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ASSAyInG BREAK AnD  
nIcK-InDUcED hOmOLOGOUS 
REcOmBInATIOn In  
mAmmALIAn cELLS USInG  
ThE DR-GfP REPORTER AnD 
cAS9 nUcLEASES
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Thousands of DNA breaks occur daily in mammalian 
cells, including potentially tumorigenic double-strand 
breaks (DSBs) and less dangerous but vastly more 
abundant single-strand breaks (SSBs). The majority 
of SSBs are quickly repaired, but some can be 
converted to DSBs, posing a threat to the integrity of 
the genome. Although SSBs are usually repaired by 
dedicated pathways, they can also trigger homologous 
recombination (HR), an error-free pathway generally 
associated with DSB repair. While HR-mediated DSB 
repair has been extensively studied, the mechanisms 
of HR-mediated SSB repair are less clear. This chapter 
describes a protocol to investigate SSB-induced HR in 
mammalian cells employing the DR-GFP reporter, which 
has been widely used in DSB repair studies, together 
with an adapted bacterial CRISPR/Cas system.

AbSTRACT
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1. InTRODuCTIOn

Mammalian cells endure continuous assault on the integrity of their genomes exerted 
by exogenous agents such as ionizing radiation, chemicals, and UV light. Additionally, 
by- products of endogenous metabolic activities (e.g., reactive-oxygen species and free 
radicals) and cellular processes that directly involve DNA (e.g., replication and transcription) 
cause DNA damage [1]. Among the most dangerous, but least abundant (an estimated ten 
per cell per day), are DNA double-strand breaks (DSBs). By contrast, tens of thousands of 
less dangerous DNA single-strand breaks (SSBs) occur daily in mammalian cells [2]. SSBs 
frequently arise as intermediates in excision repair of oxidatively damaged DNA bases 
[3], but may also form due to failed reactions of DNA maintenance enzymes, such as 
topoisomerase I [4]. Although SSBs, as such, do not pose a serious threat to the integrity of 
the genome, replication of nicked DNA can result in formation of a DSB [5,6].
 Unless repaired in an appropriate manner, DSBs can cause chromosome loss or 
potentially cancer-causing chromosome rearrangements [7,8]. Molecular mechanisms 
of DSB repair have been investigated extensively in mammalian cells using rare-cutting 
endonucleases, primarily I-SceI, to introduce DSBs into the genome [9,10]. These and other 
studies lead to the conclusion that cells have two robust DSB repair pathways, homologous 
recombination (HR) and nonhomologous end joining (NHEJ). NHEJ involves processing of 
the broken DNA ends followed by ligation to seal the break [11,12]. Because end processing 
can lead to loss of DNA sequences, NHEJ is often considered to be error-prone, although it 
is certainly capable of precise DSB rejoining [13].
 HR involves a seemingly more complex set of enzymatic reactions that uses an intact 
DNA strand, usually the sister chromatid, to faithfully restore the original sequence at the 
break site [14,15]. Unlike NHEJ, which is functional throughout the cell cycle, HR activity is 
limited to the S and G2 phases. HR is initiated by resection of the 5’ DNA ends to give rise to 
3’ single-stranded (ss) DNA overhangs. In subsequent steps, the resected strand invades 
an intact, homologous DNA template, and forming heteroduplex DNA. The invading strand 
then acts as a primer for repair synthesis from the template, followed by dissolution of the 
heteroduplex, re-annealing of the newly synthesized strand to the second end of the DNA, 
and sealing of remaining gaps.
 Like DSBs, endonuclease-induced SSBs also stimulate HR in mammalian cells [16–18]. 
Interestingly, the mechanistic requirements of SSB-induced HR vary depending on whether 
the available template DNA is single or double stranded [18]. Although DSB and SSB repair 
pathways likely involve some mechanistically distinct but also overlapping steps, how nicks 
trigger HR is not well understood. For instance, it is unclear whether SSB-induced HR in-
volves formation of a DSB intermediate or whether DNA replication influences the process.
 One of the most common approaches to studying DSB-induced HR involves the use 
of a GFP reporter, DR-GFP, which allows flow cytometry-based detection of HR stimulated 
by I-SceI endonuclease-induced DSBs [19,20] (Fig. 1A). The recent adaptation of the 
bacterial adaptive immunity system, CRISPR/Cas (clustered regularly interspaced short 
palindromic repeats / CRISPR-associated), has enabled straightforward induction of DSBs 
and SSBs at desired loci by the RNA-guided Cas9 endonuclease [21–23]. Here, we adapt 
the DR-GFP reporter for measuring both DSB- and SSB-induced HR, using wild-type Cas9 
endonuclease and Cas9 nickases, respectively
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2. ClOnIng THE nICkASE AnD CATAlyTICAlly DEAD vARIAnTS 
OF CAS9

2.1. The Cas9 endonuclease
Cas9 forms a nucleoprotein complex with a single guide RNA (sgRNA) containing a 19 nt 
sequence that determines binding specificity based on Watson-Crick base pairing [22,23,25] 
(Fig. 1B). With the commonly used Cas9 protein from Streptococcus pyogenes (SpCas9), the 
only sequence requirement in the genomic target is a NGG (or, less optimally, a NAG) PAM 
motif (where N signifies any nucleotide) directly downstream from the binding sequence 
(Fig. 1B). Cas9 contains two catalytic domains, the modular RuvC-like domain and the 
C-terminal HNH-like domain. Each domain cleaves one of the DNA strands, resulting in a 
blunt-ended DSB or short overhang of 3 bp upstream of the PAM motif (Fig. 1B). Mutation 
of the active site in either catalytic domain turns wild-type Cas9 (Cas9WT) into a nicking 
enzyme (nCas9), while mutating both active sites renders it catalytically dead (dCas9), but 
still able to efficiently bind DNA, a feature that has been exploited for dCas9-mediated 
transcription regulation and visualization of DNA sequences in living cells [26,27]. The 
Cas9D10A variant with a mutation in the active site of the RuvC-like domain cleaves the DNA 
strand complementary to the sgRNA binding sequence, while Cas9H840A with a mutation 
in the HNH-like domain cleaves the non-complementary strand, and Cas9D10A/H840A is 
catalytically dead [22].
There are two widely used sets of Cas9 expression vectors for mammalian cells available 
from Addgene (www.addgene.com), both of which include a codon-optimized Cas9 
cDNA sequence. The set generated by the Zhang laboratory (www.addgene.org/crispr/
zhang) is a bicistronic system wherein both Cas9 and sgRNA are expressed from a single 
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Figure 1. Overview of the DR-gFP reporter and the RnA guided Cas9 endonuclease. (A) The DR-GFP  
reporter consists of two copies of the GFP gene in tandem arrangement. The first copy (SceGFP) is inactive 
due to the presence of a stop codon within the I-SceI cleavage site (red bar), while the second copy (iGFP) is  
truncated at both ends. After cleavage within SceGFP by I-SceI or a Cas9 nuclease, HR uses iGFP as a template 
to restore the GFP open reading frame. (b) Cas9 nuclease has two catalytic domains, with each domain cleaving 
a single DNA strand guided by a short RNA (sgRNA, green) containing 19 nt complementary to the target site. 
Mutation of either catalytic domain (D10A or H840A) turns Cas9 into a nickase (as indicated), while mutation 
of both residues makes it catalytically dead (not shown). Cas9 requires a PAM motif (NGG) immediately down-
stream of the recognition site (red).
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plasmid. The advantage of this system is that only one plasmid needs to be generated 
and transfected if one type of Cas9 or sgRNA is to be used. However, this can also be 
disadvantageous if the experimental design requires using different Cas9 variants (e.g., 
for generating both DSBs and SSBs) or sgRNAs because multiple plasmids will need to 
be generated. The second commonly used set of Cas9 expression vectors, generated by 
the Church laboratory (http://www.addgene.org/crispr/church), has separate plasmids 
for Cas9 and gRNA expression. We routinely use the Church plasmid set, given our 
comparison of multiple Cas9 variants and sgRNAs, and the following protocol is based on 
these reagents. To obtain Cas9H840A and catalytically-dead Cas9, we mutated the available 
wild-type and Cas9D10A variants, respectively, as described below.

2.2. Generating cas9h840A and cas9D10A/h840A expression vectors
Step 1.  Obtain the wild-type (ID 41815) and D10A (ID 41816) variants of Cas9 and empty 

sgRNA expression plasmid (ID 41824) from Addgene. Prepare plasmid stocks 
using midi- or maxi-prep kit of your choice. (We routinely use Life Technologies 
DNA purification kits.)

Step 2. Order the following primers to sequence and generate mutant Cas9 nucleases: 

Cas9mutF    5’-GACGTGGATGCTATCGTGCCCCAGTCTTTTCTCAA-3’ 
Cas9mutR    5’-AGCATCCACGTCGTAGTCGGAGAGCCGATTGATGTCCAG-3’ 
Cas9seqF1   5’-GCTGTTTTGACCTCCATAGAAG-3’ 
Cas9seqF2   5’-TGATAAGGCTGACTTGCGG-3’ 
Cas9seqF3   5’-AGACGCCATTCTGCTGAGTG-3’ 
Cas9seqF4   5’-CGCAAATCAGAAGAGACCATC-3’ 
Cas9seqF5   5’-GAACGCTTGAAAACTTACGC-3’ 
Cas9seqF6   5’-GCCCGAGAGAACCAAACTAC-3’ 
Cas9seqF7   5’-GGCTTCTCCAAGGAAAGTATC-3’ 
Cas9seqF8   5’-CGTGGAACAACACAAACACTAC-3’ 
Cas9seqR1   5’-ACTGTAAGCGACTGTAGGAG-3’
 
         Both mutagenesis primers (Cas9mutF and Cas9mutR) include 15 nt overlapping 

overhangs that are necessary for ligation-independent cloning using In-Fusion 
method (see 2.3. step 2).

2.3. cloning and verifying the constructs
Step 1.  Setup the following two PCR reactions using a high-fidelity polymerase, such as in 

the iProof polymerase kit from Bio-Rad.

   Cas9WT or Cas9D10A DNA (10 ng)
   Cas9mutF primer (200 nM)
   Cas9mutR primer (200 nM)
   dNTPs (200 nM)
   10x reaction buffer (5 μL)
   H2O (fill up to 25 μL)
   iProof polymerase (0.2 μL)
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        Run PCRs in a heated-lid PCR thermocycler using the following program:
   98 °C for 30 s
   98 °C for 30 s
   55 °C for 30 s
   72 °C for 5 min
   Repeat steps 2-4 thirty times
   72 °C for 10 min
   12 °C ∞

         Electrophorese the PCR products on a 0.8% agarose gel and excise the 9.5-kb band. 
Purify the DNA using a gel extraction kit (e.g., from Life Technologies).

Step 2.  Circularize the purified PCR products using the In-Fusion HD cloning kit (Clontech), 
following the manufacturer’s instructions. Transform competent bacteria using 
the obtained circularized DNA solution and streak on LB plates containing 100 μg/
mL ampicillin. Typically, 10-100 colonies can be found on the plate after overnight 
incubation. Pick five colonies from each plate, inoculate 5 mL LB medium, 
incubate overnight at 37 °C and isolate DNA using method of your choice. Verify 
the sequence of DNA isolated from two clones by sequencing using the primers 
shown in section 2.2.

Step 3.  After verifying the correctly mutated Cas9H840A and Cas9D10A/H840A sequences, prepare 
plasmid stocks. DNA obtained by using Life Technologies midi- and maxi-prep kits 
is suitable for direct transfection without further purification steps.

3. SElECTIOn OF THE TARgET SITE AnD ClOnIng OF sgRnA 
COnSTRuCTS

3.1. Selecting suitable target sequences
Obtain the DR-GFP reporter from Addgene (ID 26475). To confirm proper functioning of 
the DR-GFP assay, we recommend also obtaining the I-SceI expression vector (pCBASceI; 
ID 26477). The following sequence in the SceGFP part of the DR-GFP reporter (Fig. 1A) 
contains the cleavage site for I-SceI, which gives rise to 4 bp overhangs (demarcated by 
gray arrowheads).

 Cas9 recognizes a 19 bp DNA sequence that binds the sgRNA followed by the NGG 
PAM motif in the following format: 3’-NNNNNNNNNNNNNNNN▼NNN-NCC-5’, where the 
arrowhead indicates the cleavage site. (See [22] for precise in vitro mapping of cleavage 
sites on both strands.) A PAM motif (underlined) is fortuitously present next to the 
I-SceI cleavage site, such that SceGFP can be targeted for cleavage by Cas9 using the 19 
nt sequence (bold) adjacent to the PAM motif in the sgRNA. With this approach, Cas9 
cleavage (open and filled arrowheads) results in a DSB at almost an identical position 
as I-SceI. Moreover, SceGFP is specifically cleaved because the iGFP repair template has 
five mismatches with the sgRNA and in addition the AGG PAM motif is not present. The 

5’-...AGCGTGTCCGGCTAGGGATAACAGGGTAATACC...-3’
3’-...TCGCACAGGCCGATCCCTATTGTCCCATTATGG...-5’

5’-...AGCGTGTCCGGCTAGGGATAACAGGGTAATACC...-3’
3’-...TCGCACAGGCCGATCCCTATTGTCCCATTATGG...-5’

Inline figure Page 7:

Inline figure Page 8:
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Cas9D10A and Cas9H840A nick the DNA at the filled (black) and open arrowheads, respectively.
 An alternative target sequence located on the opposite DNA strand is shown below. 
In this case, although the PAM motif (underlined) is present, iGFP has 10 mismatches with 
the sgRNA sequence.

In the following part of the protocol, we use the first target sequence.

3.2. cloning the guide RnA constructs
The empty sgRNA expression vector generated by the Church laboratory contains an U6 
pol III promoter that drives the expression of the sgRNA. A specific protocol for cloning 
the target sequence into the sgRNA expression vector is provided using two specific 60-
nt oligonucleotides (oligos) (http://www.addgene.org/static/cms/files/hCRISPR_gRNA_
Synthesis.pdf) and we have succesfully used this protocol. Below we detail an alternative 
protocol that requires one 57-nt oligo containing the specific target sequence and three 
short-universal oligos that can be reused for other target sequences. Cloning the new 
sgRNA expression construct involves running two separate PCR reactions using the empty 
sgRNA expression vector as a template. The first reaction with two universal primers 
produces a universal 2-kb fragment (which hence can be repetitively used). The second 
reaction with the specific forward primer and a universal reverse primer produces a 2-kb 
fragment containing the target 19-nt sequence. Both fragments, containing 15-nt overlaps, 
are then combined together using the seamless In-Fusion method, giving a circular final 
plasmid. (See also [28])

Step 1.  Order the following specific primer sgRNAF1 containing the sequence for targeting 
SceGFP. Bold font indicates the specific target sequence, such that for each new 
gRNA construct only this sequence needs to be changed.

5’-AAGGACGAAACACCGGTGTCCGGCTAGGGATAACGTTTTAGAGCTAGAAATAGCAAG-3’

Step 2. Order the following universal primers:

sgRNAF2  5’-CGTCAAGAAGGCGATAGAAG-3’
sgRNAR1  5’-CGGTGTTTCGTCCTTTCCAC-3’
sgRNAR2  5’-ATCGCCTTCTTGACGAGTTC-3’
sgRNAseq 5’-TGGACTATCATATGCTTACCGTAAC-3’

Step 3.  Setup the following two PCR reactions using a high-fidelity polymerase (e.g., from 
the iProof polymerase kit from Bio Rad).

5’-...AGCGTGTCCGGCTAGGGATAACAGGGTAATACC...-3’
3’-...TCGCACAGGCCGATCCCTATTGTCCCATTATGG...-5’

5’-...AGCGTGTCCGGCTAGGGATAACAGGGTAATACC...-3’
3’-...TCGCACAGGCCGATCCCTATTGTCCCATTATGG...-5’

Inline figure Page 7:

Inline figure Page 8:
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PCR 1 (specific)
empty sgRNA vector (10 ng)
sgRNAF1SceGFP (specific) primer (200 nM)
sgRNAR2 (universal) primer (200 nM)
dNTP (200 nM)
10x reaction buffer (5 μL)
H2O (fill up to 25 μL)
iProof polymerase (0.2 μL)

PCR 2 (universal)
empty sgRNA vector (10 ng)
sgRNAF2 (universal) primer (200 nM)
sgRNAR1 (universal) primer (200 nM)
dNTP (200 nM)
10x reaction buffer (5 μL)
H2O (fill up to 25 μL)
iProof polymerase (0.2 μL)

        Run PCRs in a heated-lid PCR thermocycler using the following program:
   98 °C for 1 min
   98 °C for 30 s
   56 °C for 30 s
   72 °C for 1 min
   Repeat steps 2-4 thirty times
   72 °C for 5 min
   12 °C ∞
         Electrophorese the PCR products on a 1% agarose gel and excise the 2-kb bands. 

Purify the DNA using a gel extraction kit (e.g., from Life Technologies).
Step 4.  Combine the two purified PCR products using the In-Fusion HD cloning kit 

(Clontech), as described in step 2 section 2.3. The sgRNA vector is kanamycin 
resistant, so use LB plates and media containing 50 μg/mL kanamycin. Verify the 
sequence of the sgRNA from two clones using the primer sgRNAseq.

 Tip: The universal 2-kb fragment produced by PCR 2 can be reused for subsequent 
cloning reactions, such that for each new gRNA vector only one (specific) PCR reaction 
needs to be run.

4. CEll TRAnSFECTIOn AnD FACS AnAlySIS

We describe the protocol for transfection of HEK293T cells using the Nucleofector-2b 
(Lonza). Either the commercial (Lonza) or home-made (Box 1) nucleofection solution 
can be used for transfections. In the case of HEK293T cells, we used program A-023 and 
the home-made nucleofection solution. Other cells might require different programs 
which can be found on the Lonza website or in the program list of the nucleofector.  
Table 1 shows optimized nucleofection conditions for additional cell lines that we tested. 

Table 1. Optimized nucleofection conditions for tested cell lines.

cell line
nucleofector 
program

DNA quantity (μg) 
cas9:sgRnA:DR-GfP

HEK293T A-023 1:1:2

U2OS X-001 1:1:1 or 1:1:2

AA8 (Chinese hamster cells) D-023 5:2.5:5

Mouse embryonic stem cells A-023
4:4:4 (maximum cell survival) or  
15:5:5 (maximum transfection efficiency)
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4.1. Transfection
See Fig. 2A for an overview of the procedure.

Step 1.  Subculturing cells prior to transfection: Plate 6-7 million cells into a 150-mm tissue 
culture 24 h before transfection such that cells are 70-80% confluent on the day 
of transfection. Subculturing cells 24 h before transfection significantly improves 
reproducibility of results.

Step 2.  Preparation of tissue culture plates and media: For each sample prepare a 60-mm 
tissue culture plate containing 2.5 mL culture media at least 1 h before transfection. 
Incubate at 37 °C to warm and to equilibrate the pH of the culture medium. In 
addition, warm up extra culture medium and nucleofection solution to 37 °C.

Step 3.  Preparation of the plasmid mix: In the case of HEK293T cells, Cas9 endonuclease 
(either WT, D10A, H840A or D10A/H840A) and sgRNA plasmids are used in a ratio 
of 1:1 (1 μg: 1 μg). The amount and ratio of plasmids may need to be adjusted 
depending on the cell line used (e.g., Table 1). Unless cells harbor a genomically 
integrated DR-GFP copy, the DR-GFP plasmid is also co-transfected (2 μg). (Note: 
HEK293 DR-GFP cells have been developed, [29]). As controls, we use either Cas9WT 
with a sgRNA expression vector containing no target sequence or Cas9D10A/H840A 
with the specific sgRNA of interest. For every sample, prepare a separate sterile 
eppendorf tube with the plasmid mix (Table 2), ideally starting with a mix of the 
common plasmids (e.g., in Samples 2-5 below, a mix of DR-GFP and the SceGFP 
sgRNA can be prepared and then aliquoted for each sample).

bOx 1. HOME-MADE nuClEOFECTIOn SOluTIOn.

Prepare the following: 
Solution I:
 2 g ATP-disodium salt
 1.2 g MgCl2 6 • H2O
 10 mL H2O 
Sterilize the solution by passing it through a 0.22 μm filter and split into 80 μL aliquots. Store 
at -20 °C.
Solution II: 
 6.0 g KH2PO
 0.6 g NaHCO3

 0.2 g glucose 
 300 mL H2O 
Adjust the pH to 7.4 with NaOH and add water to a final volume of 500 mL. Filter-sterilize and 
split into aliquots of 4 mL. Store at -20 °C. 
On the day of the experiment thaw and mix one aliquot of solution I with one aliquot of 
solution II. The final solution can be stored at 4 °C for up to 2 weeks. Prewarm the final 
solution to 37 °C before transfection.
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Table 2. Plasmid mixes for the experiment described in Fig. 2 (DNA quantity in microgram in parentheses). To 
equalize the total amount of DNA in each sample, an empty plasmid (pCAGGS) is added to samples 6 and 7. 

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7

Cas9 
WT  
(1)

WT  
(1)

D10A  
(1)

H840A  
(1)

D10A/ 
H840A 

(1)
- -

sgRNA
empty 

(1)
SceGFP 

(1)
SceGFP 

(1)
SceGFP 

(1)
SceGFP 

(1)
- -

DR-GFP (2) (2) (2) (2) (2) (2) -

Other

pCBASceI  
(1)  

+ pCAGGS 
(1)

NZE-GFP  
(2)  

+ pCAGGS 
(2)

 Tip: To confirm proper functioning of the DR-GFP assay, prepare an extra sample 
with the I-SceI endonuclease expression vector (pCBASceI, 1 μg). To determine overall 
transfection efficiency, prepare an extra sample with any GFP expression plasmid (e.g., 
NZE-GFP, 2 μg). 
 Tip: Do not exceed the total volume of ~10 μL of the plasmid mix. Larger volumes will 
significantly dilute the nucleofection solution which might lead to reduced or inconsistent 
transfection efficiencies. 
 Tip: Do not use very concentrated plasmid stocks to avoid pipetting errors. Dilute the 
plasmid stocks if necessary.

Step 4.  Preparation of cells for transfection: Trypsinize and count the cells. For each sample, 
dispense two million cells into in a sterile conical 15-mL tube and spin down (3 min 
at 1000 rpm). Carefully aspirate the supernatant, resuspend cells in 2 mL sterile 
PBS by vortexing at low speed. Spin down cells and carefully aspirate PBS, leaving 
the pellet as dry as possible. Residual PBS dilutes the transfection solution and 
might influence the transfection efficiency.

Step 5.  Nucleofection: Select the appropriate program on the nucleofector. Resuspend 
the prepared plasmid mix in 100 μL nucleofection solution and transfer to the 
15-mL tube containing the cell pellet. Resuspend the cells gently by pipetting up 
and down and transfer to a 2-mm Gene pulser cuvette. Make sure no bubbles are 
formed during the transfer as this may reduce transfection efficiency. Place the 
cuvette in the nucleofector and press the start button. Remove the cuvette, gently 
add 1 mL pre-warmed media into the cuvette, and transfer the cell suspension into 
the 60-mm culture dish prepared in step 1. Repeat this step for all experimental 
samples and controls. Incubate the cells at 37 °C for 48 h.

Step 6.  Flow cytometry: After 48 h measure the frequency of GFP+ cells using a flow cyto-
meter. Any instrument able to excite and detect GFP fluorescence is suitable. 
Trypsinize cells and resuspend them in 0.5 mL culture media in a flow cytometer 
tube. Analyze the samples using cell line specific cytometer settings. Forward (FSC) 
versus side (SSC) scatter plots are used to select the live cells (Fig. 2B). Typically, 
30.000 live cells per sample are analyzed.
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4.2. Analysis and interpretation of the results
Data collected with the flow cytometer are analyzed with FlowJo software (Tree Star). 
Typical results obtained with HEK293T cells are shown in Fig. 2B. Gate the live cells based 
on the FSC and SSC (Fig. 2B, left panel). Use the negative control Sample 1 to set the 
gate for GFP analysis (Fig. 2B, middle panel) and apply the same gate to experi mental 
samples (Fig. 2B right panel). DSBs induce relatively high levels of HR, either created by 
Cas9WT (~17.5%) or I-SceI (~14%). Nicks on the transcribed (Cas9D10A) or non-transcribed 
(Cas9H840A) DNA strand are also able to induce HR in ~9.5% and ~4% of cells, respectively. 
These results were obtained using transient transfection of the DR-GFP reporter, together 
with Cas9 and sgRNA vectors, and so cells likely contain multiple copies of the DR-GFP 
reporter. Therefore, lower HR frequencies are to be expected when using cells harboring 
a single, genomically-integrated copy of the reporter. However, an advantage of cells with 
an integrated reporter is that the GFP+ background in the absence of nuclease expression 
is very low. It should be noted that SSBs are usually repaired within minutes [2], but 
nCas9s have the potential to nick the DNA again, in a repetitive breakage-repair cycle, 
until HR destroys the Cas9 recognition site while restoring the GFP open reading frame. 
Consequently, the induction of HR by SSBs measured using the DR-GFP reporter may 
be overestimated relative to physiological SSBs, which may be rapidly restored by SSB-
specific repair pathways without the intervention of HR.
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Figure 2. Representative experiment testing different variants of Cas9 for HR in the DR-gFP 
reporter in HEk293T cells. (A) Schematic overview of the experiment. HEK293T cells were co-transfected 
with plasmid DNA (Table 2) using Nucleofector-2b (Lonza, program A-023). After 48 h, the percent GFP+ cells, 
indicative of HR efficiency, was measured by flow cytometry. (b) FlowJo software was used to analyze the flow 
cytometry data. (Left) SSC vs FSC was used to determine the gate for live cells. (Middle and right) FL1 vs FL2 was 
used to determine the percent GFP+ cells from a control sample (cells above diagonal line are GFP+). (Middle) 
Note that there is a relatively high background of cells using the plasmid DR-GFP reporter. (Right) GFP+ cells 
are much higher with induced DNA damage. (C) Results from three independent experiments. SSBs created by 
Cas9D10A and Cas9H840A are capable of inducing HR, albeit at reduced frequency, as compared to Cas9WT. Error 
bars represent standard deviation from the mean. 
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5. MATERIAlS 

5.1. cloning 
Primers
Plasmids (Addgene)
Mini and midi-/maxi-prep DNA extraction kit 
iProof polymerase kit (Bio Rad)
Gel extraction kit
In-Fusion HD cloning kit (Clontech)
LB plates and media containing 100 μg/mL ampicillin or 50 μg/mL kanamycin
Competent bacteria
PCR thermocycler 
Incubator for bacteria (37 °C)

5.2. cell culture, transfections, data collection and analysis
Plasmids
Sterile eppendorf tubes
Cell type specific culture media
Sterile Trypsin, 0.2%
Sterile PBS
Sterile 15 mL conical tubes
Cell culture dishes, 60- and 150-mm  diameter
Commercial (Lonza) or home-made (Box 1) nucleofection solution
Gene pulser cuvettes, 2 mm (Bio-Rad)
FACS tubes (if necessary with cell strainer cap; BD falcon)
Nucleofector-2b (Lonza)
FACS analyzer
FlowJo software (Tree Star)

6. SuMMARy

SSBs can induce HR but the underlying mechanisms are not well understood. The DR-GFP 
reporter has been used widely to study factors involved DSB-induced HR. In this chapter, 
we have presented a straightforward protocol to assay SSB-induced HR using the Cas9 
nicking endonuclease and DR-GFP. This approach can be used to investigate mechanisms 
of SSB-induced HR and may be also adaptable to explore other applications requiring 
targeted induction of SSBs, such as genome editing.
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