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ABSTRACT

Existing protocols for dual guide RNA cloning rely on synthesised DNA oligonucleotides of
>100 bp that contain both guide RNA sequences and are therefore not reusable in alternative
experimental designs. Here, we describe a single-step protocol to rapidly and inexpensively
generate vectors expressing two guide RNAs (gRNAs) simultaneously, which allows re-usage
of gRNAs oligonucleotides from one experimental design to another. This protocol is
applicable to cloning gRNAs into virtually any CRISPR/Cas9 backbone that allows cloning by
Golden Gate, by adapting the primer design. Here, we provide details for cloning gRNAs into
vectors with Bbsl and BsmBl sites, two of the most frequently found enzymes in
CRISPR/Cas9 gRNA expression cassettes.

This protocol has been successfully applied to delete pancreatic islet enhancers that harbour
type 2 diabetes variants and to validate enhancer-promoter interactions (Miguel-Escalada et
al., Nature Genetics 2019).

In the future, we foresee that this simple protocol may also be applied to target coding
sequences, as well as to target other important kinds of noncoding regulatory elements,

including IncRNAs, miRNAs, and chromatin structural anchor points.



INTRODUCTION

The CRISPR/Cas9 system is now a well-established lab tool to edit virtually any sequence in
the genomes of human cells and model systems. CRISPR/Cas9 is most frequently applied to
introduce random indels in target DNA sequences to generate frameshift mutations in coding
sequences. This strategy however is not applicable to non-coding sequences. Non-coding
sequences harbour a large regulatory potential, containing sequence elements that drive
tissue-specific expression, such as transcriptional enhancers, whose sequence variation
associates with several common and rare human diseases'3. Despite the importance of these
sequences to maintain appropriate gene regulatory programmes, the lexicon of cis-regulatory
elements is still not fully understood and thus large defined deletions are often better suited
to study their function than short indels*”.

Efficient CRISPR/Cas9-mediated large deletions require the co-expression of two
CRISPR/Cas9 guide RNAs (gRNAs) from a single expression vector. In the past, different
strategies were proposed to clone pairs of gRNAs into expression vectors, namely for fast
generation of CRISPR/Cas9 deletion libraries®®. However, these methods rely on synthesis of
long oligonucleotides (>100 nt) that already contain two gRNAs, which does not allow
repurposing of oligonucleotides in alternative experimental designs. To target individual
genomic loci, repurposing of gRNAs to generate multiple deletions of the same element, may
prove a cost-effective experimental design to yield robust perturbation data, following a
similar logic to the delivery of multiple siRNAs against a gene to demonstrate on-target rather
than off-target effects’. Here, we provide an inexpensive single-step dual gRNA cloning
protocol method, in which each oligonucleotide contains only one gRNA (Figure 1). As a
result, oligonucleotides can be repurposed to clone different pairs of gRNAs by simply setting
up a PCR using different forward and reverse primer combinations.

Similarly to previously developed protocols for dual gRNA cloning®®, we deploy a strategy in
which the expression of the two gRNAs is driven by different promoter sequences, avoiding
potential plasmid recombination events due to sequence repeats in the final vector®.
Specifically, this strategy yields a vector that contains the hU6 promoter driving the
expression of one gRNA and the H1 promoter driving the expression of the other gRNA
(Figure 1a). To this end, we generated a plasmid that can be used as PCR template for the
cloning strategy outlined in Figure 1a. This has the advantage of providing an inexpensive
source of PCR template, which can be propagated and easily shared between laboratories
(pScaffold-H1 vector, Addgene #118152, see attached map in Supplementary Information).
The pScaffold-H1 vector was generated by insertion of a PCR-amplified fragment that
contained a sgRNA scaffold followed by the H1 promoter (amplified from the pDECKO-GFP,
Addgene #72619) into the pCR Blunt [I-TOPO vector (Invitrogen), which contains a
Kanamycin resistance cassette. The fact that the pScaffold-H1 vector does not contain an
Ampicillin resistance cassette (present in most CRISPR/Cas9 sgRNA expression vectors)
eliminates the formation of colonies containing it due to plasmid carryover and maximises the

efficiency of the protocol.



The primer design has been developed to not require optimisation between reactions, since
the primers will anneal to constant sequences in the template DNA plasmid: the forward
primer anneals to a 22 nt sequence at the 5’ end of the sgRNA scaffold; and the reverse
primer anneals to a 17 nt sequence at the 3’ end of the H1 promoter (see Figure 1 and refer
to the Supplementary Tables “Bbsl” and “BsmBI” for details and a design template).

The cloning strategy we present here has the potential to be applicable to be applied to many
common sgRNA expression vectors. We provide details for two common types of backbone
for expression of the two gRNAs and SpCas9: plasmid (such as the plasmids developed by
the Zhang lab, pX458", pX459", and our own SpCas9-Hygro’), and lentiviral (such as the
lentiCRISPR v2'?).

We have successfully applied this protocol to clone gRNA pairs for deletion of pancreatic
beta cell transcriptional enhancers’. Moreover, this protocol is amenable to be deployed to
clone gRNA pairs for targeting of other genomic sequences, including IncRNAs, miRNAs,
promoters, CTCF sites and even coding sequences, if the desired outcome is a defined
deletion. We also anticipate that the applications of this cloning strategy will be expanded to
other CRISPR/Cas9-based perturbations such as CRISPR interference (CRISPRi) or CRISPR
activation (CRISPRa) with two gRNAs against the same target gene/regulatory element to
boost CRISPRIi/a efficiency, and even combined CRISPRa-CRISPRi to study complex gene-

gene interactions’.



REAGENTS

General reagents

. Primers containing gRNA sequence (DST purity from Sigma, Invitrogen, IDT, or equivalent)
. Q5 High Fidelity Polymerase (New England Biolabs # M0491)

. 5X Q5 Reaction Buffer (provided with Q5 High Fidelity Polymerase)

. 10mM dNTPs (Invitrogen #18427-013)

. QlAquick PCR Purification Kit (Qiagen #28106)

. FastDigest Bpil (Thermo Scientific ##FD1014) or FastDigest Esp3l (Thermo Scientific
#FDO0454) (depending on backbone used for cloning)

7. 10X Tango buffer (Thermo Scientific #BY5)

8. 10X Esp3l Fast Digest Buffer (provided with FastDigest Esp3l)

9. 0.1M DTT (available from PCR kits, but can be prepared with Sigma #43815)

10. 10mM ATP (Sigma #A7699)

11. T7 Ligase (New England Biolabs #M0318L)

12. One Shot Stbl3 Chemically Competent E. coli (Invitrogen #C7373-03) or NEB Stable
Competent E. coli (NEB #C3040H)

13. S.0.C. Medium (Sigma #S1797-10X5ML)

14. L.B. Broth with agar (Sigma #L3147)

15. L.B. Broth (Sigma #L3522)

16. Miniprep kit such as GenElute Plasmid Miniprep Kit (Sigma #PLN350)

17. Kanamycin sulfate salt (Sigma #K4000)

18. Ampicillin sodium salt (Sigma #A9518)
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Plasmids

pScaffold-H1 (Addgene #118152)

Plasmid backbone, such as px458 (Addgene #48138), SpCas9-Hygro (Addgene #118153)
Lentiviral backbone, such as lentiCRISPR v2 (Addgene #52961)

Primer sequences
LKO.1: GACTATCATATGCTTACCGT
hU6-F: GAGGGCCTATTTCCCATGATT

Equipment

1. Thermal Cycler (BioRad #1861096)
2. Water Bath

3. Incubator with Orbital Shaker

4. Incubator for Microbiology



PROCEDURE

We provide two alternatives for this step, depending on the backbone used for cloning:
Version A allows cloning into CRISPR vectors with Bbsl (Bpil) sites (such as pX458); and
Version B allows cloning into CRISPR vectors with BsmBI (Esp3l) sites (such as
lentiCRISPRv2).

1. Guide RNA design
a) Identify the target sequence for deletion. Any genomic loci flanked by two SpCas9 PAM
sequence (NGG) may be targeted.

b) Design SpCas9 sgRNAs (17-20 nt protospacers) with Cas-Designer, or another
computational tool.

VERSION A (Bbsl/Bpi)

¢) Synthesise oligonucleotides according to the following logic: Forward oligo = 5’
CGAGAAGACCTCACCGNNNNNNNNNNNNNNNNNNNNGTTTTAGAGCTAGAAATAGCAA 3,
where N corresponds to your protospacer sequence; Reverse Oligo = 5’
GGTGAAGACCCAAACNNNNNNNNNNNNNNNNNNNNGGGAAAGAGTGGTCTCA 3’, where N

corresponds to the reverse complement of your protospacer sequence (see also Figure 1b).

A template for generation of oligo sequences for ordering is provided in "Template for oligo
design for dual cloning into Bbsl (Bpil) vectors.xIsx" (see Supplementary Files).

VERSION B (BsmBIl/Esp3l)

¢) Synthesise oligonucleotides according to the following logic: Forward oligo =
ACCGTCTCTCACCGNNNNNNNNNNNNNNNNNNNNGTTTTAGAGCTAGAAATAGCAA, where
N corresponds to your protospacer sequence; Reverse Oligo =
CCCGTCTCCAAACNNNNNNNNNNNNNNNNNNNNGGGAAAGAGTGGTCTCA, where N

corresponds to the reverse complement of your protospacer sequence (see also Figure 1c¢).

A template for generation of oligo sequences for ordering is provided in "Template for oligo

design for dual cloning into BsmBI (Esp3l) vectors.xlsx" (see Supplementary Files).

d) Request oligonucleotide synthesis from commercial vendor. DST-grade oligos are enough

for this application.

2. Coupling of guide RNA pair by PCR

a) Prepare the following reaction mix:

4 pl of Q5 Buffer

0.4 pl of 10mM dNTPs

1 pl of 10uM Forward Primer (containing gRNA #1)



1 pl of 10uM Reverse Primer (containing gRNA #2)
0.2 yl of Q5 High-Fidelity DNA Polymerase

1 ul of pScaffold-H1 (1 ng/pl)

13.4 pl Nuclease-Free Water

Total volume = 20 pl

b) Thermal cycler conditions: 98°C for 30 sec, 30 cycles of (98°C for 10s, 58°C for 15s, 72°C
for 15s), hold at 12°C.

c) Check PCR product by 1.5% agarose gel electrophoresis. The PCR should yield as clear
band of 353 bp (see Figure 2).

d) Purify PCR product with QlAquick PCR Purification Kit.

e) Dilute to 10 ng/ul in Nuclease-Free Water.

Technical note: The cohesive ends generated by the Bbsl/Bpil and the Bsmbl/Esp3l enzymes
are identical. Therefore, primers containing a different restriction site than the vector (e.g.
Bbsl primers and BsmBI vector) can be used to clone the pair of guide RNAs in this vector
using an additional digestion step. This allowed the repurposing of a single pair of primers for
both types of vector. The additional step is performed after step 2d. 500 ng of the purified
PCR product is digested following the same procedure as step 3 with the restriction enzyme
corresponding to the primer used, omitting the vector, ATP and T7 ligase and incubated 1h at
37°C. The digested product is purified using QlIAquick PCR Purification Kit and diluted at 10
ng/ul. The protocol can then be continued at step 3 using the protocol corresponding of the

vector’s restriction sites.

3. Single-step digestion-ligation reaction
VERSION A (Bbsl/Bpi)

a) Ligate the amplified PCR product containing a pair of guide RNAs into your desired vector

as follows:

2 pl of 10X Tango buffer

1 ul of pX458 vector or similar (100 ng/ul)
1 ul of PCR product (10 ng/uL)

1yl of 0.1M DTT

1 pl of FastDigest Bpil

1 pl of 10mM ATP

0.5 yl T7 Ligase

12.5 pl Nuclease-Free Water



Total volume = 20 pl

b) Thermal cycler conditions: 6 cycles of (37°C for 5 min, 23 for 5 min), 37°C for 10 min, hold
at 4°C.

VERSION B (BsmBIl/Esp3l)

a) Ligate the amplified PCR product containing a pair of guide RNAs into your desired vector

as follows:

2 pl of 10X Esp3l Fast Digest Buffer

1 ul of lentiCRISPRvV2 vector or similar (100 ng/ul)
1 ul of PCR product (10 ng/uL)

0.2 pyl of 0.1M DTT

1 pl of FastDigest Esp3l

2 yl of 10mM ATP

0.5 pl T7 Ligase

12.3 pl Nuclease-Free Water

Total volume = 20 pl

b) Thermal cycler conditions: 6 cycles of (37°C for 5 min, 23 for 5 min), 37°C for 10 min, hold
at 4°C.

Technical note 1: Depending on the vector used, a different restriction enzyme will be needed

for this step. Vectors commonly used for CRISPR/Cas9 experiments with plasmid transfection
such as pX458 contain Bbsl (Bpil) sites. While for lentiviral-based experiments, backbones
such as the lentiCRISPR v2 contain BsmBI (Esp3l) sites.

Technical note 2: In this protocol we suggest using a high-fidelity DNA polymerase. While we

wrote the protocol with Q5, other high fidelity polymerases should work equally well. If
changing polymerase, we advise optimising the cycling conditions following manufacturer's

instructions.

4. Transformation into chemically competent bacteria
a) Thaw competent cells on ice

b) Add 2 pL of the ligation into the tube with 50 pL of competent cells and mix very gently. Do

not vortex.

¢) Incubate on ice for 30 minutes.

d) Heat-shock the cells for 30 seconds at 42°C in a water bath.



e) Remove the vial from the water bath and place it on ice for 2 minutes.

f) Add 250 pL of pre-warmed S.0O.C. Medium to the vial.

g) Shake horizontally at 37°C for 1 hour at 225 rpm in a shaking incubator.

h) Spread 50 pL from the transformation mix on a pre-warmed LB-agar plate with appropriate
antibiotic resistance.

i) Invert the selective plate and incubate at 37°C overnight.

Technical note 1: We routinely use 1 L of ligaton with 10-15 uL of competent cells per

transformation, which still yields a good number of colonies after plating.

Technical note 2: We strongly advice using an E. coli strain suitable for cloning unstable DNA

constructs (e.g. RecA, RecA1, or RecA13 strain), such as One Shot Stbl3 Chemically
Competent E. coli (Invitrogen) or NEB Stable (New England Biolabs).

5. Confirmation of successful cloning

The pScaffold-H1 vector used as PCR template contains a Kanamycin resistance cassette
and the most commonly used CRISPR vectors contain a Ampicillin resistance cassette.
Therefore, after transformation and spreading onto LB-agar plates with ampicillin, we do not
detect colonies containing the pScaffold-H1 vector.

Using this protocol, we usually observe an efficiency of >95% for most backbones, for this

reason, we do not perform colony PCR to screen for positive colonies ahead of sequencing.

a) Pick one colony from the plate and inoculate 2 mL of LB Broth.

b) Incubate overnight at 225 rpm in an orbital shaking incubator.

c) The next day, analyse by plasmid isolation with a miniprep kit, followed by Sanger
sequencing using primer LKO or U6.



TROUBLESHOOTING

Problem

Possible reasons

Solution

No colonies

Wrong antibiotic

selection

Check antibiotic resistance in backbone used for cloning
and repeat plating using correct selection. Use a positive

control plasmid for transformation.

Poor transformation

efficiency

Test competence of cells if homemade. Use a positive
control plasmid for transformation. Confirm that the
water bath is at 42°C.

No insert

Wrong restriction

enzyme

Check the restriction enzyme in the backbone used for

cloning and repeat cloning.

Restriction enzyme is not

working

Check restriction enzyme efficiency by cutting your
backbone plasmid and running digestion on a gel.
FastDigest enzymes are very quick and efficient and
should yield complete plasmid digestion after a short
incubation at 37°C. Double check cut-ligation

programme in thermal cycler.

Wrong primer design

If the wrong restriction sites are on the primers. The
cloning can still be performed using the 2 step digestion-
ligation. See Technical note of Step 2 of the protocol.

Double check that the primers have been designed
following outline in Figure 1. Use the provide
supplementary table to generate oligo sequences.
Double check the restriction enzyme sited in your
CRISPR backbone and ensure that the oligos are being
designed with the correct restriction enzyme sites.
Redesign and order new oligos if the original design was

wrong.

Incorrect
gRNA

orientation

Wrong primer design

Double check that the primers have been designed
following outline in Figure 1. Use the provide
supplementary table to generate oligo sequences.
Remember to fill in the table using the reverse
complement of the gRNA #2. Redesign and order new

oligos if the original design was wrong.

Incorrect
guide RNA

sequence

Wrong primer design

Double check the sequence of the synthetized oligos.

Order new ones if that original request was wrong.

Error in oligo synthesis

On rare occasions, a small number of colonies will carry
errors in the gRNA sequence, which is reflect of low

quality oligo synthesis. This usually yields plasmids




carrying small base pair changes in the gRNA sequence.
If this happens, pick a new colony, miniprep and send for

Sanger sequencing.

Incorrect Plasmid recombination. Use Stbl3 or NEB stable competent cells for the
plasmid transformation.
sequence

TIME TAKEN

1. Guide RNA design: 30 min to 2 hours (depending on number of guide RNA pairs)
Coupling of guide RNA pair by PCR: 1 hour
Single-step digestion-ligation reaction: 1 hour

Transformation into chemically competent bacteria: 1.5 hours, plus overnight incubation

ok~ w DN

Confirmation of successful cloning: 2-3 days, including overnight incubation and waiting

time for Sanger sequencing service

ANTICIPATED RESULTS

After PCR, a clear 353bp band should be visible by agarose gel migration (Figure 2). We
advise running PCR products on a 1.5% agarose gel as an intermediate QC step when
cloning many gRNA pairs.

After cloning into the desired backbone, Sanger sequencing with either one of the suggested
primers (U6-F and LKO.1) should allow reading of the two gRNAs and the H1 promoter.

Considerations on genome editing efficiency: Deletion efficiency of the target sequence will

depend on the individual efficiencies of the two gRNAs in each gRNA pair. We suggest
testing at least four gRNA combinations, which can be achieved by designing two gRNAs on
each side of the target region (since our protocol allows repurposing of gRNA in different
gRNA pairs). In our experience, higher Cas9 levels yield higher deletion efficiencies.
Therefore, it is important to work with a system that yields high Cas9 expression in the
targeted cell type.
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FIGURE LEGENDS

Figure 1: Experiment schematic. (a) Oligo design for Bbsl backbones. (b) Oligo design for BsmBI

backbones. (c) Overview of the one-step dual gRNA cloning protocol. As an example, we show dual
gRNA cloning into the pSpCas9(BB)-T2A-HygR backbone (Addgene #118153). RE = Restriction
Enzyme site.

Figure 2. Expected result. (a) After PCR amplification, a clear 353 bp band should be detected by

agarose gel electrophoresis.

Figure 3. Troubleshooting table.
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VERSION A: For each target genomic sequence, design oligonucleotides as follows:

F oligo (Bbsl gRNA 1 scaffold) = 58 nt
5’ cgaGAAGACctcaccgNNNNNNNNNNNNNNNGTTTTAGAGCTAGAAATAGCAA 3’

R oligo (Bbsl gRNA 2 rev complement H1 promoter) = 52 nt
5’ ggtGAAGACccaaacNNNNNNNNNNNNNNNGGGAAAGAGTGGTCTCA 3’

VERSION B: For each target genomic sequence, design oligonucleotides as follows:

F oligo (BsmBI gRNA 1 scaffold) = 56 nt
5’ acCGTCTCtcaccgNNNNNNNNNNNNNNNGTTTTAGAGCTAGAAATAGCAA 3’

R oligo (BsmBI gRNA 2 rev complement H1 promoter) = 50 nt
5’ ccCGTCTCcaaacNNNNNNNNNNNNNNNGGGAAAGAGTGGTCTCA 3’

Figure 1. Experiment schematic. (a) Oligo design for Bbsl backbones. (b) Oligo design for
BsmBI backbones. (c) Overview of the one-step dual gRNA cloning protocol. As an exam-
ple, we show dual gRNA cloning into the pSpCas9(BB)-T2A-HygR backbone (Addgene
#118153). RE = Restriction Enzyme site.
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Figure 2. Expected result. After PCR amplification,
a clear 353 bp band should be detected by agarose
gel electrophoresis.




