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Using a Paired GRISPR/Cas9 Genome Engineering Tool
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Abstract

CRISPR /Cas9, originally discovered as a bacterial immune system, has recently been engineered into the
latest tool to successfully introduce site-specific mutations in a variety of different organisms. Composed
only of the Cas9 protein as well as one engineered guide RNA for its functionality, this system is much less
complex in its setup and easier to handle than other guided nucleases such as Zinc-finger nucleases or
TALENS.

Here, we describe the simultaneous transfection of two paired CRISPR sgRNAs-Cas9 plasmids, in mouse
embryonic stem cells (mESCs), resulting in the knockout of the selected target gene. Together with a four
primer-evaluation system, it poses an efficient way to generate new independent knockout mouse embry-
onic stem cell lines.

Keywords: CRISPR/Cas9, CRISPR-Cas9 paired design, mESCs: mouse embryonic stem cells,
(Homozygous) knockout, Genome engineering

1 Introduction

Mouse embryonic stem cells (mESCs) can be derived from the
inner cell mass of the blastocyst at 3.5 days post-coitum (dpc). In
appropriate culture conditions (e.g., BMP /LIF), they retain their
pluripotent state and are able to proliferate indefinitely. Three
proteins form the core factors essential for the maintenance of
stem cell pluripotency, namely Oct4 (Pou5fl), Sox2, and Nanog
(1, 2). Their complex network of interaction with each other or
with additional pluripotency factors and transcription factors pro-
vides a fragile balance between stemness and the possibility for cell
fate specification via differentiation (3). Stem cells harbor an
immense developmental potential as they can differentiate into
three germ layers and eventually all tissue types. From a medical
point of view, these abilities of stem cells, together with technical
progress, open up new possibilities for the investigation of genetic
diseases. A better understanding of stem cells in biology is a key step
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in the development of personalized medicine (4). Several stem cell
lines have been established from embryonic and adult tissues, but
the mESCs are a comparatively easy to handle model suited to
address very diverse questions in biology and medical science.

In the past years, a number of genome engineering tools such
as Zinc-finger nucleases and TALENs have been used to introduce
targeted modifications in the genome. Lately, CRISPR /Cas9 has
emerged as a new tool and proven to be an easy and cost-effective
application (5).

Although interspersed repeats were first mentioned in 1987
(6), the term “Clustered Regularly Interspersed Short Palin-
dromic Repeats,” shortly CRISPR, emerged only in 2002 when
Jansen and Mojica used the term to describe genomic loci, con-
taining repeated DNA sequences interspersed by nonrepetitive
elements in microbes (7). Recently, CRISPRs have been more
closely and intensively investigated and were identified as a
defence system used by bacteria against foreign DNA, derived
from pathogens such as viruses (8). Thanks to a better under-
standing of the system, scientists have been able to adapt the
CRISPR/Cas9 defence system for genome engineering in a
wide range of organisms. Many publications proved this system
to be an effective and efficient tool to generate targeted genome
modifications (9, 10). Among the three types of the CRISPR
system found in bacteria, type II CRISPR/Cas9 from Streptococ-
cus pyogenes is the most suitable for genome editing and therefore
also most investigated. It consists of a CRISPR-associated protein
9 (Cas9) and two RNAs—CRISPR RNA (crRNA) and trans-
acting CRISPR RNA (tracrRNA)—which are partially comple-
mentary to each other and form a duplex. The c¢rRNA and
tractrRNA can be fused to form a single guide RNA (sgRNA),
simplitying the use of the CRISPR/Cas9 as a genome engineering
tool (11, 12). The system gains its specificity from the sgRNA,
which is complementary to a sequence in the target genome, and
the so-called protospacer adjacent motit (PAM), a defined 3 nt
sequence at the 3’ end of the target DNA sequence (13-15). The
sgRNA guides the Cas9 protein to its site of action where it
recognizes the PAM and cleaves the DNA using its two catalytic
subunits HNH and RuvC, inducing a double-strand break (DSB)
(16). Then, DSBs caused by CRISPR/Cas9 will be repaired by
the cell either using nonhomologous end joining (NHE]), result-
ing in small insertions/deletions at the ligation site, or by
homology-directed repair (HDR), requiring a template for perfect
repair. Generallyy, NHE] is preferred over HDR in case of
CRISPR/Cas9 DSBs but the repair mode can be guided toward
HDR by the use of a modified Cas9 protein, which only nicks the
DNA instead of cleaving it (10). Recent modifications of the Cas9
protein allow a broader employment of the CRISPR /Cas9 system
going beyond genome editing. The use of catalytically inactive
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Fig. 1 Overview of the paired CRISPR/Cas9 strategy. In this protocol, specific
CRISPR/Cas9 constructs are designed and used in pairs in order to induce two
cuts in the genomic DNA involving the generation of a deletion. Then specific
PCR primers on both side of each CRISPR/Cas9 target site are designed. By
combining the forward primer of the upstream CRISPR/Cas9 target site (called
1F) and the reverse primer of the downstream CRISPR/Cas9 target site (called
2R), it is possible to distinguish the “wild type” amplicon, resulting from the
amplification of the wild type allele, from the “deleted” amplicon, shorter,
resulting from the amplification of the deleted allele. This PCR allows the
assessment of the efficiency of CRISPR/Cas9 pairs as well as the screen of
the independent clones by distinguishing wild type, heterozygous and homozy-
gous mutant clones from each other

Cas9 (dCas9) fused to activator or inhibitor attracting molecules
allows specific endogenous gene regulation posing an alternative
to conventional RNA interference (RNAi) (17, 18). Fused to
fluorescent molecules, dCas9 can also serve as an imaging tool,
visualizing specific loci on the genome (19). Additionally, O’Con-
nell and colleagues found a way to guide Cas9 also to ssRNA,
opening up new possibilities to study RNA function (20). To date
several online tools, such as e-CRISP (21) and Feng Zhang Lab’s
target finder (22), have been published, simplitying the design of
sgRNAs and prediction of possible oft-target effects (23-25).
These tools allow rapid and efficient generation of CRISPR target
sites resulting in genome scale screening libraries (26).

In our studies, we employed a combination of two CRISPR
sgRNAs targeting a selected gene together with an easily handled
four primer-evaluation system (see Fig. 1). By cutting the target
gene twice in close proximity, a piece of the DNA is cut out,
creating a deletion in the gene of interest, rendering it nonfunc-
tional (27). Even though deletions up to 1 Mb can be achieved
(28), careful positioning of the two sgRNA target sites and the
verification primers allow easy detection of successful deletions of
around 2 kb by PCR as well as distinction between homo- and
heterozygous mutants. The specific steps of this protocol are
described in the following sections.
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2 Materials

2.1 Design of Paired
CRISPR/Cas9 sgRNAs
and PCR Primers

2.2 Construction of
Specific CRISPR/Cas9
Vectors Using the
pSpCas9 (BB)-2A-GFP
Plasmid

2.3 Efficacy Assay
of Paired Designed
CRISPR/Cas9
Constructs
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. Genomic DNA sequences (see Note 1).
. sgRNA CRISPR design software (see Note 2).
. PCR primer design software (see Note 3).

. pSpCas9(BB)-2A-GFP (Addgene plasmid ID: 48138), also

called pX458 (29).

. Bpil (Bbsl) enzyme, 10 U /pL and its related buffer G (Thermo

Scientific).

. Agarose powder (Invitrogen).

. Ethidium Bromide Solution 10 mg/mL (Bio-Rad).

. 6x Loading dye (Thermo Scientific).

. 2-Log DNA Ladder (0.1-10.0 kb) (New England BioLabs).

. Electrophoresis DNA power supply and horizontal electropho-

resis cell (Bio-Rad).

. UV revelation device for DNA electrophoresis gel.

9. QIAquick® Gel extraction Kit (Qiagen).

10.

11.
12.
13.
14.

15.

l6.
17.

T4 DNA ligase and its associated 10x T4 DNA Ligase Bufter
(Thermo Scientific).

One Shot® TOP10 Chemically Competent E. coli (Invitrogen).
Lysogeny Broth (LB) medium (BD).
Autoclaved water.

Ampicillin (Applichem). Prepare 100 mg/mL stock solution
by diluting 100 mg of Ampicillin powder into 1 mL of auto-
claved water. This stock solution must be stored at —20 °C.

Ampicillin agar plates (Ampicillin at 0.1 mg/mL final
concentration).

GeneJET Plasmid Miniprep Kit (Thermo Scientific).
Pure Link™ HiPure Plasmid Filter Maxiprep Kit (Invitrogen).

. mESC proliferative medium: Dulbecco’s Modified Eagle

Media (DMEM) (Invitrogen) containing 15 % of a special
selected batch of fetal bovine serum (FBS; Life Technologies)
tested for optimal growth of mESCs, 1,000 U/mL of LIF
(Millipore), 0.1 mM of 2-B-mercapto-ethanol (Life Technolo-
gies), 0.05 mg/mL of streptomycin, and 50 U/mL of penicil-
lin (Sigma).

. mESC differentiation medium: DMEM (Invitrogen) contain-

ing 10 % of FBS (Life Technologies), 0.1 mM of 2-f-mercapto-
ethanol (Life Technologies), 0.05 mg,/mL of streptomycin and
50 U/mL of penicillin (Sigma). This medium is LIF-free.
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0.2 % gelatin solution and gelatin-coated flask/plate. Prepare
500 mL of 0.2 % gelatin solution: dissolve 1 g of gelatin from
porcine skin (Sigma) with 500 mL of autoclaved water, mix well
and then autoclave the solution. Mouse ESCs grow on gelatin-
coated support in the absence of feeder cells. To gelatin-coat a
flask or plate, pour 1-2 mL of 0.2 % gelatin solution on the
bottom of the flask, distribute homogeneously (the entire sur-
face must be covered), incubate minimum 5 min at room
temperature, and finally remove the gelatin (sec Note 4).

4. Cell culture incubator: mESCs grow at 37 °C in 8 % CO,.

12.
13.
14.
15.

16.

. Cell culture media: 0.05 % Trypsin containing EDTA (Life

Technologies) and PBS pH 7.4 (1x) without CaCl, and
MgCl, (Lite Technology).

. pX458 empty: Unmodified pSpCas9 (BB)-2A-GFP (pX458)

vector at 500 ng/pL.

. Specific  CRISPR/Cas9 constructs: pSpCas9(BB)-2A-GFP

vectors containing specific sgRNA (Obtained from Section 3.2)
at 500 ng/puL.

. Lipofection reagents: Opti-MEM®™ I reduced Serum (1 x) (Life

Technologies) (see Note 5) and Lipofectamine™ 2000 reagent
(Life Technologies).

. GenElute™ Blood Genomic DNA kit, Miniprep (Sigma).
10.
11.

PCR primers at a concentration of 10 pM.

Compounds for PCR reactions: 5x Green GoTaq®™ reaction
buffer (Promega), ANTP mix 10 mM each (Thermo Scientific),
GoTaq"® G2 Polymerase (Promega), and autoclaved water.

Agarose powder (Invitrogen).
Ethidium Bromide Solution 10 mg/mL (Bio-Rad).
2-Log DNA Ladder (0.1-10.0 kb) (New England BioLabs).

Electrophoresis DNA power supply and horizontal electropho-
resis cell.

UV revelation device for DNA electrophoresis gel.

Ttems 1-8 are identical to Section 2.3.

9.

10.

Fluorescence-activated cell sorting (FACS) device/Moflo
(Beckman Coulter) (see Note 6).

Dimethyl Sulfoxide (Sigma).
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2.5 Genomic DNA 1. 96-well plates containing mESCs from Section 2 .4.
Extraction from 2. Autoclaved water.
96-Well Plates, PCR 3. Lysis bufter: 10 mM Tris-HCI pH 7.5, 10 mM EDTA, 0.5 %

Screening and SDS, 10 mM NaCl. Prepare 10 mL of 1 M Tris-HCI pH 7.5:

Ide"t'f'_catm" a.f weight 1.57 g of Tris—HCI (Applichem), dissolve it in 10 mL of

Potential Candidates autoclaved water and adjust the pH to 7.5. To prepare 50 mL
of lysis bufter mix: 500 pL of 1 M Tris—HCl pH 7.5, 0.146 g of
EDTA, 0.25 g of SDS, and 0.029 g of NaCl, complete to
50 mL with autoclaved water and mix. This buffer can be stored
at room temperature.

4. Proteinase K (Applichem). Prepare a stock solution at 20 mg/
mL: dilute 20 mg of proteinase Kin 1 mL of autoclaved water.
This stock solution must be stored at —20 °C.

5. Precipitation solution: 1.5 M NaCl. To prepare 15 mL of pre-
cipitation solution dissolve 1.31 g of NaCl in 15 mL of auto-
claved water. This buffer can be stored at room temperature.

. Ice cold EtOH 100 %.
. EtOH 70 %.
. 96-well PCR plates (Thermo Scientific).

. PCR primers at a concentration of 10 pM.

NeREe RERN BN

10. Compounds for PCR reactions: 5x Green GoTaq® reaction
buffer (Promega), ANTP mix 10 mM each (Thermo Scientific),
GoTaq"™ G2 Polymerase (Promega).

11. Agarose powder (Invitrogen).
12. Ethidium Bromide Solution 10 mg,/mL (Bio-Rad).
13. 2-Log DNA Ladder (0.1-10.0 kb) (New England BioLabs).

14. Electrophoresis DNA power supply and horizontal electropho-
resis cell.

15. UV revelation device for DNA electrophoresis gel.

3 Methods

Many of the following procedures were adapted from a publicly
available protocol by E.P. Nora and E. Heard (27).

3.1 Design of Paired  In this section, it is described how to design specific sgRNAs using
CRISPR/Cas9 sgRNAs two different online tools: the e-CRISP software (21) and the Feng
and PCR Primers Zhang lab’s Target Finder (22). As previously mentioned in Sec-
tion 1, a lot of CRISPR sgRNA design tools are now available, and
any tools can be used as long as they take into account the predic-

tion of off-targets (30).
Each sgRNA design software gives potential CRISPR target
sites using a specific algorithm; in order to increase the chance to hit
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genomic DNA, it is advised to use two distinct tools and to design
two sgRNAs with each one (se¢ Note 2).

In this protocol, the plasmid pSpCas9 (BB)-2A-GFP (pX458)
(29) is used as vector and requires to add specific overhangs to the
designed sgRNAs. Other vectors are available, and if another vector
than pX458 is planned to be used, make sure to add the correct
overhangs to insert the sgRNAs into the corresponding vector.

1. Delimit your genomic sequence of interest (see¢ Note 7). It is
advised to paste the DNA sequence of interest into a text editor
of choice (e.g., Word) for further easy localization and
handling of sgRNAs and PCR primer sequences.

2. Design sgRNAs using the e-CRISP online bioinformatics tool
(21). Go to www.e-crisp.org and choose “De-novo”. Then
select “Mus musculus (Mouse, GRCm38.75)” as model
organism using the drop-down list. Next, select “Enter Target
Sequence” and enter the sequence of interest (FASTA format)
in the corresponding box. Finally click on “Start sgRNA
search”. The website will provide a ranked list of potential
sgRNAs, with a specificity score, an annotation score and
their positions on the sequence of interest.

3. Choose two sgRNAs, which are within a 1-2 kb size range
region (see Note 8) and locate them on your sequence of
interest created at step 1.

4. Design sgRNAs using the Feng Zhang lab’s Target Finder
(22). Go to http://crispr.mit.edu/ and fill the required field:
search name and e-mail address. Then select “mouse” as target
genome and paste your sequence of interest into the
corresponding box. Notice that a maximum of 250 bp can be
pasted inside this box. It is advised to perform several rounds of
research of 250 bp inside the 1-2 kb region delimited at step 3.
Finally click on “Submit”. The complete analysis takes 15 min
in average, when the job is completed click on “Guides & off
targets”. The website will provide a ranked list of potential
sgRNAs with a quality score, the number of off-target sites
with the corresponding number and position of mismatches.

5. Choose two sgRNAs, which are within a 1-2 kb size range
region delimited at step 3 (se¢ Note 8), and locate them on
your sequence of interest created at step 1.

6. Design specific PCR primers using a PCR primer online soft-
ware (see Note 3). For each sgRNA: design PCR primers in a
region comprising at least 300 bp upstream and downstream of
the sgRNA target site. Set up the parameters to amplify ampli-
cons around 500-600 bp, at a melting temperature of 60 °C (see
Note 9). Identify their positions on the sequence of interest.

7. Determine the expected PCR amplicon sizes for the deletion
PCR. For each sgRNA couple combination (four distinct
sgRNAs means six different combinations), determine the
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Fig.

GGCGTTACACGATGCACTTTNGG Output (PAM)

l

GGCGTTACACGATGCACTTT sense strand
CCGCAATGTGCTACGTGAAA antisense strand

l

CACCGGGCGTTACACGATGCACTTT

CCCGCAATGTGCTACGTGAAACAAA  “BRNA*overhangs

2 sgRNA modifications for insertion into the pSpCas9(BB)-2A-GFP vector.

sgRNAs have to be modified to assure a proper ligation with the digested vector
backbone. The PAM sequence (red) needs to be removed in the first step and the
sense strand complemented with its corresponding antisense. The ends need to
be modified according to the restriction enzyme used for the vector. For Bpil
(Bbsl), this corresponds to a “CACCG” 5’ overhang of the sense strand and
“CAAA” 5'/“C” 3’ overhang of the antisense strand (blue)

expected size for the deletion PCR product (see Fig. 1) know-
ing that the CRISPR /Cas9 complex cleaves the genomic DNA
3 nucleotides before the PAM motif (16).

. Preparation for the ordering of sgRNAs and PCR primers. For

each sgRNA: remove the PAM motif from the sequence, this is
the sense strand (see Note 10). Then write the corresponding
complement sequence, this is the antisense strand. Add a
“CACCG” overhang on the 5’ of the sense strand. Flank a
“CAAA” overhang on the 5" and a “C” overhang on the 3’ of
the antisense strand (see Fig. 2) (see Note 11). Order the
sgRNAs and the PCR primers (see Note 12).

3.2 Construction of In this protocol, the pSpCas9(BB)-2A-GFP plasmid is used, also
Specific CRISPR/Cas9 known as pX458 (Addgene plasmid ID: 48138). This plasmid
Vectors Using the allows the expression of a Cas9 nuclease fused with GFP. The
pSpCas9(BB)-2A-GFP plasmid pX458 is used at a concentration of 500 ng/pL.

Plasmid 1.

Digest 1 pg of pX458 plasmid with Bpil (Bbsl). Prepare two
reactions, one containing the restriction enzyme and one neg-
ative control (uncut pX458 plasmid), as follows:

For one digestion For one negative

Stock reaction (pL) control (pL)
Buffer G 2 2
Bpil (BbsI) 1 0
pX458 plasmid (500 ng/pL) 2 2
H,O 15 16
Total (pL) 20 20

And incubate 1 h at 37 °C.
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2. Prepare a 1 % Agarose gel with an Ethidium Bromide final
concentration of 0.1 pg/mL. Add 4 pl of 6x loading dye to
each sample and load the totality of the digestion reaction on
the gel. Run the gel at 100 V for 45 min. Use the negative
control as reference to excise the linearized plasmid and purify
it using the QIAquick® Gel Extraction Kit. The linearized
pX458 plasmid can be stored at —20 °C.

3. Generate the double stranded sgRNAs. Mix 8 pL of sense and
antisense strand from one sgRNA in one PCR tube (one PCR
tube per sgRNA design). Put the PCR tubes into a thermo
cycler and run the following program:

Step 1: 94 °C for 4 min
Step 2: 70 °C for 10 min
Step 3: 37 °C for 20 min

4. Ligate the double-stranded sgRNAs into the Bbsl digested
vector. Additionally to the samples, prepare one negative con-
trol reaction that does not contain double stranded sgRNA.
For one ligation reaction, mix the following reagents:

For one ligation For one negative

Stock reaction (uL)  control (pL)
Double-stranded sgRNA 2 0
(annealed oligos)
Linearized pX458 plasmid (1 pg) 1 1
10x T4 DNA ligase buffer 2 2
T4 DNA ligase 1 1
H,O 4 6
Total (pL) 10 10

Incubate overnight at room temperature.

5. Amplity the ligation products. For one ligation reaction: thaw
one aliquot One Shot™ TOP10 Chemically Competent E. coli
on ice, then add 5 pL of ligation product to the competent
cells, mix gently and incubate 15-30 min on ice. Heat shock
bacteria 30 s at 42 °C in a water-bath and immediately put
them back on ice. Then add 1 mL of room temperature LB
without antibiotics and incubate 1 h at 37 °C under agitation
(200 rpm). Centrifuge bacteria at 400 x g for 5 min, remove
and discard 900 pl of supernatant, resuspend the bacteria pel-
let in the remaining 100 pl and plate on ampicillin agar plates
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3.3 Efficacy Assay
of Paired Designed
CRISPR/Cas9
Constructs

(one plate per condition). Finally incubate the plates overnight
at 37 °C (see Note 13).

6. Validation of the cloning procedure. The day after, for each
plate (except for the negative control plate), pick three single
independent colonies and inoculate each of them into one
bacterial culture tube containing 3 mL of LB with ampicillin
at a final concentration of 0.1 mg/mL. Incubate at 37 °C
under agitation (200 rpm) overnight. The day after, use the
2 mL of bacterial culture to extract plasmids for each condition
using the GeneJET Plasmid Miniprep Kit, and keep the rest of
the bacterial culture tubes at 4 °C. Send purified plasmids for
sequencing using the following primer: 5'-GACTATCATAT
GCTTACCGT-3'. Analyze the sequencing results and deter-
mine which bacterial clones present a correct sgRNA sequence
incorporated into the pX458 vector (see Note 14).

7. Amplify the correct specific CRISPR/Cas9 constructs. Take
out the bacterial culture tubes corresponding to the bacterial
clones expressing the correct CRISPR /Cas9 constructs (deter-
mined at step 6). For each sample, prepare 1 L Erlenmeyer
containing 200 mL of LB with ampicillin at a final concentra-
tion of 0.1 mg/mL. Then, pipet the 1 mL bacterial culture left
at step 6 into the corresponding 1 L Erlenmeyer. Incubate the
1 L Erlenmeyer at 37 °C under agitation (200 rpm) overnight.
The day after, extract plasmid using the Pure Link™ HiPure
Plasmid Filter Maxiprep Kit. Measure the DNA concentration
of the samples and dilute them in autoclaved water to reach a
final concentration of 500 ng/pL. Store the diluted DNA at
—20 °C (see Note 15).

For this part of the protocol, lipofection reactions are performed in
6-well plates (1 well per condition). There are eight different con-
ditions: six different combinations of two specific CRISPR /Cas9
constructs and two negative controls. One negative control corre-
sponds to cells transfected with the empty pSpCas9(BB)-2A-GFP
and is referred in the protocol as “pX458 empty”. The other
negative control corresponds to cells transfected with PBS (1x)
instead of DNA and is referred in the protocol as “Mock”.

Mouse ESCs have been plated the day before, as cells must be
between 50 and 70 % of confluence for the lipofection reaction.

1. Change the medium of the cells. Remove the mESC prolifera-
tive medium, and wash the cells with 2 mL of PBS (1x).
Then add 2 mL of mESC proliferative medium without anti-
biotics (the antibiotics can inhibit the lipofection reaction). For
each condition, prepare two 1.5 mL Eppendorf tubes labeled
A and B.
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2. For each A tube: put 240 pL of Opti-MEM® (1 x ) and then add
10 pL of Lipofectamine™ 2000 reagent. Mix gently by pipet-
ting up and down and incubate 5 min at room temperature
under the hood without light (se¢ Note 5). During this time,
prepare the B tube of each condition as follows:

For one Empty Mock
Stock reaction (uL)  pX458 (uL)  (pL)
Opti-MEM® (1x) 242 246 246
CRISPR /Cas9 construct 1 4 0 0
(500 ng/puL)
CRISPR /Cas9 construct 2 4 0 0
(500 ng/pL)
pX458 empty (500 ng/pL) 0 4 0
PBS (1x) 0 0 4
Total (pL) 250 250 250

3. For each condition: mix A and B gently by pipetting up and
down. Then incubate 20 min at room temperature under the
hood without light (see Note 5). Finally put the lipofection mix
(500 pL) on each well and mix gently by pipetting up and
down. Put the cells back in the incubator.

4. After 6-8 h, remove the medium from the cells, wash them
with 2 mL of PBS (1x) and add 2 mL of new mESC prolif-
erative medium for all conditions.

5. Change the medium of the cells 24 h after lipofection.

6. Harvest the cells 48 h after lipofection. For each well: aspirate
the medium and wash once with 2 mL PBS (1x) then add
0.5 mL of 0.05 % Trypsin containing EDTA and incubate
5 min at 37 °C. Add 2 mL of mESC differentiation medium,
pipet up and down and flush the well several times to detach all
the cells. Then collect the cells in a 15 mL falcon tube and spin
the cells 5 min at 180 X g. Aspirate the supernatant and resus-
pend the cell pellet in 1 mL PBS (1x). Then, transfer to a
1.5 mL Eppendorf tube. Finally spin the cells again 5 min at
180 x g, aspirate the supernatant and keep the cell pellet. Cell
pellets must be kept on ice. If the following step in not per-
tormed the same day, store the cell pellets at —80 °C.

7. Extract DNA from cell pellets following the manual of the
GenElute™ Blood Genomic DNA kit, Miniprep (Sigma). Mea-
sure DNA concentrations and dilute samples with autoclaved
water to reach a DNA concentration of 50 ng/pL for all the
samples (sec Note 16).
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8.

9.

10.

11.

Prepare the PCR tubes. For each of the CRISPR /Cas9 DNA
samples, label three PCR tubes: 1F + 1R, 2F + 2R, and
1F + 2R. Then prepare for each tube: a corresponding
“empty pX458” control containing “empty pX458” DNA, a
corresponding “Mock” control containing “Mock” DNA, and
a negative control PCR reaction containing water instead of
DNA. This represents a total of 12 PCR tubes per combination
of two specific CRISPR /Cas9 constructs (see Fig. 3).

Prepare PCR reactions as follows:

For one negative
For one PCR control PCR

Stock reaction (uL) reaction (L)
5x Green GoTaq® reaction buffer 4 4

dNTP mix 10 mM each 0.4 0.4
Primer-F 10 pM 0.5 0.5
Primer-R 10 pM 0.5 0.5
GoTaq® G2 Polymerase 0.1 0.1
Sample’s DNA (50 ng/pL) 1 0

H,O 13.5 14.5

Total (pL) 20 20

Run the following PCR program:

Step 1: 94 °C for 5 min

Step 2: 94 °C for 30 s

Step 3: X°C for 30 s

Step 4: 72 °C for Y seconds
Step 5: GOTO step 2, 34 times
Step 6: 72 °C for 5 min

Step 7: 12 °C HOLD

X corresponds to the melting temperature of the primers,
which have been designed previously. Y is specific for each
primer combination and corresponds to the elongation time
depending on the amplicon size that has been determined
previously (Section 3.1, step 7) (see Note 17).

Prepare a 2 % Agarose gel with an Ethidium Bromide final
concentration of 0.1 pg/mL. For each condition forecast 13
slots (see Fig. 3). Then load the gel with 10 pL. of the PCR
reactions. Store the rest at 4 °C (see Note 18). Reserve one slot



1 well = 1 CRISPR/Cas9 couple /OO
==

/ l

CRISPR/Cas9 empty
couple Mock pX458
Cell
pellet
CRISPR/Cas9 empty

couple Mock pX458 H,0
Extracted
DNA

[N NN

1F 1F 2F 1F
2R
i

1F  2F 1F 2F 1F 1F 2F 1F
Validation 1R 2R 2R 1R 2R 1R 2R 2R 1R 2R 2R
| e : — — = — = ]
PcR B E“ 85 8 : Ef B
T'_'r Iu ]'_'f I| IIEf I'|_|II Il '.ElI ‘IIE'? '. | 1'_'r
vy U \u v U oy Jy U Jy U u
=== === === ===

= — — - & “wild type”

[ — -— -_— < PCR controls

- = - - 1 T DS

Fig. 3 PCR screen for CRISPR/Cas9 couple performance assessment. The figure shows consecutive steps to
analyse one CRISPR/Cas9 couple in mixed population including empty pX458 vector-, mock-, and water-
control (all steps, including controls have to be repeated for each CRISPR/Cas9 couple tested with the
corresponding primers). 1F and 1R refer to specific primers flanking the sgRNA target site 1; 2F and 2R refer to
specific primers of sgRNA target site 2. 1F + 1R as well as 2F + 2R are used as PCR primer control.
Combination of the primers 1F and 2R allows the detection of the deletion induced by the paired CRISPR/Cas9
system. For the sample, two different scenarios are possible: (i) only one large amplicon corresponding to the
“wild type” amplicon can be observed meaning that the deletion event did not occur, or (i) one large and one
small amplicon corresponding to the “wild type” and the “deleted” amplicon, respectively, can be observed,
meaning that the deletion event occurred. The mock and empty pX458 controls must only display the “wild
type” amplicon. No bands should be detected in the water control
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3.4 Lipofection of
Cells with the Selected
Combinations of Two
Specific CRISPR/Cas9
Constructs and
Isolation of Single
Cells in 96-Well Plates

to load 2.5 pL of 2-Log DNA Ladder. Run the electrophoresis
(eg. 110 V for 1 h). Then reveal the Agarose gel using a UV
device for DNA electrophoresis gel.

12. Analyze the results. Select the couples for which a band at the
expected size appears for the deletion PCR but not for the
“empty pX458” control, not for the “Mock” control, and not
for the negative control PCRs (see Fig. 3). Only these couples
will be used for the continuation of the protocol.

For this part of the protocol, lipofection reactions are performed in
6-well plates (1 well per condition). There are four different con-
ditions: the two best combinations of two specific CRISPR /Cas9
constructs (determined in the previous step) and two negative
controls: “empty pX458” and “Mock” (previously described in
Section 3.3).

Here GFP expression is used as criteria to select the cells
expressing the specific sgRNA pSpCas9(BB)-2A-GFP constructs.
GFP expressing cells are FACS sorted and single cell distributed
into 96-well plates (1 cell per well) in order to obtain single
independent clones. Selecting only cells expressing GFP should
increase the number of positive candidates with the specific knock-
out. The two negative controls are used to calibrate the cell sorter as
the “Mock” control does not contain cells expressing GFP and the
“empty pX458” does.

If no cell sorting device is available, an alternative method is
proposed in Section 4 (see Note 6).

In this part of the protocol, 96-well plates are used, which
implies a lot of pipetting steps that can be facilitated by the use of
a multichannel pipette.

Mouse ESCs have been plated on 6-well plates the day before,
as cells must be between 50 and 70 % of confluence for the lipofec-
tion reaction.

1. Transfect mESCs with the best combinations of two specific
CRISPR/Cas9 constructs. Perform four lipofection reactions:
one for each of the two best combinations of two specific
CRISPR/Cas9 constructs (determined in the previous
Section 3.3) and two negative controls: “empty pX458” and
“Mock”. For the lipofection procedure, follow exactly the
steps 1-5 described in Section 3.3.

2. Collect and sort the cells 48 h after lipofection. First, prepare
eight gelatin-coated 96-well plates (50 pL of 0.2 % gelatin
solution per well for minimum 5 min), remove the gelatin
and add 200 pL of mESC proliferative medium per well.
Then, for each well of the 6-well plate: aspirate the medium,
wash the cells with 2 mL PBS (1x) then add 0.5 mL of 0.05 %
Trypsin containing EDTA, and incubate 5 min at 37 °C. Add
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2 mL of mESC differentiation medium, pipet up and down and
flush the well several times to detach all the cells. Then collect
the cells in a 15 mL falcon tube and spin the cells 5 min at
180 x g. Aspirate the supernatant and well resuspend the cell
pellet in 1 mL of PBS (1x) + 2 % FBS. Keep the cells on ice
until the sorting.

3. Sort the cells. Use the “empty pX458” cells and the “Mock”
cells to calibrate the machine and sort 1 cell per well of the
96-well plates. For each “combination of two specific
CRISPR /Cas9 constructs” cell sample, fill four 96-well plates.
Then put the 96-well plates back in the incubator. If no cell
sorting device is available, an alternative method is proposed in
Section 4 (see Note 6).

4. Wait until the cells grow. If the medium’s color changes,
remove the medium and put 200 pL of fresh mESC prolifera-
tive medium per well. On average, it takes 15 days to observe a
color change of the medium.

5. Regroup the clones from one “combination of 2 specific
CRISPR/Cas9 constructs” on the same 96-well plate. For
each combination: examine the plate under a microscope and
identify full wells. Then pick all these clones into a new gelatin-
coated 96-well plate containing 100 pL of mESC proliferative
medium per well. For each clone: remove the medium, wash
with 100 pL of PBS (1 %), add 50 pL of 0.05 % Trypsin contain-
ing EDTA, incubate 5 min at 37 °C, then add 200 pL of mESC
proliferative medium per well, pipet up and down and transfer
everything into a well of the new 96-well plate.

6. Change medium 24 h after.

7. Wait until more than 50 % of the plate is around 70 % of
confluence. Change medium if necessary. Then split each 96-
well plate into two 96-well plates: one labeled as “freezing
plate,” the other one as “DNA plate”. For one plate: prepare
two new gelatin-coated 96-well plates containing 100 pL of
mESC proliferative medium per well. Then for each well:
remove the medium, wash with 100 pL of PBS (1x), add
50 pL of 0.05 % Trypsin containing EDTA. Then incubate
5 min at 37 °C, then add 100 pL of mESC proliferative medium
per well, pipet up and down and transfer: 50 pL into a well of
the “freezing plate” and 50 pL into a well of the “DNA plate”.

8. Change medium 24 h after.

9. Wait until the cells grow. If the medium’s color changes,
remove it and put 200 pL of fresh mESC proliferative medium
per well. When more than 50 % of the plate is around 50 % of
confluence, the “freezing plate” can be frozen and the “DNA
plate” is ready for DNA extraction.
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10. Freeze cells in 96-well plates. For one well of a “freezing plate”:
remove the medium, wash with 100 pL of PBS (1x),add 25 pL.
ot 0.05 % Trypsin containing EDTA, incubate 5 min at 37 °C,
add 25 pL of FBS, and then add 50 pL of FBS + 20 % DMSO,
pipet up and down. Finally seal the 96-well plate using parafilm,
wrap the 96-well plate with tissues and store it at —80 °C.

11. Prepare 96-well plates for DNA extraction. For one well of a
“DNA plate”: remove the medium, wash with 100 pL. of PBS
(1x), then the DNA extraction can be performed or the plate
can be sealed with parafilm and stored at —80 °C.

3.5 Genomic DNA In this part of the protocol, DNA is extracted from the cells directly
Extraction from 96- from 96-well plates. This implies a lot of pipetting steps, which can
Well Plates, PCR be facilitated by the use of a multichannel pipette.

Ser ee_"_'"g _and 1. If the cell plates have been stored at —80 °C, let them slowly
Identification of thaw on ice. Otherwise directly proceed to the step 2 with the
Potential Candidates

samples.

2. Prepare 10 mL of complete lysis buffer. Add Proteinase K to
lysis buffer at 1 mg/mL final concentration by mixing 500 pL
of Proteinase K stock solution at 20 mg/mL with 9.5 mL of
lysis buffer.

3. Lyse the cells. Add 50 pL of complete lysis buffer to each well,
wrap plates with tissues and incubate at 60 °C, 4 h to overnight.

4. Extract DNA. Cool down plates on ice during 5 min, add 10 pL
precipitation solution to each well and mix by pipetting. Then
add 150 pLice cold 100 % EtOH to each well, mix by pipetting
and spin the plate 30 min at 4 °C at 2,500 x 4. Invert plate to
decant liquid and blot excess liquid on paper towels. Add
150 pL of 70 % EtOH to each well, mix by pipetting and spin
the plate 15 min at room temperature at 2,500 x 4. Again,
invert plate to decant liquid and blot excess liquid on paper
towels. Then, leave the plate open to dry completely at room
temperature.

5. Resuspend DNA. Add 200 pL of autoclaved water to each well
and incubate plates at least 1 h at 37 °C to resuspend DNA.

These plates, designated as “undiluted DNA” plates, can be
stored at —20 °C.

6. Dilute DNA. Prepare a 1/10 DNA dilution plate for each
plate by distributing 45 pL of autoclaved water in new
96-well plates and adding 5 pL of “undiluted DNA” (see
Note 19). These plates, designated as “diluted DNA” plates,
can be stored at —20 °C.

7. Perform deletion PCR. For each plate, add 2 pL of “diluted
DNA” to a 96-well PCR plate and prepare two master mixes,
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one for each specific combination of primers for deletion PCR
(corresponding to the CRISPR /Cas9 construct combination),
as follows:

For one PCR  Mix for 100 PCR

Stock reaction (uL) reactions (pL)
5x Green GoTaq® reaction buffer 4 400
dNTP mix 10 mM each 0.4 40
Primer-F 10 pM 0.5 50
Primer-R 10 pM 0.5 50
GoTaq® G2 Polymerase 0.1 10
Sample’s DNA at 50 ng/pL. 1 -
H,O 13.5 1350
Total (pL) 20 -

Add 19 pL of the master mix to the corresponding 96-well
PCR plate containing DNA and mix by pipetting (se¢ Note 20).
Do not forget to perform a negative control for each master
mix by mixing 19 pL of the master mix and 1 pL of autoclaved
water.

. Put the 96-well PCR plate tubes into a thermo cycler and run
the following PCR program:

Step 1: 94 °C for 5 min

Step 2: 94 °C for 30 s

Step 3: X °C for 30 s

Step 4: 72 °C for Y seconds
Step 5: GOTO step 2, 34 times
Step 6: 72 °C for 5 min

Step 7: 12 °C HOLD

X corresponds to the melting temperature of the primers,
which have been determined previously. Y is specific for each
primer combination and corresponds to the elongation time
depending on the amplicon size that has been determined
previously (Section 3.1, step 7) (see Note 17).

. Prepare a 2 % Agarose gel with an Ethidium Bromide final
concentration of 0.1 pg/mL. Then load the gel with 10 pL of
the PCR reactions. Store the rest at 4 °C (see Note 18). Reserve
one slot to load 2.5 pLL of 2-Log DNA Ladder and run the
electrophoresis at 110 V for 1 h.
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10. Analysis of the results. Identify the clones that present only the
deletion band.

11. Thaw the candidate clones. As the freezing medium contains
DMSO, which is toxic for the cells, once the “freezing plate” is
taken out of the —80 °C, all the following steps have to be
performed as fast as possible. For each candidate clone, transfer
the cells from one well of the 96-well plate to one well of a
12-well plate.

Gelatin-coat the number of 12-well plates you need accord-
ing to the number of candidates clones you identified at
step 20, then put 1 mL of mESC proliferative medium per
well. It is advised to thaw at least 12 candidate clones, if
possible. Take the “freezing plate” out of the —80 °C and
add 200 pL of mESC proliferative medium to each candidate
clone well, wait around 3 min until the medium is completely
thawed. Then for each candidate clone, pipette up and down
and transfer the entire content of one well of the 96-well plate
to one well of a 12-well plate. When one 12-well plate is
completed, put it in the cell incubator. From this point, candi-
date clones can be amplified and further tests for knockout
confirmation can be performed at mRNA and protein level.
The rest of the 96-well plate can be discarded.

4 Notes

1. Genomic DNA sequences are provided by the UCSC Genome
Bioinformatics website (http://genome.ucsc.edu/).

2. Numerous sgRNA design tools are now available (29). How-
ever, another way to select sgRNAs is to choose already
designed sgRNAs. For instance, Koike-Yusa’s laboratory estab-
lished a sgRNA library of 87/897 sgRNAs targeting 19150
mouse protein-coding genes. The sgRNA sequences are
provided in the supplementary data of the corresponding arti-
cle (26).

3. To design specific PCR primers, the Primer-BLAST online
software was used (http://www.ncbi.nlm.nih.gov/tools/
primer-blast/) (31).

4. Gelatin-coated flasks or plates can be prepared in advance: pour
few mL of 0.2 % gelatin on the bottom of the flask, distribute
the gelatin homogeneously and keep them in the incubator
(not more than 2 days to avoid evaporation). Five minutes
before usage, take the plate out of the incubator and redistrib-
ute the gelatin homogeneously and do not forget to remove
the gelatin solution before to add the cells.


http://genome.ucsc.edu/
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5. Opti-MEM® I reduced Serum (1x) (Life Technologies) is a
light sensitive product and must be kept from direct light
exposure. It is advised to turn off the light of the cell culture
hood during its use and wrap the bottle in aluminum foil for
protection.

6. It FACS device is not available, an alternative method consists
of diluting the cells and picking clones by “hand”. Forty-cight
hours after lipofection of the selected combination of two
specific CRISPR/Cas9 constructs (Section 3.4, step 2), for
each well of the 6-well plate: aspirate the medium, wash the
cells with 2 mL PBS (1x) then add 0.5 mL of 0.05 % Trypsin
containing EDTA, and incubate 5 min at 37 °C. Add 2 mL of
mESC differentiation medium, pipet up and down and flush
the well several times to detach all the cells. Then sample some
of this cells suspension and assess its cellular concentration
(number of cells per mL). In a new 15 mL Falcon tube, collect
the right volume of cell suspension to have 2,000 cells and spin
the cells 5 min at 180 x g. Aspirate the supernatant, well
resuspend the cell pellet in 10 mL of mESC proliferative
medium and transfer everything to a 10 cm gelatin-coated
cell culture dish. Wait till cells proliferate. It should take around
1 week until clones can be seen by eye. During this waiting
time, change the cell medium on a daily basis. Then for each
condition process the following steps:

(a) Prepare one gelatin-coated 96-well plate with 50 pL of
0.2 % gelatin solution per well (do not remove the gelatin)
and one 96-well plate with 20 pL of 0.05 % Trypsin con-
taining EDTA per well.

(b) Take out the 10 cm dish containing the cells from the
incubator and transfer the medium into a 15 mL Falcon
tube. Then gently wash the 10 cm dish once with 5 mL of
PBS 1(x).

(c) Usinga 10 pL pipette, take 10 pL of 0.05 % Trypsin from
the first well of the first column on the 96-well plate
containing the Trypsin. Select a colony on the 10 cm
dish, place the pipette tip on the colony, pipet up and
down until the colony comes off (around five times) and
release the content of the pipette tip into the first well of
the first column on the 96-well plate containing the
Trypsin.

(d) Repeat step (c) for all 8 wells of the first column on the 96-
well plate containing the Trypsin. Be careful to not let the
10 cm dish dry more than 5 min, otherwise the cells will
dry out and die. Filling one column of the 96-well plate
must not take more than 5 min.
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(e) Once one column is filled, transfer the medium from the
15 mL Falcon tube collected at step (b) to the 10 cm dish,
and place the dish back in the incubator. Remove the
gelatin from the first column of the gelatin-coated 96-
well plate prepared at step (a). Then add 200 pL of mESC
proliferative medium to each well of the first column of the
96-well plate containing the trypsinized cells, pipet up and
down, transfer everything to the first column of the gelatin-
coated 96-well plate and put this plate in the incubator. Be
careful to not leave the cells more than 5 min in the 0.05 %
Trypsin containing EDTA. Verify the presence of cells in
the well with a microscope.

(f) Repeat steps (b—e) until the entire 96-well plate is filled.
After step (e), it is advised to let the 10 cm dish containing
the clones at least 5 min in the incubator to let the cells
recover before a new round of picking. During these 5 min,
the procedure can be performed on the other 10 cm dish
(from the other specific CRISPR /Cas9 construct combina-
tions). The two 10 cm dishes can be used alternatingly to
avoid wasting time.

(g) Change the medium 48 h after (200 pL. of mESC prolif-
erative medium per well). Then change medium whenever
the medium’s color changes.

Then, go back to the protocol and pursue with Section 3.4,
step 7.

7. It is advised to design your sgRNAs in order to target the gene
in an exonic region ensuring the deletion is propagated to the
mature RNA and does not accidentally get spliced out. It is also
beneficial if the deletion is located close to the transcription
start site as this avoids production of RNA fragments, which
could have unknown side effects.

8. Choosing two sgRNAs, which are within a 1-2 kb size range
region is not necessary but better for the PCR screening step, as
this will allow to amplify the “wild type” PCR amplicon and the
“deleted” PCR amplicon in the same PCR reaction. This will
allow a quick detection and distinction between homozygote
deleted mutants, heterozygote deleted mutants, and wild-type
clones. It is possible to delete larger genomic regions. How-
ever, it is commonly observed that the larger the deletion is, the
less efficient is the procedure (28).

9. PCR primers are designed in a way that they all have the same
melting temperature. This makes them easier to combine for
the PCR screening step.
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Be careful, the sgRNA output sequence from the e-CRISP
online bioinformatics tool includes the PAM motif. When
modifying the sgRNAs by adding the specific Bbsl overhangs
and ordering the oligos, make sure that the PAM sequence
has been removed.

The overhangs added to the sgRNAs make them compatible
with the Bpil (Bbsl) digested pX458 vector used in this
protocol. In case it is planned to use another vector with
different restriction site(s), do not forget to adapt the mod-
ifications of the sgRNAs according to the needs.

PCR primers and sgRNAs were ordered from Sigma. Basic
desalting purification of primers and sgRNAs is sufficient
enough for this protocol.

After overnight incubation at 37 °C, compare the number of
colonies present on the negative control and sample plates. If
there are no colonies on the sample plates, it could be due to a
problem during the sgRNA annealing. Prepare a 5 % Agarose
gel with an Ethidium Bromide final concentration of 0.1 pg/
mL and load 5 pL of annealed sgRNAs (generated at Sec-
tion 3.2, step 3) supplemented with 1 pL of 6x loading dye,
next to 5 pl of single-stranded sgRNA (sense or antisense)
supplemented with 1 pL of 6 x loading dye. Then run the gel
at 100 V for 1 h and verify the successful annealing by com-
paring the bands’ sizes between annealed and nonannealed
sgRNAs.

Serial Cloner (version 2-6-1) software was used to analyze
sequencing results.

In order to save specific CRISPR /Cas9 constructs, it is possi-
ble to make glycerol stocks of the bacteria clones expressing
the correct constructions. For each bacterial clone, take
750 pL of the 200 mL bacterial suspension (before to perform
plasmid extractions using the Pure Link™ HiPure Plasmid
Filter Maxiprep Kit) and mix it with 250 pL of 100 % auto-
claved glycerol into a screw cap cryotube. Vortex and store the
glycerol stocks at —80 °C.

If one (or several) sample(s) is (are) at a concentration lower
than 50 ng/pl, equilibrate all the samples to the lowest
sample concentration. Adjust the calculations to perform
PCR reactions with 50 ng of DNA per reaction.

Concerning the elongation time of the deletion PCR
(1F + 2R), choose an elongation time long enough to amplify
the “wild type” amplicon. As this PCR reaction is performed
on DNA extracted from a mixed population (transfected and
nontransfected), if the CRISPR /Cas9 complex cleaved geno-
mic DNA, two bands should be observed on the gel: one
corresponding to the “wild type” amplicon and one lower in
size, corresponding to the “deleted” amplicon.
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18. Keeping 10 pL of the PCR reactions allow to have a backup in
case of something goes wrong during the gel electrophoresis.

19.

Be careful, the DNA solutions from the “undiluted DNA”

plates are really viscous. Pipet slowly.

20.

It is possible to run a positive control for this PCR by setting

up a PCR reaction using DNA extracted from cells, which
have been transfected with the corresponding combination of
two specific CRISPR /Cas9 constructs (Section 3.3, step 7);
or by loading the Agarose gel with the corresponding 10 pL of
PCR reactions left at Section 3.3, step 11.
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