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Abstract
Cas9 nickase and paired sgRNAs can be used to e�ciently modify the genome of one-cell embryos with
minimal off-target damage1. This protocol describes the design and construction of paired sgRNAs
plasmids, preparation of sgRNAs and Cas9-D10A mRNAs for the injection of one-cell embryos, and,
genotyping of founder animals.

Introduction
Off-target damage mediated by CRISPR-Cas9 is likely to confound genetic analyses in cultured cells and
in model organisms. Co-expression of Cas9 nickase and sgRNAs to closely paired sites on opposing DNA
strands provides a general strategy for genome modi�cation with minimal off-target damage \(Figure 1).
Paired sgRNAs and Cas9 nickase can be multiplexed to mutate multiple genes simultaneously, or to
generate large deletions up to at least 10 kb or more.

Reagents
Plasmids: pST1374-Cas9-N-NLS-�ag-linker-D10A \(Addgene 51130) and pUC57-sgRNA \(Addgene
51132) mMESSAGE mMACHINE® T7 Ultra Kit Ambion, AM1345  MEGAshortscript™ Kit \(Ambion,
AM1354) RNeasy Mini Kit \(QIAGEN, 74104) MEGAclear™ Kit \(Ambion. AM1908) RNAsecure™ Reagent \
(Ambion. AM7005) QIAprep Spin Miniprep Kit \(QIAGEN, 27104) MinElute PCR Puri�cation Kit \(QIAGEN,
28004) Bsa I \(NEB, R0535S) Age1 \(NEB, R0552S) Dra I \(TaKaRa, D1037A) Solution I \(TaKaRa, 6022Q)
PMSG \(Sansheng, China. 50 IU/ml in normal saline. Aliquot and store at -80°C) HCG \(Sansheng, China.
50 IU/ml in normal saline. Aliquot and store at -80°C) EmbryoMax® Injection Buffer \(Millipore, MR-095-
10F) Proteinase K \(Merck, 1245680100. 20 mg/ml in water. Aliquot and store at -20°C) Lysis buffer \(10
µM Tris-HCl, 0.4 M NaCl, 2 µM EDTA, 1% SDS) Phenol \(Tris-saturated), Chloroform and alcohol PCR
Cleanup Kit \(Axygen, AP-PCR-50) T7EN1 \(NEB, M0302L) PrimeSTAR HS DNA Polymerase \(Takara,
DR010A) T-Vector pMD™19 \(Simple) kit \(TaKaRa, 3271)

Equipment
Centrifuge \(RT and 4°C) Vortex One Drop OD-1000+ Spectrophotometer Thermocycler Thermomixer
Water bath \(37°C, 42°C and 58°C)

Procedure
Construction of sgRNA expression vectors 1. Design of paired sgRNA oligos. Select paired sgRNAs in a
tail-to-tail orientation and separated by 10–30 bp, which have the sequence 5’-CCN\(52–72)GG. All
possible paired sites for mouse and human exons are available on our website \
(http://www.sanger.ac.uk/htgt/wge/). For each sgRNA, the 5’-GGN\(19)GG motif is preferred, however, 5’-
GN\(20)GG or 5’-N\(21)GG are also satisfactory. BLAT or BLAST the sgRNA target sites in UCSC or
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ENSEMBL genome browsers to �nd those with few or no highly related sites in the genome. Order sgRNA
oligos as described in Figure 2. 2. Annealing oligos prior to cloning. 4.5 µl Top Oligo \(100 µM) 4.5 µl
bottom Oligo \(100 µM) 1 µl NEB buffer 2 Annealing oligos using a thermocycler with the following
program2: 95°C, 5 min; 95–85°C at −2°C /s; 85–25°C at −0.1°C /s; hold at 4°C. 3. Preparation of pUC57-
sgRNA plasmid. 2 µg pUC57-sgRNA 1 µl CutSmart Buffer 1 µl BsaI Add water up to 50 µl and incubate at
37°C for 2 h with occasional shake. Purify the digestion product using MinElute PCR Puri�cation Kit. 4.
Ligation of annealed oligos with BsaI-digested pUC57-sgRNA 2 µl annealed oligos 1 µl \(25 ng/ µl)
digested pUC57-sgRNA 3 µl 2 x Solution I Incubate at 16°C for 30 min 5. Transformation and plate on
Kan+ plate \(50 g/ml). 6. Con�rm correct insertion of sgRNA oligos by sequencing using M13-47 primer.
7. Mini-prep pUC57-sgRNA plasmid using QIAprep Spin Miniprep Kit. Transcription of sgRNAs _in vitro_ 1.
Ensure that reagents, tubes and tips are RNase-free and that the work is done in a ribonuclease-free
environment. 2. Digest paired sgRNA plasmids with Dra I and purify the digestion product. 10 µg paired
sgRNA plasmids \(5 µg each) 10 µl 10 x M buffer 5 µl Dra I \(15U/ µl) Add water up to 100 µl and
incubate at 37°C for 3 h with occasional shake. Check plasmids were digested completely by gel
electrophoresis, loading 2 µl in 1% agarose gel. Two bands \(1621 and 1152 bp) will be observed. It is not
necessary to gel-purify the band harboring the sgRNA sequence. Add 4 µl RNAsecure and incubate at
60°C for 10 min in a thermomixer. Purify and elute the digestion product with 10 µl RNase-free water
using MinElute PCR Puri�cation Kit. 5 ~8 µg of DNA will be recovered. For multiplexing experiments, two
or more paired sgRNAs may be digested simultaneously in one tube. Alternatively, the transcription
template containing the T7 promoter sgRNA sequence may be prepared by PCR ampli�cation from a
bacterial colony using the following primers and PCR program: sgRNA-For: 5’-
TCTCGCGCGTTTCGGTGATGACGG sgRNA-Rev: 5’-AAAAAAAGCACCGACTCGGTGCCACTTTTTC Program:
94°C, 5 min; \(\(98 °C, 10 s; 72–62 °C, −1 °C/cycle, 15 s; 72 °C, 30 s) 10 cycles, \(98 °C, 10 s; 62 °C, 15 s;
72 °C, 30 s) 25 cycles); 72°C, 5 min; hold at 4°C. Inactivate RNases by adding RNAsecure and purify the
PCR product using the MinElute PCR Puri�cation Kit. 3. _in vitro_ transcription of sgRNAs using
MEGAshortscript™ Kit. 1 μL T7 10X Reaction Buffer 1 μL T7 ATP Solution \(75 mM) 1 μL T7 CTP Solution
\(75 mM) 1 μL T7 GTP Solution \(75 mM) 1 μL T7 UTP Solution \(75 mM) 4 µl puri�ed template \(more
than 2 µg for digested plasmids, 600 ng-1000 ng for PCR products) 1 μL T7 Enzyme Mix 10 µl of
transcription volume is OK. Incubate the reaction at 37°C for 4-6h in water bath or Thermocycler \(Set the
hot lid to 50°C). Add 1 μL TURBO DNase and incubate at 37°C for 15 min to remove the DNA template. 4.
Purify the sgRNAs by MEGAclear™ Kit according to the manufacturer’s instructions. RNA elution option 2
in the manual is preferred. Precipitate with 5 M Ammonium Acetate and ethanol. Resuspend the pellet
using the 30 μL RNase free water. 20–50 μg RNA will be obtained depending on the quality of DNA
template. 5. Assess sgRNA yield using the One Drop OD-1000+ Spectrophotometer \(or equivalent) and
sgRNA quality by gel electrophoresis. RNA is loaded in DNA loading buffer and run on a 1% agarose gel \
(180 V for 10 min). 6. Aliquot and store at -80°C. The sgRNAs are stable for one year without freeze-thaw
cycles. Transcription of Cas9-D10A _in vitro_ 1. Ensure that reagents, tubes and tips are RNase-free and
that the work is done in a ribonuclease-free environment. 2. Digest Cas9-D10A plasmid with Age I and
purify the digestion product. 10 µg Cas9-D10A 10 µl NEB buffer 1 4 µl Age I Add water up to 100 µl and
incubate at 37°C for 3 h with occasional shake. Add 4 µl RNAsecure and incubate at 60°C for 10 min in a
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thermomixer. Check for complete digestion of the plasmid by electrophoresis, loading 2 µl in 1% agarose
gel. Purify and elute the digestion product with10 µl RNase-free water using MinElute PCR Puri�cation Kit.
5~8 µg DNA will be recovered. 3. _in vitro_ transcribe Cas9-D10A using mMESSAGE mMACHINE® T7
Ultra Kit according to the manufacturer’s instructions. 4. Purify the Cas9-D10A mRNA by RNeasy Mini Kit
according to the manufacturer’s instructions. 5. Assess sgRNA yield using the One Drop OD-1000+
Spectrophotometer \(or equivalent) and sgRNA quality by gel electrophoresis. RNA is loaded in DNA
loading buffer and run on a 1% agarose gel \(180 V for 10 min). A yield of 30-60 μg mRNA is expected.
Note: Due to the size of the Cas9-D10A mRNA, no visible size shift is seen after poly-A tailing. The mRNA
quality is good if a smear is not observed. 6. Aliquot and store at -80°C. Cas9-D10A mRNA is stable for
one year without freeze-thaw cycles. Collection of zygotes 1. Superovulate 4-week-old female C57BL/6J \
(~12–14 g) mice by intraperitoneal injection with PMSG \(5 IU/100 µl) at 14:00 of day 1 and with HCG \
(5 IU/100 µl) at 13:00 of day 3. 2. Cross superovulated females with males \(C57BL/6J or CBA). 3.
Identify plugged females at 9:00 of day 4. Collect one-cell embryos as described3. Preparation of
microinjection mixture 1. Thaw aliquots of the Cas9-D10A mRNA and sgRNAs on ice. Dilute the Cas9-
D10A mRNA with EmbryoMax® Injection Buffer to a concentration of 20 ng/μl and the sgRNAs \(5 ng/μl
each) in a �nal volume of 50 μl. Pipette the mixture up and down several times. 2. Centrifuge at 4°C for 1
min at top speed, and carefully transfer 45 μl supernatant to a new tube. Always keep the tube on ice.
Microinjection and embryo transfer Microinjection and embryo transfer are performed using standard
methods for generation of transgenic mice as described4-6. We prefer to inject the RNA mixture into both
the cytoplasm and larger \(male) pronucleus. Genotyping founders 1. Tail tips from founders \(5-day-old)
are collected and digested overnight at 58°C with lysis buffer containing 100 µg/ml Proteinase K.
Genomic DNA is extracted by phenol-chloroform and puri�ed by alcohol precipitation. 2. Target regions \
(300–700 bp) are PCR ampli�ed from genomic DNA and the products are puri�ed with the PCR Cleanup
Kit. Puri�ed PCR products are denatured and reannealed in NEBuffer 2 in a thermocycler using the
program2: 95°C, 5 min; 95–85°C at −2°C /s; 85–25°C at −0.1°C /s; hold at 4°C. 3. Hybridized PCR
products are digested with 0.5 µl T7EN1 at 37°C for 30 min and separated by 2% agarose gel7. Mutant
founders will yield lower molecular weight cleavage bands. 4. Cloning and sequencing of PCR amplicons
from genomic DNA of mutant founders is used to characterize the mutations. T-A cloning of PCR
products is performed using the T-Vector pMDTM19 kit according to manufacturer’s instructions.

Timing
4 days for the construction of sgRNA expression vectors. 1 day for the in vitro transcription and
preparation of sgRNAs. 1 day for the in vitro transcription and preparation of Cas9-D10A mRNA. 4 days
for the superovulation of females, collection of 1-cell embryos and microinjections. 1 week for the
genotyping of founder animals.

Troubleshooting
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1. sgRNA expression plasmid does not contain insert. pUC57-sgRNA vector is not digested completely.
Extend the incubation time and shake the digestion product occasionally. Colony PCR can be used to
identify the positive colonies using 5’-TTGTACTGAGAGTGCACCATATG-3’ and the bottom strand sgRNA
oligo. 2. Low yield of sgRNAs. a. Use the recommended kits to improve the quality of plasmids and
template. b. Increase the amount of template or use the PCR product as template. 3. Electrophoresis of
sgRNAs shows more than one band. a. sgRNA can form dimers. Always keep sgRNAs on ice. A low
amount of dimer will not affect the function of sgRNA. b. DNA template is incompletely digested. Circular
template can produce longer transcripts. Extend the incubation time and shake the digestion product
occasionally. c. DNA template contamination. Add more TURBO DNase and extend incubation time. 4.
Cas9-D10A mRNA produces a smear on an agrose gel. a. Use RNAsecure to inactivate RNase
contamination. b. Use the recommended kits to improve the quality of the DNA template. \(QIAGEN Mini-
prep and PCR clean-up kits are recommended.)

Anticipated Results
1. The purity and quality of in vitro-transcribed sgRNAs and Cas9-D10A mRNA is critical for the success
of these experiments. A typical example is shown in Figure 3. 2. Typically, 10% of injected embryos
transferred to pseudo-pregnant females survive to term. Approximately half of the founder animals
contain mutant alleles based on the T7EN1 cleavage assay and sequencing of target region PCR
ampli�ed from tail genomic DNA \(Table1).
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Figure 1

Cas9 nickase strategy. Cas9 nickase induces a double strand break at adjacent CRISPR sites (TS1 and
TS2) on opposite DNA strands. In contrast, single-strand nicks at off-target sites (OTS) for either sgRNA
will be corrected by the base-excision repair pathway, thus minimizing off-target mutations. P, PAM site.
[taken from Shen et al., 2014^1^].

Figure 2
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Schematic diagram of sgRNA oligos. TAGG and AAAC should be added to the 5’ end of top strand and
bottom strand oligos, respectively, to generate sticky ends after annealing.

Figure 3

Assessing the quality of sgRNAs and Cas9-D0A mRNA by gel electrophoresis. (a) Electrophoresis of
sgRNAs on 1% agarose gel should yield a single band just below 100 bp. Lane M, DNA ladder (DL2,000;
TaKaRa). (b) Electrophoresis of untailed and polyA-tailed Cas9 mRNA on 1% agarose gel. The mRNA runs
as two bands, due to persistent secondary structure. No visible size shift can be seen after tailing. The
quality of mRNA is good if discrete bands are visible.
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Figure 4

Table 1 Summary of embryo injections using paired sgRNAs and Cas9-D10A mRNA. Table 1 shows the
results of our injections of one or more pairs of sgRNAs.


