRE3G promoter which contained 2he gRNAEmpty groups as expected (Data not shown). Cells that
TetOs in hopes that the TRE3G promoter might lead to lowereceived the Cas9 viral plasmids and the gRNAtTA-GFP
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FIGURE 3 | (A) AAV vector maps depicting AAV-Righ-Cas9 and three new vectors derived from AAV-Righ-Cas9. The C-terminal NLS was removed from
AAV-Prigh-Cas9 and replaced with a PEST sequence to create AAV-Rgq-CasOPEST. Then the Tight promoter was exchanged for a TRE3@romoter to create
Prre3cCas9PEST. Next, the kozak sequence and N-term NLS was remad to create Prrgzg-1 Cas9PEST.(B) The plasmids described in(A), were co-transfected
with AAV-gRNAp2-rtTA into N2A cells in the presence or absence of Dox. Nightgix hours post transfection, the cells were harvested, the gnomic DNA was isolated
and PCR and RFLP analysis was performed to assess if genome &thg had occurred at the Tet2 locus. None of the Cas9 plasmisl exhibited genome editing that
was Dox dependent. Similar results were observed in at least independent samples per group.(C) These Cas9 plasmids were transfected into N2A cells in the
presence or absence of Dox and an ICC for Cas9 was performed. Ingees depict cellular Cas9 expression from cells treated witBox (i, v, ix, and xiii) or off Dox (i, vi,
X, Xiv, and xvii). These images were taken the same exposurémages depicted in (iii, vii, xi, xv, and xviii) are of the ofoR samples at a higher exposure, which reveal
low amounts of Cas9 expression in the absence of Dox. Images dgcted in (iv, viii, xii, and xvi) are a zoom-in of the on Dox s#ples that shows a decreased nuclear
localization of Cas9 protein for the Rrezg-1 Cas9PEST group. Samples were processed in duplicate with siilar results. UTC, untransfected control.

plasmid did exhibit editing of the Tet2 locus, however, theree cient genome editing. We did not observe obvious di erersce
was virtually no di erences in editing in the presence or thein Cas9 expression across these four Cas9 viral constructs,
absence of Dox (similar results obtained in 3 independenindicating that the presence of the PEST sequence, the use of
samples per group). Next, we transfected N2A cells with the fouhe TRE3G promoter and removal of the Kozak sequence had
Cas9 viral plasmids and the gRMN&/rtTA-GFP viral plasmid little in uence over Cas9 steady state protein levels in theoo

in the presence or absence of Dox. Twenty-eight hours post Dox conditions. The removal of the N and C terminal Cas9
transfection, the cells were examined by immunocytochagnis NLSs did have a noticeable in uence on the steady state Cas9
(ICC), to observe Cas9 expressidiigure 30). In all cases there cellular localization, which became predominantly localize

was a clear induction of Cas9 expression due to the presencetbg cytoplasm.

Dox. Using exposure conditions that were optimal for visualiz

Cas9 expression in the presence of Dox, there appeared 5) . - .
be very little, if any, Cas9 expression in the absence of Do .AV gRNAI Vector Exhibits DOXyCyC“ne

However, at a much higher exposure time there was obviouPependent Genome Editing In vitro and

Cas9 expression in the absence of Dox, which explains tH& vivo

genome editing we observed in the absence of Dox (sampl&ince we were not able to generate an AAV based Cas9

performed in duplicate with similar results). Interestingthese expression system where Cas9 expression could be regulated
ndings underscore that very little Cas9 protein is needed fo using a TRE containing promoter, due to the leakiness of Cas9
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FIGURE 4 | (A) AAV vector maps depicting the AAV-Rjecp2-Cas9 vector and an inducible gRNA vector, AAV-gRNAI-TetRGFP. (B) The gRNAI plasmid described in
(A), containing either a Tet gRNA or no gRNA (Empty), were co-trssfected with pX330gmpy into N2A cells in the presence or absence of Dox. Nighty six ho's post
transfection, the cells were harvested, the genomic DNA wagsolated and PCR, and RFLP analysis was performed to assessgenome editing had occurred at the
Tet2 locus. Genome editing was not observed in cells that hadeceived the gRNAempyy plasmid either in the presence or absence of Dox as expectedCells that were
transfected with a plasmid containing the gRNAet2 plasmid, did exhibit editing in the presence of Dox, but notni the absence of Dox, indicating that genome editing
could be regulated in a Dox dependent manner. Similar restwere observed in at least 3 independent samples per group(C) The H1/TO promoter gRNA
expression cassette was compared to gRNA expression cassées composed of either a full length H1/TO promoter (H1-L/TO)y U6/TO promoter or a non-inducible
U6 promoter (U6) for their ability to edit the Tet2 locus. Clslwere transfected with the respective vectors in the presece or absence of Dox and genome editing was
assessed 96 h post transfection § D 4 per groups). (D) Quanti cation of genome editing revealed that the induciblgpromoter gRNA expression cassettes were not
signi cantly different from each other (n.sD p  0.0778) in their ability to edit the Tet2 locus and they werelbslightly but signi cantly different from the non-inducite
U6 promoter construct (o 0.003). Four independent samples were screened with simitaesults. (E) Partial sequences of the inducible promoters used, highliging
the tetracycline operators (Tet-O) and transcriptional att site. (F) Genomic DNA from the same U6, H1/TO, and UTC samples used fqiC,D) were subjected to a
mutation detection kit (Clontech), in which the PCR ampli ecproduct was denatured, annealed and digested with Resolvas to directly detect edited DNA.(G) Levels
of editing were comparable to those seen using the restriatin digest PCR/RFLP analysis used fo(C,D). Again, levels of editing were signi cantly higher in the U6
group, compared to the H1/TO group (#  0.005, Two Tailed T-test).

expression within this system, we chose an alternative approacsimilar to the promoter used in the BLOCK-IT inducible H1
We reasoned that if we could regulate gRNA expression, WeNAi vectors (InvitrogenFigure 4A). This vector also contains
could still generate an inducible viral mediated genomeiegli a CMV promoter controlling the expression of TetR in frame
system. We generated a gRNA AAV vector containing a gRNAvith a self-cleaving P2A sequence followed by a GFP ORF fused
transgene controlled by a hybrid H1/TO promoter (gRNAI) to a KASH domain. Binding of TetR to the H1/TO promoter
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represses the gRNA transcription. The addition of Dox inhibitsvirus and the AAV2/DJ8-gRNAk¢ virus pseudotyped as DJ8
TetR binding and induces gRNA expression. The KASH domaiiserotype. Speci cally, AAV2/DJ8yRcp>Cas9 and AAV2/DJ8-
will localize the GFP protein to the nuclear membrane, whiclgRNAiret2 Were co-infused bilaterally into the BLA, each at a titer
will allow the nuclei of transduced neurons within the brambe  of 2.5E12 GC/mL (in/side). For a control, AAV2/DJ8+fecp2
isolated away from non-transduced neurons using acomimnat Cas9 and AAV2/DJ8-gRNAjnpty Were infused in a similar
of nuclei isolation via cellular fractionation and uoresece- manner. Half of the animals in the Tet2 group and half of the
activated cell sorting (FACS). To test if the gRNA could ragell animals in the Empty group were placed on a diet of 1 g/kg
genome editing in a Dox dependent manner, we co-transfectedf Dox. Ten and fourteen days following surgery, the animals
the gRNAirei>-TetR viral vector containing a gRNA designedwere sacri ced, and their BLA were microdissected. The g&no
to edit the Tet2 locus with a Cas9 expression plasmid thaDbNA was isolated from the microdissected BLA tissue and
did not contain a gRNA (pX33énpty) into N2A cells, in the subjected to PCR/RFLP analysis to assess genome editing at the
presence or absence of Dox. As a control, we co-transfeceed tiiet2 locus Figure 5A). Animals that received the AAV2/DJ8-
gRNAigmpty-TetR viral vector which did not contain a gRNA Pyecp2Cas9 and AAV2/DJ8-gRNAinpty Viruses did not exhibit
with pX33Gmpty in the presence or absence of Dox. Ninety-sixediting of the Tet2 locus as expected. Animals that received
hours post transfection, the genome editing of the Tet2 locuthe AAV2/DJ8-Rjecp>Cas9 and AAV2/DJI8-gRNAét viruses
was assessed via PCR/RFLP analysis as described above. @Giellexhibit editing at the Tet2 locus, but this time editinglgn
that received the gRNAinpty-TetR vector did not exhibit genome occurred in cases where the animals received Dox, indicating
editing as anticipated. Cells that received the gRN&iTetR that genome editing could be regulated in a Dox dependent
viral vector in the presence of Dox, exhibited genome edjtingmanner (similar results obtained in 3 independent samples per
but in the absence of Dox, there was no editing (similar ressul group;pD 0.04Figures 5B,3. To compare our inducible system
obtained in 3 independent samples per grokgure 4B). These to a non-inducible system, we co-infused mice with an AAV
data indicated that the gRNAIi-TetR vector could provide adesigned to express a gRNA from a U6 promoter and AAV2/DJ8-
plausible system for inducible viral mediated genome editin =~ Pyecp>Cas9 at the same viral titers as the above experiments

To test the e ciency of the H1/TO gRNA expression cassetteand followed the same timeline as the above experiments. RFLP
we compared its ability to mediate genome editing vitro  analysis revealed similar levels of genome editing at dayd0 a
to two dierent inducible promoter based gRNA expression14 for the conventional non-inducible genome editing syste
cassettes and a standard U6 based gRNA expression cassette (JBNA), compared to our inducible genome editing system
pX552). We designed a gRNA expression cassette that includgRNAI) in vivo (similar results obtained in 3 independent
the full length sequence for the H1 promoter (H1-L/TO) and asamples per groupp < 0.28;Figures 5D,B. In thesein vivo
U6/TO promoter based gRNA expression cassette, as describedexperiments, we observed20% genome editing. This in part
Henriksen et al. (200qFigure 4B. These di erent vectors, were is due to the fact that our viral vectors are targeting newon
cotransfected with pX33Ghpty into N2A cells, in the presence selectively, due to AAV's natural tropism for neuroinsvivo (de
or absence of Dox for 96 h. PCR/RFLP analysis revealed thablis et al., 20)%and the fact that Cas9 expression is controlled
the U6 group exhibited moderately better editing compared tdrom the Mecp2 promoter which restricts its expression to
the U6/TO, H1/TO and H1-L/TO groupsH, 12)D 13.157pD  neurons Ewiech et al., 20).5Within the brain, glia cells make
0.0004] p < 0.003fFigures 4C,D. We suspect that the presenceup at least 50% of the cell&\fevedo et al., 2009so in this
of the Tet Operators, may slightly interfere with the e ciepc case we would at best only expect 50% of the cells within the
of gRNA expression, however the inducible gRNA vectors damicrodissected brain tissue to exhibit editing and that idyaf
exhibit signi cant Dox dependent genome editing. all the neurons within this microdissected tissue were $duced

In order to determine if our restriction enzyme screeningby both viruses. Therefore the20% level of editingn vivo we
method to detect genome editing was comparable to otheare obtaining essentially means we are observid@% of the
common methods that are designed to detect genome editing, wieurons undergo genome editing, and this is similar between
screened the same U6 and H1/TO samples from above utilizingur inducible system and the previously developed non-inbigci
the Resolvase based mutation detection kit (Clontech). THe PCsystem.
products were denatured, annealed and digested with Resglvas In our last set of experiments, we wanted to determine the
an enzyme that makes a DSB at the site of mismatched DNAluration animals would need to receive Dox to induce genome
The screening revealed a signi cant di erence between the U@diting. Therefore, in these experiments we infused AAV2/DJ8
and H1/TO groups {e) D 4.332,p D 0.0049], as expected. Pyece-Cas9 and AAV2/DJIB-gRNA¢ virus into the mouse BLA
Additionally, similar levels of editing were detected iatilg as described above. In this case, we waited 10 days following
this mutation detection method compared to the PCR/RFLRhe infusion of the virus to administer Dox to the animals.
restriction enzyme analysis methogigures 4F,G. The animals were then taken o Dox 1, 5, or 7 days later.

Next, we wanted to assess if the gRNAI virus could b&he animals were sacriced 5 days after Dox was removed
usedin vivo to control genome editing in a Dox dependent from their diet, and the transduced cells within the BLA were
manner. In these experiments we used a previously developedcrodissected. The genomic DNA was isolated from the &ssu
Cas9 AAV, where Cas9 expression is under the control of and subjected to PCR/RFLP analysis to assess genome editing
neuronal speci ¢ truncated Mecp2 promoter (AAYRp>Cas9) at the Tet2 locusKigure 6A). PCR/RFLP analysisigure 6B)
(Swiech et al., 20)5We produced AAV2/DJ8-flecp-Cas9 revealed that day 1, 5, and 7 time points demonstrated roughly
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FIGURE 5 | (A) Timeline from viral infusion to analysis of editing. Aninsaleceived either infusions of AAV-Riecp2-Cas9 and AAV-gRNAte,-TetR-GFP or
AAV-Pyjecpz-Cas9 and AAV-gRNAEmpry-TetR-GFP and were put on Dox or control (no Dox) food for 10 ot4 days post-infusion. Animals were then sacri ced and
transduced cells within the amygdala were then microdisseed and assessed for editing.(B) RFLP analysis of genome editing from BLA tissue transduced it
AAV-Pyjecp2-Cas9 and AAV-gRNAfg-TetR-GFP or AAV-Rjecp2-Cas9 and AAV-gRNAEmpry-TetR-GFP from mice that were fed a diet that included Dox or aiet
that did not include Dox and sacri ced 10 days post viral infufon. Genome editing did not occur in samples that received gRAgmpty as expected. Genome editing
did occur in BLA samples that received gRNAgt2 and this genome editing was dependent on Dox administrationTwo independent samples per group are shown.
Similar results were observed in at least 3 independent sanigs per group. (C) RFLP Analysis at day 14 post-infusion showed comparable ammts of editing as
compared to the day 10 post-infusion experiments describedn (B). One independent sample per group is shown. Similar resulteere observed in 3 independent
samples per group. (D) A comparison of our inducible gRNAI virus was compared to a ne-inducible system (QRNA)n vivo, following the same timeline for day 10 and
14 as described in(B,C). (E) Quanti cation of total edited DNA in RFLP experiments reveatl a similar degree of editing between the inducible and noimducible
systems. Editing at both day 10 and 14 on Dox was signi cantly fgher when compared to the no Dox group (b D 0.04, Kruskal-Wallis). Editing after 10 days on Dox
with the gRNAI vector compared to the non-inducible vectordRNA) was not signi cantly different between the two groupsr(s D p D 0.51, Kruskal-Wallis). The same
was found for the 14 day time point s D p D 0.28, Kruskal-Wallis).

similar levels of editing (3 independent samples per groupgRNA. We examined editingh vivo within the mouse brain at
(Figure 6Q). These data indicate that this system requires a30 and 14 days post viral infusion and observed a similar level
little as 1 day on Dox to induce editing. The degree of genomef editing between both time points and the amount of editing
editing within this experiment was roughly comparable to thewas very similar and comparable to a non-inducible system. We
degree of genome editing obtained with the inducible and-nonalso determined that this system is highly dependent on Dox
inducible gRNA viruses utilized in the experiments described to initiate genome editingn vitro and in vivo and therefore

Figure 5E there does not appear to be any genome editing when Dox is
not present. Administering animals Dox containing food for as
DISCUSSION little as 1 day (following 10 days post viral infusion) yielded

roughly similar levels of genome editing to all other time msi
Here, we report the creation of an inducible CRISPR/Cas9 systet@sted. We believe this system could be extremely usefuhfor
that can be delivered to celfsvitro andin vivovia AAV. Genome  Vvivostudies where regulating CRISPR/Cas9 genome editing in a
editing in this system is regulated by a doxycycline indueibl temporally and spatially restricted manner would be bene cial.
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FIGURE 6 | (A) Timeline from viral infusion to RFLP analysis of genome eidiy. Animals were infused into the BLA with AAV-Recp2-Cas9 and
AAV-gRNAfo-TetR-GFP. Ten days post-infusion animals were placed on Dofood and then Dox food was removed either 1, 3, or 5 days laterfAnimals were

sacri ced 5 days after removal of Dox and the BLA was microdisscted and the genomic DNA was isolated and subjected to RFLPPCR analysis.(B) RFLP analysis of
editing across 1, 5, and 7 days on Dox showed similar levels additing and no editing in a gRNAtmpr, N0 Dox control. (C) Quanti cation of total edited DNA revealed
similar editing across days animals were on Dox. These lewebf genome editing were very similar to the levels seen dugrthe 10 and 14 day editing time course for
the gRNAI system and the non-inducible system. Percent genoe editing was not signi cantly different between 1, 5, and 7 @ys on Dox ¢ D 0.67, Kruskal-Wallis).

Certainly, behavioral neuroscience could bene tfrom thystem to date, have been adapted for AAV delivery. Kiani et al.
because it would allow a gene to be knocked out at a speci ¢ timgemonstrated that gRNA expression could be regulated from
point during an ongoing behavioral assay that may span days polymerase 1l, TRE3G promoter in CRISPRi experiments
to weeks. conducted in HEK293 cells{ani et al., 201}t More systems
Initially, we attempted to regulate the expression of Cas8gisi have been developed where Cas9 expression or activity is
a tetracycline response element (TRE) containing promoteregulated. One such system is light inducible, in which Cas9
however, we determined that genome editing could not bés present in cells in an inactive or incomplete form, and
regulated in a Dox dependent manner, due to the leakinessith the addition of light, Cas9 becomes active and is able
of Cas9 expression within this system. Some studies hat® complex with the gRNA and edit the target geie vitro
described regulating Cas9 expression utilizing TRE comgini (Nihongaki et al.,, 2015 Qi and colleagues developed an
promoters in other systems fairly successfully with limitedanhydrotetracycline (aTc)-inducible Cas9 expression gyste
leakiness@onzélez et al., 2014; Dow et al., 2018 these cases, for use in bacterial CRISPRI experiment9i(et al., 201}
the TRE—Cas9 transgene was stably integrated into the genonavis and colleagues developed a system where inactive Cas9
which might reduce the observed leakiness because theggaas becomes active in the presence of tamoxifen to enable genome
copy number may be lower. In comparison, ectopic expressioaditing (Davis et al., 200)5and Zetsche and colleagues developed
methods such as plasmid transfection and viral transductiam an inducible system where Cas9 becomes active upon the
deliver hundreds to thousands of copies of plasmid or virusaddition of rapamycin Zetsche et al., 201.5The tamoxifen
and this may lead to an increase in leakiness, as seen in omducible system in its current form would not be amenable
experiments since the transgene copy number is so high. It 8 AAV delivery, due to AAV's genome packaging limits
also possible that the low level Cas9 expression we observedaind the rapamycin inducible system would not be an ideal
the non-induced state is driven in part by low level promotersystem to usén vivo, given rapamycin inhibits the mammalian
activity from the inverted terminal repeat (ITR), since itelv target of rapamycin (MTOR), which is essential for many
established that the AAV ITRs can serve as weak promoters faellular processe®€llou and Lin, 2008; Laplante and Sabatini,
RNA polymerase II\(Vvang et al., 1999 2009 including those for memory formation Nader et al.,
Several inducible systems have been developed fan00Q.
CRISPR/Cas9 based systems where either the expression offo our knowledge, this is the rst example of an
Cas9 or the gRNA are inducible; however, none of these systenisducible AAV mediated CRISPR/Cas9 system where the
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expression of the gRNA is regulated vivo. One of the

coordination and drafted the manuscript. All authors read,

great features of this system is that the inducible gRNAedited, and approved the nal manuscript.
vector (gRNAIi) we developed might be cross compatible

with  many existing S. pyogenegas9 (SpCas9) systems.
Coupling our gRNAI AAV vector with these systems may
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