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Summary

Genetically engineered mouse models harboring large sequence insertions or modifications are 

critical for a wide range of applications including endogenous gene tagging, conditional knockout, 

site-specific transgene insertion, and gene replacement; however, existing methods to generate 

such animals remain laborious and costly. To address this, we developed an approach called 

CRISPR-READI (CRISPR RNP Electroporation and AAV Donor Infection), combining adeno-

associated virus (AAV) mediated HDR donor delivery with Cas9/sgRNA RNP electroporation to 

engineer large site-specific modifications in the mouse genome with high efficiency and 

throughput. We successfully targeted a 774 bp fluorescent reporter, a 2.1 kb CreERT2 driver, and a 

3.3 kb expression cassette into endogenous loci in both embryos and live mice. CRISPR-READI is 

applicable to most widely used knock-in schemes requiring donor lengths within the 4.9 kb AAV 

packaging capacity. Altogether, CRISPR-READI is an efficient, high-throughput, microinjection-

free approach for sophisticated mouse genome engineering with potential applications in other 

mammalian species.
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Introduction

Genetically modified mice are invaluable assets for investigating mammalian gene function, 

as well as for modeling human development, physiology, and disease. In particular, knock-in 

mice harboring large sequence insertions or substitutions are essential for a variety of 

applications including endogenous gene tagging, conditional gene knockout, site-specific 

transgene insertion, and gene replacement. While embryonic stem cells (ESCs) engineered 

by homologous recombination were classically used to generate these mouse models, the 

rapid adoption of CRISPR/Cas9 technology has provided an attractive alternative—direct 

microinjection of CRISPR components with a donor template to trigger homology-directed 

repair (HDR) and produce edited animals in one generation (Aida et al., 2015; Cong et al., 

2013; Fujii et al., 2013; Jinek et al., 2012; Li et al., 2013; Nakagawa et al., 2016; Wang et 

al., 2013; Yang et al., 2013). Multiple technical refinements have also been developed to 

increase the rate of HDR in mouse zygotes through the use of ssDNA, linearized dsDNA, or 

chemically modified dsDNA donor templates, co-injection of HDR-stimulating compounds, 

and timed microinjection in 2-cell stage embryos (Gu et al., 2018; Maruyama et al., 2015; 

Miura et al., 2017; Quadros et al., 2017; Yao et al., 2018; Yoshimi et al., 2016). In spite of 

these improvements, complex editing in mice remains challenging due to the need for 

microinjection, a costly procedure with a high technical barrier and low throughput (Brinster 

et al., 1985; Nagy et al., 2003).

Recently, we and others developed electroporation-based methods to deliver CRISPR 

reagents into zygotes for highly efficient genome engineering; these strategies have garnered 

popularity due to improved throughput, technical ease, and cost-effectiveness across 

multiple mammalian species (Chen et al., 2016b; Hashimoto et al., 2016; Hashimoto and 

Takemoto, 2015; Hur et al., 2016; Miyasaka et al., 2018; Ohtsuka et al., 2018; Remy et al., 

2017; Takahashi et al., 2015; Tanihara et al., 2016; Wang et al., 2016). While 

electroporation-based approaches are highly effective in introducing indel mutations, large 

deletions, and small insertions or substitutions, the use of short (typically <200 nt) single-

stranded oligodeoxynucleotides (ssODNs) as HDR donors renders these techniques 

unsuitable for editing schemes involving targeted insertion of multi-kilobase sequences. 

Alternatively, long single-stranded oligodeoxynucleotides (lssODNs) can be applied for 

more complex editing, and several lssODN synthesis methods, including reverse-

transcription, plasmid nicking followed by gel extraction, and selective strand 

phosphorylation/degradation, have been reported (Chen et al., 2011a; Li et al., 2017; Miura 

et al., 2017; Miyasaka et al., 2018; Ohtsuka et al., 2018; Quadros et al., 2017; Remy et al., 

2017; Takahashi et al., 2015; Yoshimi et al., 2016). However, these protocols carry several 

notable drawbacks, including limited length (typically ≤2000 nt), GC-content and other 

sequence constraints, suboptimal yield, and costly reagents (Chen et al., 2011b; Li et al., 

2017; Miura et al., 2017; Miyasaka et al., 2018; Quadros et al., 2017). Furthermore, 

electroporation of lssODNs typically yields much lower knock-in efficiencies than that of 
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short ssODNs, likely due to inefficient lssODN delivery into zygotes (Ohtsuka et al., 2018; 

Yoshimi et al., 2016). Owing to these restrictions, targeted knock-ins are predominantly 

performed using microinjection or ESC-based approaches with plasmids or linearized 

dsDNA as HDR donors.

Here, we developed a strategy for complex mouse genome engineering that leverages the 

simplicity and throughput of CRISPR electroporation while overcoming the current 

limitations of large HDR donor delivery. Recombinant adeno-associated virus (rAAV) has 

emerged as a safe and efficient gene delivery vector with the innate ability to transduce 

mammalian cells and stimulate gene targeting by promoting homologous recombination 

(Hiramoto et al., 2018; Hirata et al., 2002; Khan et al., 2011; Kotterman et al., 2015; Russell 

and Hirata, 1998). In particular, rAAV donors packaged with single-stranded DNA genomes 

have successfully served as repair templates for HDR upon Cas9-mediated cleavage in 

mammalian cell lines, enhancing the efficiency of site-specific gene integration by >10-fold 

relative to plasmid donor nucleofection (Gaj et al., 2017). More recently, three separate 

rAAV6 vectors were used to deliver Cas9, sgRNA, and donor components into mouse 

zygotes to mediate gene targeting, demonstrating targeted knock-in of up to ~700 bp (Yoon 

et al., 2018). Of note, AAV’s naturally occurring single-stranded DNA genomes can be 

engineered into a duplexed form, termed self-complementary AAV (scAAV), which can also 

facilitate efficient gene targeting(Hirsch et al., 2010).

In this study, we identified AAV1 as an optimal naturally occurring serotype for highly 

efficient transduction of mouse zygotes. We then developed CRISPR-READI (CRISPR RNP 

Electroporation and AAV Donor Infection), a highly efficient method that combines AAV-

mediated HDR donor delivery with Cas9/sgRNA RNP electroporation to generate complex 

genome modifications in mice. Using CRISPR-READI, we successfully inserted a 774 bp 

fluorescent reporter or a 2.1 kb CreERT2 cassette into the endogenous Sox2 locus, as well as 

a 3.3 kb gene expression cassette into the Rosa26 locus, in both preimplantation stage 

embryos and in mice. CRISPR-READI permits the use of HDR donors up to 4.9 kb, the 

packaging capacity of recombinant AAVs (Dong et al., 1996), and thus enables a broad 

range of complex genome modifications, including site-specific integration of reporters, 

Cre-drivers, and expression cassettes. Altogether, CRISPR-READI produces genetically 

edited animals harboring multi-kilobase modifications with unparalleled efficiency and 

throughput.

Results

Specific natural AAV serotypes efficiently transduce mouse zygotes

To characterize the native capacity of rAAV vectors to penetrate the zona pellucida and 

deliver the viral genome into mouse zygotes, we infected C57BL/6J mouse zygotes with a 

panel of eight natural AAV serotypes packaged with a self-complementary CMV-eGFP 

reporter (scAAV-CMV-eGFP) at a dose of 2×108 genome copies (GCs) per culture droplet 

(Fig. 1A; Fig. S1). Strong fluorescent signal was only detected for serotypes 1 and 6 

(scAAV1 and scAAV6), which yielded comparable signal intensity by the 4 to 8-cell stage, 

suggesting that efficient rAAV-mediated DNA delivery can be achieved in mouse zygotes 

(Fig. 1A; Fig. S1). While ~20% of scAAV1- or scAAV6-transduced embryos exhibited 
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bright eGFP fluorescence, all treated embryos displayed signal above background (Fig. S1). 

Although a previous study utilized rAAV6 for mouse editing (Yoon et al., 2018), we selected 

rAAV1 for knock-in experiments with CRISPRREADI due to the superior viral yield of 

rAAV1 compared to rAAV6 when produced in HEK293T cells (Vandenberghe et al., 2010).

Optimization of CRISPR-READI enables efficient HDR editing in embryos

To generate edited animals with CRISPR-READI, we devised a workflow wherein mouse 

zygotes are harvested from superovulated females, infected with rAAV1 donors, 

electroporated with pre-assembled Cas9/sgRNA RNPs, and cultured to the 2-cell stage 

before transferring to the oviducts of pseudopregnant females (Fig. 1B). In a proof-of-

principle CRISPR-READI experiment, we designed a strategy to insert an EcoRI restriction 

site into Tyrosinase (Tyr) exon 1 using a ~960 bp donor (including ~480 bp homology arms) 

that was packaged into an scAAV1 vector (scAAV1-Tyr) (Fig. 1C). As intracellular 

trafficking, nuclear localization, and capsid uncoating precede AAV-mediated HDR editing 

(Nonnenmacher and Weber, 2012), we pre-incubated the zygotes for 5 hours with three 

doses of scAAV1-Tyr (1.1×108, 4.3×108, and 1.7×109 GCs), introduced Cas9/sgRNA RNP 

by electroporation, and then continued viral incubation for a total of 24 hours (Fig. 1D). 

Treated embryos were grown for another 48 hours post-transduction until the morula / early 

blastocyst stage, and editing efficiency was assessed by screening for the engineered EcoRI 

site using restriction fragment length polymorphism (RFLP) analysis (Chen et al., 2016). As 

anticipated, HDR editing efficiency was dependent on viral titer. The highest AAV dose, 

1.7×109 GCs, resulted in 48% (9 out of 19) embryos harboring the precise sequence 

substitution, with 11% (2 out of 19) showing bi-allelic HDR-mediated editing, while the 

lower doses of 1.1×108 and 4.3×108 GCs yielded HDR rates of 33% and 21%, respectively 

(Fig. 1D; Fig. S2A; Table S1). Although increased AAV dosage elicited a higher HDR rate, 

it was also correlated with a moderate reduction in embryo viability, as 41% (19 out of 46) 

embryos developed to the morula stage in culture when treated with 1.7×109 GCs, while 

63% (25 out of 43) embryos did so with 1.1×108 GCs (Fig. 1D; Table S1). Altogether, these 

results suggest that the optimal AAV dose for CRISPR-READI ranges from 108 to 109 GCs, 

and a balance between HDR rate and embryo viability should be considered when 

determining AAV dosage for each CRISPR-READI experiment.

HDR requires nuclear co-localization of Cas9, sgRNA, and the donor template. As multiple 

intracellular trafficking steps must occur prior to nuclear import of the AAV genome 

(Nonnenmacher and Weber, 2012), we reasoned that optimizing the timing of RNP delivery 

relative to rAAV transduction would enhance HDR editing efficiency. Using the Tyr editing 

scheme described above (Fig. 1C), we pre-incubated zygotes with the rAAV donor vector for 

0, 2, 4, 6, 8, or 10 hours prior to RNP electroporation (Fig. 1E). In all conditions, we 

achieved a minimum of 40% HDR-mediated editing (Fig. 1E; Fig. S2B; Table S1). We 

found that RNP electroporation at 6 hours after rAAV transduction resulted in maximal 

editing, with 77% (10 out of 13) assayed embryos harboring the precise sequence 

modification and 15% (2 out of 13) showing bi-allelic editing. Notably, this exceeds the 

HDR frequencies we previously achieved by CRISPR-EZ, using electroporation of short 

ssODNs (46%) (Chen et al., 2016b). Henceforth, we settled on 6 hours of rAAV pre-

incubation prior to RNP electroporation for subsequent CRISPRREADI experiments.
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As double-strand breaks induced by Cas9 can be repaired either by non-homologous end 

joining (NHEJ) or HDR, we next sought to characterize the extent of NHEJ in this system. 

To quantitatively measure the frequency of HDR versus NHEJ-mediated editing, we treated 

embryos using scAAV1-Tyr at a dosage of 1.7×109 GCs, amplified the edited region by 

PCR, and clonally analyzed editing events by Sanger sequencing (10 clones from each of 10 

embryos). As expected, NHEJ occurs frequently, as 90% (9 out of 10) of embryos carried 

indels. In comparison, 70% (7 out of 10) harbored the desired HDR-mediated point 

mutation, most of which exhibited both HDR and NHEJ-mediated editing events (Fig. S3A). 

HDR frequencies of each edited embryo ranged from 10% to 67%, revealing a degree of 

editing mosaicism.

AAV vectors can be packaged in either single-stranded (ssAAV) or self-complementary 

(scAAV) forms, the latter of which bypasses the necessity of second-strand synthesis and in 

turn enhances transduction efficiency (McCarty et al., 2003). In a previous study, scAAV 

vectors were also shown to modestly enhance gene correction in mammalian cells in vitro 
relative to their single-stranded equivalents, possibly due to their increased stability, their 

two copies of the donor template in opposite polarities, or their ability to undergo double 

crossover events(Hirsch et al., 2010). Using the same Tyr editing scheme, we found that 

scAAV1-Tyr moderately outperformed ssAAV1-Tyr by ~17% in HDR efficiency, 

demonstrating that scAAV vectors promote HDR-mediated editing in mouse embryos (Fig. 

S3B; Table S1). However, it is important to note that scAAV vectors possess half the 

packaging capacity of ssAAV and thus limit the length of HDR donors to ~2.4 kb (McCarty 

et al., 2003).

CRISPR-READI enables efficient targeted integration of fluorescent reporters

A common strategy to characterize the expression pattern of a gene is to insert a fluorescent 

reporter under the control of its endogenous promoter. We designed a 1.7 kb scAAV1 donor 

vector consisting of a 774 bp P2A-mStrawberry insert flanked by ~480 bp homology arms 

(scAAV1-Sox2-mStr) to knock in the P2A-mStrawberry cassette immediately downstream 

of the 3’ terminus of the Sox2 open reading frame (ORF) (Fig. 2A). Mouse zygotes were 

treated with CRISPRREADI using scAAV1-Sox2-mStr at three doses (3.2×107, 1.3×108, 

and 5.0×108 GCs) and cultured to the blastocyst stage. Robust red fluorescence was detected 

in the inner cell mass (ICM) of a subset of the resulting blastocysts, recapitulating 

endogenous Sox2 expression (Fig. 2B). scAAV1 donor at a dose of 1.3×108 GCs produced 

the highest number of correctly targeted embryos, with 33% (6 out of 18) of blastocysts 

showing ICM-specific fluorescent signal (Fig. 2B; Fig. S4A; Table S1). Since many widely 

used reporters, such as fluorescent proteins, luciferase, and HaloTag, can be targeted with an 

HDR donor under 2.4 kb in length, CRISPR-READI using scAAV1 donors can be applied to 

tag endogenous loci with many common reporter cassettes.

To assess the ability of our method to generate live knock-in mice, we treated zygotes with 

CRISPR-READI using scAAV1-Sox2-mStr at a dose of 1.3×108 GCs and transferred them 

to the oviducts of pseudopregnant females. Of the 11 live pups we obtained, 18% harbored 

the desired P2A-mStrawberry insertion, as validated by 5’ and 3’ integration of the targeted 

cassette using PCR analysis and sequencing confirmation (Fig. 2C-D; Table S1). Since Sox2 
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is an essential gene, we also assayed for the presence of indels in the Sox2 locus using RFLP 

analysis (Fig. S4B). 9 out of 11 pups (82%) carried indels in the Sox2 allele (Fig. S4C), 

confirming our previous observation that NHEJ is more prevalent than HDR (Fig. S3A). 

Notably, the high rate of NHEJ is not specific to CRISPR-READI, but is an inherent 

property of CRISPR/Cas9-based approaches for mouse zygotic editing (Chen et al., 2016a; 

Modzelewski et al., 2018), and thus may pose a challenge when editing essential genes. In 

fact, we encountered challenges with breeding our founder animals, most likely due to 

NHEJ-mediated Sox2 deficiency (Avilion et al., 2003; Ferri et al., 2004). Nevertheless, our 

results show that CRISPR-READI facilitates efficient knock-in of a fluorescent reporter in 

live animals, demonstrating its utility in generating reporter mouse models.

CRISPR-READI achieves site-specific knock-in of large gene cassettes

While CRISPR-READI using scAAV1 donors mediates efficient gene targeting, its 2.4 kb 

packaging capacity limits its usage for more complex editing schemes that require larger 

HDR donors. In contrast, ssAAV1 doubles the packaging capacity and can accommodate a 

donor construct of up to 4.9 kb (Dong et al., 1996). To demonstrate the ability of ssAAV1 to 

mediate knock-in of multi-kilobase cassettes, we applied CRISPR-READI to insert an 

inducible CreERT2 (Seibler et al., 2003) into the Sox2 locus. We designed a 3 kb ssAAV1 

donor vector consisting of a 2112 bp Sox2-P2A-CreERT2 cassette flanked by two ~480 bp 

homology arms (ssAAV1-Sox2-CreERT2) (Fig. 3A). Treated embryos were cultured to the 

blastocyst stage for PCR genotyping analysis. Remarkably, 69% (22 out of 32) of treated 

blastocysts exhibited correct targeting of the P2A-CreERT2 cassette, highlighting the 

considerable HDR efficiency achieved by CRISPRREADI (Fig. 3B; Table S1). We then 

replicated this experiment and transferred the embryos to pseudopregnant females to 

generate live mice. 40% (2 out of 5) of the resulting pups were successfully edited, as 

confirmed by PCR genotyping and Sanger sequencing (Fig. 3C-D; Table S1). Similar to 

results obtained from the scAAV1-Sox2-mStr experiments, 60% (3 out of 5) of the mice 

carried indels in the Sox2 locus, with both HDR-positive animals also harboring indels (Fig. 

S4D). Since HDR donors containing recombinase platforms (Cre and Flp) and 

tetracyclineinducible systems can be easily accommodated by the multi-kilobase packaging 

capacities of scAAV1 (~2.4 kb) and ssAAV1 (~4.9 kb), CRISPR-READI is well-suited for 

engineering a wide range of complex mouse models with temporal and spatial gene 

regulation.

To evaluate the capacity of CRISPR-READI to engineer even larger knock-ins, we designed 

an editing scheme to insert a 3.3 kb FLEX-mStrawberry expression cassette into the Rosa26 
safe harbor locus. The resulting 4.3 kb donor consists of a splice acceptor and a polyA 

element that terminate the endogenous Rosa26 transcript, a CAG promoter driving 

expression of a FLEX (flip-excision) mStrawberry switch, a chimeric SV40/bGH polyA 

signal, and two ~500 bp homology arms (ssAAV1-R26-FLEX-mStr) (Fig. 4A). We applied 

CRISPR-READI using ssAAV1-R26-FLEX-mStr to target the FLEX-mStrawberry cassette 

to the Rosa26 locus in CMV-Cre embryos (Schwenk et al., 1995). In successfully edited 

embryos, mStrawberry expression is irreversibly activated through consecutive Cre-mediated 

recombination events (Fig. 4A). We detected red fluorescent signal in 34% (11 out of 32) 8-

cell stage embryos, with an increase in signal intensity over the following 24 hours, 
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indicating functional recombination of the FLEX construct in developing embryos (Fig. 4B). 

In a separate experiment, we confirmed HDR-mediated editing in 34% (9 out of 26) of 

embryos by validating 5’ and 3’ integration of the targeted cassette using PCR (Fig. 4C; 

Table S1). Finally, we generated live animals using this editing scheme in a C57BL/6J 

background, obtaining 27% (3 out of 11) successfully edited pups, as confirmed by PCR and 

Sanger sequencing (Fig. 4D-E; Table S1). Our findings affirm the utility of CRISPRREADI 

for highly efficient, site-specific knock-in of large expression cassettes at endogenous loci.

Discussion

Electroporation-based CRISPR technologies offer significant advantages over microinjection 

in throughput, affordability, and ease of use. Previously, we developed CRISPR EZ, an 

approach that utilizes Cas9/sgRNA RNP and short ssODN (<200 nt) electroporation to 

achieve highly efficient mouse genome editing (Chen et al., 2016b; Modzelewski et al., 

2018). Many groups have reported success using similar electroporation strategies, including 

both ex vivo and in utero approaches (Chen et al., 2016b; Hashimoto et al., 2016; Hashimoto 

and Takemoto, 2015; Hur et al., 2016; Ohtsuka et al., 2018; Takahashi et al., 2015; Wang et 

al., 2016). However, inefficient delivery of long HDR donors into pronuclear embryos by 

electroporation, possibly due to their highly anionic properties, limits its application for 

complex genome engineering. While lssODN electroporation has mediated large knock-ins 

in mice with some success, targeting efficiencies are typically suboptimal (Ohtsuka et al., 

2018; Yoshimi et al., 2016). Furthermore, current lssODN synthesis protocols are hampered 

by low yield, costly reagents, and limited length (Chen et al., 2011b; Li et al., 2017; Miura et 

al., 2017; Miyasaka et al., 2018; Quadros et al., 2017). Hence, lssODNs remain unsuitable 

for many mouse engineering schemes involving large genomic modifications.

In contrast, CRISPR-READI harnesses rAAV vectors to deliver large donor constructs into 

mouse embryos for complex editing (Dong et al., 1996). With multi-kilobase packaging 

capacities, scAAVs (~2.4 kb) and ssAAVs (~4.9 kb) can accommodate many commonly 

used HDR donors for engineering large knock-ins in mice. The enhanced genome stability 

and transduction efficiency of scAAVs may further improve gene correction frequency in 

pronuclear embryos (Ferrari et al., 1996; Fisher et al., 1996; Hirsch et al., 2010; McCarty, 

2008). With rAAV donors, CRISPR-READI enables a variety of sophisticated HDR editing 

schemes that are used for disease modeling and functional studies; these include precise 

sequence modifications (Fig. 1), as well as site-specific integration of reporters (Fig. 2), 

recombinases (Fig. 3), and large expression cassettes (Fig. 4). Our proof-of-concept studies 

demonstrate the potential of CRISPR-READI to efficiently produce a vast range of popular 

knock-in models, such as those harboring fluorescent proteins, luciferase reporters, HaloTag, 

Cre and Flp recombinase, Tet-on/off inducible systems, and many others. Moreover, we 

show that CRISPR-READI is an electroporation-based genome editing methodology 

capable of delivering a 4.3 kb donor template and inserting a 3.3 kb reporter cassette, which 

was previously only feasible with dsDNA microinjection or ESC-based approaches.

While our manuscript was in preparation, Yoon et al reported AAV6 as the most efficient 

natural AAV serotype for transduction of mouse zygotes (Yoon et al., 2018). In our studies, 

AAV1 and AAV6, which share 99.2% amino acid sequence identity (Huang et al., 2016), 
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exhibited comparable infectivity, with AAV1 being superior in viral particle assembly. Yoon 

et al also described a triple AAV co-infection system to deliver CRISPR-Cas9 components 

(AAV-Cas9, AAV-sgRNA) and an HDR donor (AAV-donor). Using the Tyr editing scheme, 

we directly compared CRISPR-READI (scAAV1-Tyr and Cas9/sgRNA RNP) with a triple 

AAV1 co-infection strategy (scAAV1-Tyr, ssAAV1-SpCas9 and scAAV1-Tyr-gRNA) at the 

same AAV dosage (1×108 GCs). The two methods yielded similar HDR rates and embryo 

viability (Fig. S3C; Table S1); however, the triple AAV infection strategy resulted in 

multiple embryos harboring large deletions, while CRISPR-READI did not (Fig. S3C).

CRISPR-READI likely carries several notable advantages compared to the triple AAV co-

infection method. First, CRISPR-READI harnesses pre-assembled Cas9/sgRNA complexes 

that are electroporated with 100% delivery efficiency (Chen et al., 2016b) and are active 

immediately upon delivery, whereas virally delivered Cas9 may exhibit delayed activity, as it 

must undergo transcription, translation, and RNP assembly prior to mediating cleavage. 

Second, it was recently shown that Cas9 can induce large-scale genomic deletions (Kosicki 

et al., 2018), which may be facilitated by the persistence of AAV episomes expressing Cas9 

and sgRNA within the developing mouse embryo. In comparison, RNPs are less prone to 

these effects due to their rapid turnover (Kim et al., 2014). Finally, Yoon et al observed rare 

but detectable integration of both the AAVCas9 and AAV-sgRNA vectors at their target site 

in the Tyr locus (Yoon et al., 2018), leading to long-term expression of Cas9 and/or sgRNAs, 

whereas CRISPR-READI circumvents this undesirable knock-in through the use of RNPs.

We demonstrate that CRISPR-READI can be broadly applied to various gene targeting 

schemes to rapidly generate mouse lines for functional studies and disease modeling. The 

unprecedented efficiency of CRISPR-READI for knocking in gene cassettes up to 3.3 kb 

makes this approach highly appealing for creating multi-kilobase genome modifications. 

With such high editing efficiencies, CRISPR-READI could enable multiplexed gene 

targeting to simultaneously modify two different target loci. Furthermore, a dual rAAV 

donor system carrying a split gene has recently been shown to mediate insertion of large 

gene cassettes through sequential homologous recombination events in primary human cells 

(Bak and Porteus, 2017), and it would be interesting to explore this strategy in the context of 

mouse embryo editing. Taken together, CRISPR-READI provides a simple, efficient, and 

high-throughput alternative to microinjection and ESC-based methods for sophisticated 

mouse genome engineering.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Lin He (lhe@berkeley.edu).

Experimental Model and Subject Details

Animal studies were approved by the Animal Care and Use Committee at the University of 

California, Berkeley (Protocol #AUP-2015-04-7485). 4-week old C57BL/6J female mice 

were produced on-site or purchased from the Jackson Laboratory, and housed in the Li Ka 
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Shing animal facility (University of California, Berkeley.) 4-week old B6.C-Tg(CMV-

cre)1Cgn/J female mice were purchased from the Jackson Laboratory and housed in the Li 

Ka Shing animal facility (University of California, Berkeley). 7–8 week old CD1 female 

mice were purchased from Charles River and housed in the Life Sciences Addition animal 

facility (University of California, Berkeley.)

Method Details

Plasmid construction—For construction of the scAAV-Tyr donor plasmid, a Tyr HDR 

donor fragment and a 1 kb stuffer sequence were assembled to optimize the genome size for 

vector packaging (Dong et al., 1996). Briefly, a 968 bp Tyr fragment with the engineered 

EcoRI site was amplified from a 1 kb megamer ssDNA fragment (IDT custom synthesis) 

using Tyr-XbaI-F and Tyr-XbaI-R primers (Table S2) and then digested with XbaI for 

subsequent cloning into rAAV destination vectors. To prepare the destination scAAV vector, 

a plasmid derivative of scAAV-CMV-GFP (Fu et al., 2003) containing a nanoluciferase 

cassette was digested with XbaI to remove the majority of the nanoluciferase ORF, leaving a 

1 kb stuffer sequence. The digested Tyr insert was then ligated to the scAAV destination 

vector containing the stuffer sequence to generate the final scAAV-Tyr plasmid. To build the 

ssAAV-Tyr donor plasmid, an additional stuffer sequence was first amplified from pGEM-T 

easy vector (Promega, A1360) using pGEM-stuffer-HindIII-F and pGEM-stuffer-HindIII-R 

primers and digested with HindIII. A plasmid derivative of pX601 (Addgene #61591) 

containing a nanoluciferase cassette was digested with HindIII and ligated to the pGEM 

stuffer sequence to generate pX601-long. Subsequently, pX601-long was digested with XbaI 

and ligated to the previously described XbaI digested Tyr insert to create the ssAAV-Tyr 

plasmid.

For construction of the scAAV-Sox2-Str donor plasmid, a Sox2 targeting cassette was 

subcloned into the XbaI digested scAAV destination vector described above. Briefly, a 1726 

bp fragment containing a P2A-mStrawberry cassette flanked by homology arms from the 

Sox2 locus was amplified from a Sox2-P2A-mStrawberry plasmid (gift from D Stafford) 

using Sox2-P2A-Straw-XbaI-F and Sox2-P2A-Straw-XbaI-R primers and then digested with 

XbaI. This insert was ligated to the XbaI digested scAAV vector described above to generate 

the scAAV-Sox2-Str plasmid. For the ssAAV-Sox2-Cre-ERT2 donor plasmid, the previously 

described Sox2 targeting cassette and a 981 bp stuffer sequence were assembled and 

subcloned into a ssAAV destination vector, and the P2A-mStrawberry cassette was then 

replaced with a P2A-Cre-ERT2 cassette. Briefly, the Sox2 targeting construct with an 

additional 981 bp stuffer sequence downstream of the donor was PCR amplified from an 

ssAAV-Sox2-Str plasmid (data not shown) using FseI-Sox2-donor fwd and NotI-Sox2-donor 

rev primers and subcloned into a plasmid derivative of pX601 using FseI and NotI to 

generate pX601-Sox2. The P2A-Cre-ERT2 donor was then PCR amplified from a plasmid 

derivative of WT1–2A-eGFP (Addgene #82333) containing a P2A-Cre-ERT2 cassette using 

NheI-AscI-CreERT2-fwd and SgrAI-PacI-CreERT2-rev primers, digested with NheI and 

SgrAI, and cloned into pX601-Sox2 to produce the final ssAAV-Sox2-Cre-ERT2 plasmid.

For construction of the ssAAV-R26-FLEX donor plasmid, a Rosa26 targeting construct was 

first subcloned into a ssAAV destination vector, and the original donor cassette was then 
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replaced with a CAG-FLEX-mStrawberry cassette. Briefly, a Rosa26 donor construct 

containing ~500 bp homology arms was PCR amplified from pR26-CAG-AsiSI/MluI 

(Addgene #74286) with Rosa-FLEX-mStr-Fwd and Rosa-FLEX-mStr-Rev primers, digested 

with NotI and NsiI, and ligated into a plasmid derivative of pX601 (Addgene #61591) to 

produce ssAAV-Rosa. To generate the CAG-FLEX-mStrawberry cassette, mStrawberry was 

PCR amplified from the scAAV-Sox2-Str plasmid with mStr-Fwd and mStr-Rev primers, 

digested with KpnI and XhoI, and cloned into pAAV-FLEX-GFP (Addgene #28304), 

generating an intermediate pAAV-FLEX-mStr plasmid. The assembled CAG-FLEX-

mStrawberry cassette was then PCR amplified from pAAV-FLEX-mStr with CAG-mStr-

Fwd and CAG-mStr-Rev primers, digested with NheI and MluI, and ligated into ssAAV-

Rosa to generate the final ssAAV-R26-FLEX plasmid.

For construction of the AAV1-SpCas9 vector, the pAAV-nEFCas9 plasmid (Addgene 

#87115) was digested with HindIII and AgeI to remove the truncated 5’LTR of the nEF 

promoter, and a 9 bp stuffer sequence was ligated in to generate a shortened EF1α (EFS) 

promoter. For construction of the AAV1-Tyr-gRNA vector, a plasmid derivative of scAAV-

CMV-GFP(Fu et al., 2003) with a CAG promoter in place of the original CMV promoter and 

a short 48 bp polyA in place of the original SV40 polyA was digested with KpnI and NotI to 

produce scAAV-CAG-GFP. The sgTyr sequence was cloned into pX458 (Addgene #48138) 

with BbsI, and the U6-Tyr-gRNA expression cassette was PCR amplified using KpnI-U6-

sgTyr and NotI-U6-sgTyr primers. The PCR amplicon was then digested with KpnI and NotI 

and ligated into scAAV-CAG-GFP to generate the final scAAV-U6-sgTyr-CAG-GFP 

plasmid.

Production and purification of recombinant AAV vectors—HEK293T cells were 

obtained from the American Type Culture Collection (Manassas, CRL-3216) and cultured in 

DMEM (GIBCO, 12800082) with 10% fetal bovine serum (Invitrogen, 10437028) and 1% 

Antibiotic-Antimycotic (GIBCO, 15240062) at 37°C and 5% CO2. All recombinant AAV 

vectors were packaged in HEK293T cells, as previously described (Gaj and Schaffer, 2016; 

Grieger et al., 2006). In summary, recombinant AAV vectors were produced by triple 

transient transfection of a helper plasmid encoding adenoviral helper genes, an AAV helper 

plasmid encoding AAV rep and cap genes, and a transfer plasmid containing donor 

constructs flanked by AAV ITRs, into HEK293T cells using polyethylenimine (PEI) 

(Polysciences, 23966–1). Culture media was changed 14–16 hours post-transfection to 

reduce PEI-associated toxicity. At 72 hours post-transfection, cells were dissociated from 

culture dishes using a cell scraper and pelleted by centrifugation at 1500 g for 2.5 min. Cells 

were then resuspended in AAV lysis buffer (50 mM Tris base, 150 mM NaCl, pH 8.2–8.5) 

and lysed with 3 freeze/thaw cycles using a dry ice / ethanol bath and a 37°C water bath. 

Supernatant was collected following centrifugation at 10,000 rpm for 10 min in a tabletop 

centrifuge. For additional purification of vector preparations (optional), clarified cell lysate 

and culture supernatant can be combined with a solution of 40% polyethylene glycol (PEG) 

8000 (Sigma-Aldrich, P2139) and 2.5 M NaCl at a 4:1 ratio, incubated at 4°C overnight, 

centrifuged at 2500 g for 30 min to harvest precipitated AAV particles, and resuspended in 

AAV lysis buffer(Ayuso et al., 2010). Crude lysates were treated with 10 U benzonase 

(Sigma-Aldrich, E8263) per mL of lysate for 30 min at 37°C. For AAV purification by 
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iodixanol density centrifugation, discontinuous gradients comprised of 15%, 25%, 40%, and 

54% iodixanol layers were set up in Optiseal tubes (Beckman Coulter, 362185) using 

OptiPrep (Axis-Shield, AVS-1114542). Benzonase-treated lysates were then loaded onto 

iodixanol gradients and centrifuged at 174,000 g for 2 hr at 18°C. Tubes were punctured 

using 21-gauge needles attached to a 1 mL syringe at the 40% / 54% interface, and the 40% 

iodixanol fraction containing AAV particles was collected. Vector preps were then buffer 

exchanged and concentrated into PBS with 0.001% or 0.00025% Tween 20 (Sigma-Aldrich, 

9416) using Amicon filtration (EMD Millipore, UFC910024) at 3000 g. DNase-resistant 

(Sigma-Aldrich, 04536282001) viral genomic titers were measured by real-time qPCR(Gaj 

and Schaffer, 2016) using SYBR Green I (Invitrogen, S7567) and the CFX96 Real-Time 

PCR cycler (Bio-Rad, 1855195).

Cas9/sgRNA RNP assembly—To synthesize sgRNAs in vitro, a DNA template that 

contained a T7 promoter, a 20-nt guide sequence, and a sgRNA scaffold was generated by 

overlapping PCR. Specifically, we performed PCRs using Phusion high fidelity DNA 

polymerase (New England Biolabs, catalog no. M0530), with the annealed product from a 

uniquely designed oligo (5′-GGA TCC TAA TAC GAC TCA CTA TAG–guide sequence–

GTT TTA GAG CTA GAA-3′, 0.02 μM) and a common oligo T7RevLong (5′-AAA AAA 

GCA CCG ACT CGG TGC CAC TTT TTC AAG TTG ATA ACG GAC TAG CCT TAT 

TTT AAC TTG CTA TTT CTA GCT CTA AAA C-3′, 0.02 μM) as the template, and 

T7FwdAmp (5′-GGA TCC TAA TAC GAC TCA CTA TAG-3 ′, 1 μM) and T7RevAmp 

(5′-AAA AAA GCA CCG ACT CGG-3′, 1 μM) as two common primers. All oligo 

sequences are listed in Table S2. The thermocycler setting consisted of 30 cycles of 95 °C 

for 10 s, 57 °C for 10 s, and 72 °C for 10 s. A 20μl in vitro transcription reaction consisting 

of 25 ng/μl PCR-amplified DNA template, 10 mM NTPs, and 1 unit of T7 RNA polymerase 

(New England Biolabs, E2040S) was incubated at 37 °C for more than 18 h, followed by a 

brief treatment of RNase-Free DNase I (New England Biolabs, M0303S, 2 units) at room 

temperature for 20 min. The in vitro synthesized sgRNAs were purified by magnetic 

SeraMeg Speedbeads (GE Healthcare, 65152105050250). The in vitro transcription reaction 

was first brought to 100 μl in volume with 100% ethanol, followed by gentle mixing of 100 

μl of SeraMeg Speedbeads 10 times before a 5-min room temperature incubation. The 

reaction was subsequently placed on a magnetic stand (Invitrogen, 12321D) for 5 min under 

room temperature to allow the formation of compact RNA/bead pellets. After the 

supernatant was carefully aspirated by pipette, we washed the pellets gently with 80% 

ethanol three times (2 min wash each time, without pipetting) and air-dried the pellets for 10 

min. sgRNAs bound to the beads were eluted by incubating with 20 μl of RNase-free H2O 

(Ambion, AM9937) and stored at −80°C.

To assemble the Cas9/sgRNA RNPs, we incubated purified Cas9 protein (QB3 Macrolab, 

University of California at Berkeley) in a 1:1.5 molar ratio with sgRNAs to obtain a final 

concentration of 8 μM Cas9/sgRNA RNPs in a 10-μl solution containing 20 mM HEPES, 

pH 7.5 (Sigma, H3375), 150 mM KCl (Sigma, P9333), 1 mM MgCl2 (Sigma, M8266), 10% 

glycerol (Thermo Fisher, BP229), and 1 mM reducing agent tris(2-carboxyethyl)phosphine 

(TCEP, Sigma, C4706). This mixture was incubated at 37 °C for 10 min immediately before 

use.
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CRISPR-READI—Three-to-five-week old female C57BL/6J mice (000664; Jackson 

Laboratory), or CMV-Cre mice (006054; Jackson Laboratory), were superovulated by 

intraperitoneal administration of 5 IU of pregnant mare serum gonadotropin (Calbiochem, 

Millipore, 367222), and 46–48 h later, 5 IU human chorion gonadotropin (Calbiochem, 

Millipore, 230734). Superovulated females were mated at a 1:1 ratio with 3–8-month-old 

C57BL/6J males to generate one-cell zygotes at 0.5 days post-coitum. Fertilized zygotes 

were harvested and washed, as previously described (Chen et al., 2016). Briefly, zygotes 

were harvested from the ampulla of euthanized females, washed in hyaluronidase/M2 

solution (Millipore, MR-051-F) to remove cumulus cells, washed four times in M2 media 

(Zenith, ZFM2–100) supplemented with 4 mg/ml bovine serum albumin (BSA, Sigma, 

A3311), washed briefly in acid Tyrode’s solution (Sigma, T1788) to thin the zona pellucida, 

and washed again four times in M2 + BSA media. Embryos were then cultured in 20 μL 

droplets of KSOM + AA media (KCl-enriched simplex optimization medium with amino 

acid supplement, Zenith Biotech, ZEKS-050) containing the specified AAV vector dosage in 

35 × 10 mm culture dishes (CellStar Greiner Bio-One, 627160) at 37°C with 95% humidity 

and 5% CO2 for 6 hours prior to RNP electroporation.

AAV-transduced embryos were electroporated with assembled RNPs as previously described 

(Chen et al., 2016b). In summary, embryos were transferred to 40 uL of Opti-MEM reduced 

serum media (Thermo Fisher, 31985062) to dilute the M2 + BSA media, and 10 uL of Opti-

MEM containing the embryos were mixed with 10 uL assembled Cas9/sgRNA RNPs. The 

20-μl embryo and RNP mixture was transferred to a 1-mm electroporation cuvette (Bio-Rad, 

1652089) and electroporated (square wave, 6 pulses, 30 V, 3 ms duration, 100 ms interval) 

using a Gene Pulser XCell electroporator (Bio-Rad, 1652660). Zygotes were recovered from 

the cuvette by flushing three times with 100 μl of KSOM + AA media, then transferred into 

the culture droplets containing AAV for a total incubation length of 24 hours. The following 

day, embryos were transferred to fresh KSOM + AA media overlaid with mineral oil until 

analysis or oviduct transfer. For generating live mice, treated zygotes that successfully 

developed into two-cell embryos were surgically transferred into the oviducts of 

pseudopregnant CD1 females (Charles River, Strain 022), using 15 embryos per oviduct.

Fluorescence imaging and analysis of edited embryos—Embryos treated with 

rAAV CMV-GFP and scAAV1-Sox2-Str were imaged using a Zeiss Observer A1 fluorescent 

microscope 48 hours and 72 hours post-transduction, respectively. Images were processed 

using ZEN software (Zeiss), and fluorescence intensity was quantified for embryos 

transduced with rAAV-CMV-GFP using ImageJ software. Fluorescence intensity was 

calculated by the following equation: (total signal intensity – negative control background 

signal) / number of embryos.

RFLP and genotyping analyses of edited embryos or pups—Crude DNA extract 

was obtained from morula and blastocyst stage embryos by placing individual embryos in 10 

uL of embryo lysis buffer (0.2 mg/ml Proteinase K, 50 mM KCl, 10 mM Tris-HCl pH 8.3, 

2.5 mM MgCl2, 0.1 mg/ml gelatin, 0.45% NP40, 0.45% Tween 20), followed by heating at 

55° for 4 hours to lyse the embryos, as previously described (Chen et al., 2016). Tail DNA 

was extracted by standard chloroform extraction. For all embryo RFLP and genotyping, two 
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nested PCR reactions were performed using an external and internal pair of primers in order 

to obtain enough signal from crude embryo lysate, while only the internal set of the primers 

were used when amplifying from mouse tail samples. All PCRs were conducted using 

GoTaq (Promega, M712), except for Sox2-CreERT2 5’ junction and Rosa26-FLEX 5’ 

junction genotyping, which were conducted using Q5 polymerase with GC enhancer due to 

high GC content (New England Biolabs, M0491S). For Tyr editing experiments, successful 

editing replaces the endogenous HinfI restriction site with an EcoRI site, while for Sox2 
editing experiments, the presence of indels over the sgRNA target sequence disrupts a PciI 

restriction site. RFLP was performed to screen for these editing events by digesting the PCR 

products with EcoRI (New England Biolabs, R0101S) or PciI (New England Biolabs, 

R0655S), respectively, for 4 hours at 37°. For Sox2-P2A-mStrawberry, Sox2-P2A-CreERT2 

and Rosa26-FLEX-mStrawberry knock-in experiments, primer pairs used for PCR 

genotyping of the 5’ and 3’ junctions consisted of one primer designed from the genomic 

region flanking the homology arm and another from within the inserted sequence. All 

primers used for RFLP and genotyping analysis are listed in Table S2.

Quantification and Statistical Analysis

For all quantitative analyses, percentages were reported as the number of edited samples (i.e. 

embryos or animals) divided by the total number samples. For all data, n represents the total 

number of embryos or animals assayed per condition.

Data and Software Availability

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
CRISPR-READI optimization for efficient HDR editing in mouse embryos. a Zygotes were 

transduced with a panel of AAV serotypes harboring a CMV-eGFP reporter and imaged by 

fluorescent microscopy 48 hours post-transduction. Representative embryos transduced with 

scAAV1-CMV-eGFP are shown (left), and mean fluorescence intensity per embryo was 

quantified for each serotype (right). Scale bars = 50 μm. b Cartoon depiction of CRISPR-

READI workflow. Embryos are collected from superovulated female mice, transduced with 

rAAV1 harboring the donor template, electroporated with Cas9/sgRNA RNPs, and 

implanted into pseudopregnant females to generate edited mice. c Schematic of Tyr targeting 

strategy. The scAAV1-Tyr donor creates an EcoRI restriction site in exon 1 of the Tyr locus 

upon HDR editing. ITR: inverted terminal repeat, HA: homology arm, F/R: forward/reverse 

primers for RFLP analysis. d Optimization of rAAV1 dosage for HDR editing. Zygotes were 

transduced with scAAV1-Tyr at a dose of 1.1×108, 4.2×108, or 1.7×109 GCs, electroporated 
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with RNPs 5 hours post-transduction, and then returned to rAAV1 incubation for another 19 

hours. Treated embryos were cultured to the morula stage and genotyped by restriction 

fragment length polymorphism (RFLP) analysis (shown for dose of 1.7×109 GCs). Edited 

embryos yield 650 bp and 420 bp bands upon EcoRI digestion of the PCR amplicon (top, 

black arrows). HDR rate was quantified by RFLP analysis for each dose (bottom left), and 

embryo viability was scored as percentage of cultured embryos that reached the morula 

stage (bottom right). e Optimization of RNP electroporation timing relative to rAAV 

transduction. Zygotes were transduced with scAAV1-Tyr, electroporated at varying time 

points post-transduction (2, 4, 6, 8, or 10 hours), and returned to rAAV incubation for a total 

of 24 hours. Treated embryos were cultured to the morula stage, lysed, and assessed by 

RFLP analysis (right). 6 hours (*) was identified as the optimal time of RNP electroporation 

for maximal editing efficiency.
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Figure 2. 
CRISPR-READI enables efficient knock-in of fluorescent reporters in embryos and animals. 

a Schematic of strategy to engineer an mStrawberry fluorescent reporter downstream of the 

endogenous Sox2 locus. The scAAV1-Sox2-mStr vector contains a 774 bp P2A-

mStrawberry cassette flanked by ~480 bp homology arms that mediate insertion at the 3’ 

terminus of the Sox2 ORF upon HDR editing. ITR: inverted terminal repeat, HA: homology 

arm. b CRISPR-READI efficiently generates embryos with an mStrawberry reporter driven 

by the endogenous Sox2 promoter. Embryos were treated with scAAV1-Sox2-mStr at a dose 

of 3.2×107, 1.3×108, or 5.0×108 GCs. Treated embryos were cultured to the late blastocyst 

stage and imaged by fluorescent microscopy. In edited blastocysts, merged brightfield and 

fluorescent images show localization of mStrawberry fluorescence to the inner cell mass, 

recapitulating the endogenous Sox2 expression pattern (top). HDR rate was quantified for 

each dose by the percentage of mStrawberry-positive embryos (bottom). Scale bars: 50 μm. 

c CRISPR-READI efficiently generates Sox2-P2A-mStrawberry knock-in mice. PCR 

genotyping confirmed correctly edited 5’ and 3’ junctions of the modified Sox2 locus in 2 

out of 11 mice generated by CRISPR-READI, as indicated by black arrows. We also 

identified two animals harboring the 5’ but not the 3’ end of the donor sequence, which is 

likely due to incomplete HDR (lanes 4 and 5). Primers were designed such that one primer 

binds outside the homology arm and the other primer binds within the P2A-mStrawberry 

cassette. 5’ expected band size: 1,088 bp, 3’ expected band size: 836 bp. d Representative 

Sanger sequencing and chromatograms for correctly edited mice. 5’ F/R: forward/reverse 
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primers for 5’ junction genotyping, 3’ F/R: forward/reverse primers for 3’ junction 

genotyping.
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Figure 3. 
CRISPR-READI efficiently engineers an inducible CreERT2 reporter driven by its 

endogenous promoter. a Schematic of strategy to create a Sox2-driven inducible CreERT2 

reporter. The ssAAV1-Sox2-CreERT2 vector contains a 2112 bp P2A-CreERT2 cassette 

flanked by ~480 bp homology arms that mediate P2A-CreERT2 insertion at the 3’ terminus 

of the Sox2 ORF upon successful HDR editing. ITR: inverted terminal repeat, HA: 

homology arm. b CRISPR-READI efficiently produces embryos with an inducible CreERT2 

reporter driven by the endogenous Sox2 promoter. PCR genotyping confirmed the correctly 

edited 5’ and 3’ junctions of the modified Sox2 locus in 22 out of 32 embryos, as indicated 

by black arrows. Primers were designed such that one primer binds outside the homology 

arm and the other primer binds within the CreERT2 cassette. 5’ expected band size: 658 bp, 

3’ expected band size: 666 bp. c CRISPR-READI efficiently generates Sox2-P2A-CreERT2 

mice. PCR genotyping confirmed correctly edited 5’ and 3’ junctions of the modified Sox2 
locus in 2 out of 5 mice with previously described primers. d Representative Sanger 
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sequencing and chromatograms for correctly edited mice. 5’ F/R: forward/reverse primers 

for 5’ junction genotyping, 3’ F/R: forward/reverse primers for 3’ junction genotyping.
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Figure 4. 
CRISPR-READI enables efficient site-specific insertion of a large expression cassette. a 
Schematic of strategy to knock a CAG-FLEX-mStrawberry cassette into the Rosa26 locus. 

The ssAAV1-R26-FLEX-mStr vector contains a splice acceptor + polyA element, a CAG 

promoter, an inverted mStrawberry ORF flanked by loxP and lox2272 sites, chimeric 

SV40/bGH polyA signal, and ~500 bp homology arms that direct targeting to the first 

Rosa26 intron. Upon Cre-mediated recombination, the mStrawberry ORF is irreversibly 

inverted, leading to robust mStrawberry expression. ITR: inverted terminal repeat, HA: 

homology arm, SA: splice acceptor. b Representative fluorescent image of CMV-Cre 

embryos treated with ssAAV1-R26-FLEX-mStr. Successful editing and Cre-mediated 

recombination lead to robust mStrawberry expression by the morula stage. Scale bar: 50 μm. 

c PCR genotyping confirmed the correctly edited 5’ and 3’ junctions of the modified Rosa26 
locus in 9 out of 26 embryos, as indicated by black arrows. Primers were designed such that 

one primer binds outside the homology arm and one primer binds within the ssAAV1-R26-

FLEX-mStr cassette. 5’ expected band size: 608 bp, 3’ expected band size: 626 bp. d 
CRISPR-READI efficiently generates Rosa-FLEX-mStr mice. PCR genotyping confirmed 
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correctly edited 5’ and 3’ junctions of the modified Rosa26 locus in 3 out of 11 mice with 

previously described primers. Notably, we also detected two animals exhibiting partial 

sequence insertion, similar to our Sox2-P2A-mStr animals (lanes 8 and 9). e Representative 

Sanger sequencing and chromatograms for correctly edited mice. 5’ F/R: forward/reverse 

primers used for 5’ junction genotyping, 3’ F/R: forward/reverse primers used for 3’ 

junction genotyping.
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Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Bacterial and Viral Strains

Single-stranded AAV (Serotype 1) This paper N/A

Self-complementary AAV (Serotypes 1, 2, 3, 4, 5, 
6, 8, 9)

This paper N/A

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Cas9–3xNLS QB3 MacroLab, University of California, 
Berkeley

N/A

Pregnant mare serum gonadotropin Millipore 367222

Human chorionic gonadotropin Millipore 230734

Critical Commercial Assays

HiScribe T7 High Yield RNA Synthesis Kit New England Biolabs E2040S

Deposited Data

Experimental Models: Cell Lines

Human: HEK293T Cells Manassas CRL-3216

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory 000664

Mouse: B6.C-Tg(CMV-cre)1Cgn/J The Jackson Laboratory 006054

Mouse: CD1 Charles River Strain 022

Oligonucleotides

See Table S2 of this paper

Recombinant DNA

scAAV-CMV-GFP Fu et al., 2003. N/A

pGEM-T easy Promega A1360

pX601 Ran et al., 2015. Addgene #61591

Sox2-P2A-mStrawberry Gift from Stafford, D., University of 
California, Berkeley

N/A

WT1–2A-eGFP Bao et al., 2016. Addgene #82333

pR26-CAG-AsiSI/MluI Chu et al., 2016. Addgene #74286

pAAV-FLEX-GFP Edward Boyden (unpublished) Addgene #28304

pAAV-nEFCas9 Suzuki et al., 2016. Addgene #87115

pX458 Ran et al., 2013. Addgene #48138

Software and Algorithms

ImageJ Schneider et al., 2012. https://imagej.nih.gov/ij/

ZEN Zeiss https://www.zeiss.com/microscopy/us/
products/microscope-software/zen.html

Other
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