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Optimizing the DNA Donor Template
for Homology-Directed Repair
of Double-Strand Breaks
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The CRISPR-Cas (clustered regularly interspaced short palin-
dromic repeats-associated proteins) technology enables rapid
and precise genome editing at any desired genomic position
in almost all cells and organisms. In this study, we analyzed
the impact of different repair templates on the frequency of ho-
mology-directed repair (HDR) and non-homologous end
joining (NHEJ). We used a stable HEK293 cell line expressing
the traffic light reporter (TLR-3) system to quantify HDR and
NHEJ events following transfection with Cas9, eight different
guide RNAs, and a 1,000 bp donor template generated either
as circular plasmid, as linearized plasmid with long 30 or 50

backbone overhang, or as PCR product. The sequence to be
corrected was either centrally located (RS55), with a shorter
50 homologous region (RS37), or with a shorter 30 homologous
region (RS73). Guide RNAs targeting the transcriptionally
active strand (T5, T7) showed significantly higher NHEJ fre-
quencies compared with guide RNAs targeting the transcrip-
tionally inactive strand. HDR activity was highest when using
the linearized plasmid with the short 50 backbone overhang
and the RS37 design. The results demonstrate the importance
of the design of the guide RNA and template DNA on the
frequency of DNA repair events and, ultimately, on the
outcome of treatment approaches using HDR.
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INTRODUCTION
The CRISPR-Cas (clustered regularly interspaced short palindromic
repeats-associated proteins) systems are prokaryotic immune sys-
tems, which provide adaptive immunity against invading phages
and foreign nucleic acids.1,2 In the past 3 years, this system was
used in a wide range of cells and organisms, and has shown a high
efficiency for creating insertions and deletions via error-prone non-
homologous end joining (NHEJ) or high-fidelity homology-directed
repair (HDR) using a template DNA,3–8 although the efficiency of
the latter is substantially lower.9,10 HDR-based precise genome engi-
neering has become a powerful tool for the development of gene ther-
apeutic approaches, but several limitations are still present including
the quest for optimal target sites near the mutant DNA sequence and
the optimal frequency at which HDR takes place.

Maximum activity of the Cas9 protein to induce double-strand
breaks (DSBs) at the target site is a prerequisite for efficient genome
Molecul
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editing. However, this activity is dependent on the sequences sur-
rounding the target site and other factors, necessitating to search
for the optimal guide RNA sequence prior to any steps optimizing
gene repair activities.11 Different approaches have been developed
to enhance HDR, including the manipulation of the cell cycle and
the regulation of expression of key repair pathway proteins.12 How-
ever, these invasive manipulations may be undesirable for therapeu-
tic applications because they can alter the cellular response to DNA
damage at other non-target sites in the genome and lead to tumor
formation. In contrast, designing optimal DNA donor templates
can increase HDR frequencies and at the same time leave cell cycle
regulation untouched. In mammalian cells, a plasmid donor with
at least 1–2 kb of total homology is usually used for creating large
sequence changes in the presence of target cleavage.13,14 For small
sequence changes, single-stranded DNA (ssDNA) sequences are usu-
ally more efficient than plasmid donors. Recently, enhanced HDR
rates have been reported by using optimized asymmetric ssDNA
donor templates for conversion of a blue fluorescent protein (BFP)
reporter gene into a GFP reporter gene via mutation of 3 nt within
the BFP reading frame.15 It was shown that optimizing a donor tem-
plate at the 50 and 30 homology regions flanking the DSB site could
boost the frequency of HDR in the absence of chemical and genetic
intervention.

Here, we have induced the site-specific DSBs by employing the
CRISPR-Cas9 system and used the modified traffic light reporter
(TLR-3) system to quantitatively determine the DNA repair
outcomes in the standard cell line HEK293.16 To understand the in-
fluence of DNA donor templates on the results of repair pathway
choices, double-stranded DNA plasmid, linearized plasmids, as
well as PCR products were used, and the length of the 50 and 30

homology arms were altered. Furthermore, plasmid donors were
linearized at different sites in the backbone for the generation of
differing 50 and 30 overhangs to investigate whether this also influ-
ences HDR activity.
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Figure 1. Design of CRISPR-Cas9 Guide RNAs

Targeting TLR3 Sequence

Targets (T3–T8) around the stop codon and I-SceI site

(yellow line) have been designed for the specific cleavage

within the GFP sequence in the TLR3 system. Depending

on the addition of the donor templates, DSBs can be

repaired through either NHEJ (BFP) or HDR (GFP). T,

target.

Table 1. Guide RNA Sequences Targeted TLR3 System

Name Sequences (GN19NGG)

T3 50-GGTGAGCTCTTATTTGCGTAGGG-30

T4 50-GGGATAACAGGGTAATGTCGAGG-30

T5 50-GGCCACAAGTTCAGCGTGTCCGG-30

T6 50-GCCGTCCAGCTCGACCAGGATGG-30

T7 50-GAGCGCCACCATGGTGAGCAAGG-30

T8 50-GGCCGGACACGCTGAACTTGTGG-30
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RESULTS
The TLR system, which has been used frequently to monitor DNA
repair activities, allows rapid observation of repair pathway choices
in cells based on fluorescence microscopy and fluorescence-activated
cell sorting (FACS).16 Our modified TLR system (TLR3) comprises a
bicistronic expression system of a non-functional green fluorescent
protein (GFP), followed by a self-cleaving T2A peptide and a second
BFP in a reading frame shifted by 2 bp (Figure 1). The GFP cDNA
sequence contains an insertion comprising an ISce-I site and a stop
codon, which disrupts the normal gene function. Upon repair of
the DSB induced upstream of the stop codon, different fluorescent
signals will appear depending on whether NHEJ or, in the presence
of a DNA template, HDR takes place. Mutagenic NHEJ causes inser-
tion and/or deletions, thus shifting the downstream BFP sequence in
frame in about one-third of all cases, resulting in a blue fluorescent
signal, whereas HDR restores the GFP with the help of the DNA
donor template, resulting in a green fluorescent signal (Figure 1).
Because the NHEJ rates cannot be easily corrected for the 1/3 ratio
of events, the focus of the data analysis lies on the comparison of
different guide RNAs and the different template compositions, rather
than on the absolute values. This approach has also been used by
others in the field.9

Activity of Guide RNAs to Induce NHEJ Differs When Targeting

the Transcriptionally Active or Inactive Strand of the TLR3

System

Six different target sites (Table 1; Figure 1) were identified upstream
or downstream of the stop codon within the GFP sequence or
within the ISce-I site containing the initiating 50-G and the 30-
PAM (NGG), and the respective guide RNA sequences were cloned
into the px459 expression vector that produces the guide RNA and
the Cas9 protein simultaneously (Figure 2A). A stable HEK293 cell
line was created using the linearized pcDNA3.1(�)-TLR3 expres-
sion vector, in which the TLR3 system is under the control of a
CMV promoter. To examine the efficiency of these six targets, we
transfected the respective px459 vectors into the HEK293-TLR3 sta-
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ble cell line and counted fluorescing cells by
FACS (Figure 2B). By measuring the BFP-pos-
itive cells, we demonstrate NHEJ rates of up to
27% using T7 and T5, representing approxi-
mately four times the rates observed for the
targets T3, T4, T6, and T8 (about 5%–7%;
ANOVA, p < 0.005). Interestingly, the latter
four target sites with lower NHEJ activity are
all located on the transcriptionally inactive minus strand of the
DNA, whereas the two sites with significantly higher activity are
located on the transcriptionally active plus strand of the DNA, indi-
cating that DSB induction and/or NHEJ rates are dependent on the
location of the target site with regard to the transcriptionally active
DNA strand.

To analyze the sequence changes in the TLR3 system after NHEJ-
mediated DSB repair, we isolated genomic DNA from cells trans-
fected with the guide RNA T3, and the sequence around the target
site was sequenced and compared (Figure 2C). Twelve of 46 analyzed
clones (26.1%) were unchanged. The majority of changes (41.3%)
observed were insertions of 1 nt (G) right after the cut site, whereas
insertions of 2 nt or deletions of 1 or 2 nt were less often the case.
Sporadically, larger deletions or insertions were observed, showing
the importance of analyzing sequence changes in genome-editing
approaches based on NHEJ.

HDR Frequency Depends on the Characteristics of the DNA

Template

In order to test HDR frequency in our TLR3 system, we co-trans-
fected the stable cell line with the px459 plasmid and the RS55 tem-
plate plasmid, the latter containing approximately 1,000 bp of the
natural GFP sequence without start region and the sequence to be



Figure 2. Activity of the CRISPR-Cas9 Targets in the

TLR3 System

(A) Guide RNAs are cloned into the px459 vector under

the hU6 promoter. (B) px459 Cas9 targets were ex-

pressed in the HEK-TLR3 cell line. Seventy-two hours

after transfection, flow cytometric analysis displayed

about 27% of BFP+ (NHEJ repair) cells by px-459-T7.

The graphs represent triplicate data from three inde-

pendent experiments. Statistical analysis: ANOVA,

***p < 0.001. (C) Analysis of sequence modifications

after T3 cleavage. Sequence changes were analyzed

using Sanger sequencing via TOPO Cloning. Sequence

in red: PAM site; sequence in blue: guide RNA target

sequence; sequence in yellow: changes to the wild-

type sequence. T0, px459 without guide RNA; T3,

target 3.
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repaired (i.e., the original GFP sequence that had been replaced by
the I-SceI site together with the stop codon) centrally (Figure 3A).
The application of guide RNAs T3 and T4 resulted in significant
HDR signal, whereas the application of RNA guide T5 did not
show any GFP-positive signal, even though the NHEJ activity was
higher, indicating the presence of DSBs at the target site (Figure 4A).
This is due to the fact that the guide RNA targets a site within the
natural GFP sequence (which is also present in the template
DNA), representing a reliable control that GFP signaling in our
experiments is indeed originating from the HDR activity at the
target site.

In order to study the effect of different kinds of DNA donor tem-
plates, we generated, in addition to the RS55 construct, DNA tem-
plates of 1,000 bp with a shorter 50 homologous region (RS37) or
a shorter 30 homologous region (RS73) (Figure 3A). The different
lengths of the homologous regions are 300 and 700 bp and vice
versa. Four different kinds of DNA were employed in the experi-
ments: uncut plasmid, linearized plasmid with 50 or 30 backbone
overhang, or PCR product (Figure 3B). Because we could use only
Molecu
T3 or T4 in subsequent experiments and
HDR levels for these two sites were rather
low, we exchanged within the px459 plasmid
the puromycin gene by a red fluorescent pro-
tein (mRFP) gene (px459-mRFP) and sorted
prior to the DNA repair activity-based
signaling (blue or green signals) for red fluores-
cent cells, thus enriching the population of suc-
cessfully transfected cells with our plasmids of
interest (Figure 3C).

Upon co-transfection of the px459-mRFP
vector and the different template versions,
FACS-based quantification of NHEJ and
HDR was performed and different template
versions compared (Figure 5). Most impor-
tantly, the use of different donor templates
had an effect on the repair outcomes for both HDR and NHEJ,
with rates ranging from 0.2% to 2.1% and 5% to 12%, respectively
(Figure 5).

The linearized plasmid with short 50 backbone overhang (HindIII
lin. Pla.) was compared with the other three template versions in
three different experiments, proving the reproducibility of the re-
sults (Figures 5A, 5C, and 5E). Although the absolute values varied
depending on the transfection efficiency in each experiment, the
overall outcome of the RS37-based template resulted in highest
levels of HDR, followed by RS55, and RS73, revealing the lowest
HDR activity, was constantly reproducible and significant (ANOVA,
p < 0.001). In contrast, uncut plasmid DNA template RS55 showed
the highest HDR activity (Figure 5A), and for PCR product and the
linearized plasmid with the long 50 backbone overhang (DraIII lin.
Pla.) the template version RS73 revealed highest HDR activity (Fig-
ures 5C and 5E). Notably, linearized plasmid with short 50 backbone
overhang and short 50 homology arm resulted in the highest HDR
rates observed compared with any other templates (Figures 5A,
5C, and 5E).
lar Therapy: Nucleic Acids Vol. 7 June 2017 55
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Figure 3. Generation of Different Donor Templates and px459-mRFP Target

(A) One kilobase of double-stranded DNA (dsDNA) donor templates was generated with varying homology sequence overlaps on the 50 and 30 side of the mutation site. (B)

Donor templates were generated as plasmid, linearized plasmid with 50 or 30 backbone overhang, or PCR product. (C) mRFP gene sequence was cloned into the px459

expression vector instead of the puromycin resistance gene.
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When looking at the NHEJ activity measured in each experiment,
different template overhangs (RS37, RS55, RS73) did not seem to alter
the NHEJ activity when added as circular plasmid, linearized plasmid
with short 50 backbone overhang, or as PCR product (Figures 5B and
5D), whereas small differences could be observed when adding the
linearized plasmid with the long 50 backbone overhang (Figure 5F).
Here, the presence of RS55 and RS73 resulted in lower NHEJ rates.
More importantly, the presence of circular plasmid template generally
reduced significantly the NHEJ activity when compared with the line-
arized plasmid template (Figure 5B), indicating that there are interac-
tions between the template and the NHEJ repair machinery.

DISCUSSION
We report herein that the choice of the guide RNA target site has an
impact on the activity of DSB repair as measured by NHEJ activity,
and that target sites on the transcriptionally active strand result in
higher DSB repair activity compared with sites on the inactive
DNA strand. More importantly, we show that the choice of the tem-
plate DNA has tremendous effects on the outcome of HDR rates,
revealing important information for the subsequent preparation of
genome-editing approaches to treat disease-causing mutations. It is
acknowledged that the observations are currently restricted to one
cell line, HEK293, and differences among cell lines and tissues exist
with regard to DNA repair activities. However, we consider the results
56 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
of this proof-of-concept work still very useful for the scientific com-
munity, because the HEK293 cell line is widely used for the develop-
ment of genome-editing approaches,17,18 as well as the study of DNA
repair mechanisms in general.11

The position of the RNA guide target sequence being on the transcrip-
tionally active or inactive strand has already been analyzed in a HDR
setting using single-stranded oligonucleotides (ssOGNs) of less than
100 bp, and the authors observed increased DSB repair activity
when the site was positioned on the active strand.11 Similar to the re-
sults of nicking, we observed that NHEJ rates on the transcriptionally
active strand are four times more effective than the targets on the
inactive strand. Whether this observation is due to a mechanistically
relevant aspect related to the accessibility of the nuclease to the tran-
scriptionally active strand remains elusive, and further work needs to
be done in order to shed more light on this aspect.

The presence of a varying number of sequence changes at the target
site has been shown in many studies and further corroborates
the importance of analyzing these changes, most importantly in a
therapeutic setting. Indel formation is always critical in the develop-
ment of therapeutic approaches, because it can well be the cause of
unwanted effects in therapeutic settings,18 or the desired change in or-
der to destroy pathology DNA sequence.19 However, the absence of



Figure 4. FACS Analysis of HDR and NHEJ Events

Using the Circular Plasmid RS55

(A) The TLR3 plasmid was cotransfected with nucleases

and donor template for the quantification of both HDR and

NHEJ events. Artificial NHEJ (TLR3-delTA) and HDR

(TLR3-correctGFP) control for the TLR systems were

generated through deletion of 2 bp nucleotides (thymin

and adenine) and correction of mutant sequence,

respectively. (B) FACS data of the respective samples and

controls. Statistical analysis: paired t test, NHEJ values

compared with T0 plasmid transfection, HDR values

compared with RS55 plasmid alone. *p < 0.001; **p <

0.0001; ***p < 0.00005.
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controlling the DNA changes renders NHEJ as a therapeutic
approach problematic. Consequently, in our setting, the quantifica-
tion of NHEJ events was just to have a measurement tool to study
guide RNA activity.

The efficiency of HDR is determined by many factors, of which the
donor template is considered to be among the most important
ones.15 Linearized or double-stranded DNA plasmid sequences, as
well as ssDNA oligonucleotides, are often used as a donor template
Molecu
for large or small sequence changes in the pres-
ence of target cleavage.15,20 The length of the
homology arm also plays an important role in
increasing HDR rate because the efficiency of
recombination increases as the length of homol-
ogy arms increases.21 Here, we chose 1 kb total
homology sequence for the recombination
either without CMV promoter sequence or
without intact GFP sequence. We have gener-
ated the templates as double-stranded DNA,
PCR product, and linearized plasmid at two
different backbone sites.

Our observation that linearized plasmid is more
effective than plasmid donor suggests that cir-
cular DNAs can be broken randomly at unde-
sired sites in the homology arm. In contrast
with results from our study in HEK cells, it
was observed that plasmid donor is more effec-
tive than linearized donor in Drosophila em-
bryos probably because of the degradation of
the linear DNA by exonucleases or conversion
of long concatemers.20 The fate of the plasmid
donor and linearized donor could also be deter-
mined by delivery system because the duration
of the donor in the cytoplasm increases the pos-
sibility of degradation rates.

The issue of linearized plasmid versus PCR
product is also an interesting one. Upon gener-
ation of the plasmid DNA, post-translational
modification of the bacteria could be a limiting factor for HDR.
Another possible reason for the higher HDR efficiency of the linear-
ized plasmid is the protection of the backbone sequence from degra-
dation of the template sequence, which is not the case for the PCR
product.

Furthermore, we have linearized the plasmid at the 50 and 30 end for
the generation of the backbone overhang at different sites. Surpris-
ingly, the cut side of the plasmid has generated different HDR and
lar Therapy: Nucleic Acids Vol. 7 June 2017 57
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NHEJ rates. It is possible that the overhangs resulting from HindIII
and DraIII have different affinity to the DNA ends generated from
the Cas9 protein, so that the random integration of the templates
into the TLR3 cut site could be different, which in turn influences
the NHEJ efficiency. Our observation that linearized RS37 showed
the best HDR rate suggests that 30 end degradation takes places at
the break, whereas the overhang of the backbone protects the degra-
dation of the 30 end. Our data show the importance of choosing the
right DNA template molecule as one important aspect in the develop-
ment of future gene therapeutic approaches.

MATERIALS AND METHODS
Generation of CRISPR-Cas9 Targets and Cas9-mRFP

Constructs

The Cas9 expression vector, pSpCas9(BB)-2A-Puro (PX459) V2.0,
was purchased from Addgene (plasmid 62988). The Cas9 target
was cloned into the px459 expression vector using In-Fusion
Cloning Kit (Clontech), according to the manufacturer’s instruc-
tions. The puromycin resistance gene was exchanged with mRFP
gene using In-Fusion Cloning Kit. The plasmid containing
mRFR gene was purchased from Addgene (plasmid 13032). Plas-
mids were prepared by using the QIAGEN Maxi plasmid kit
(QIAGEN).

Analysis of Sequence Modification after T3 Cleavage

T3-mRFP was transfected into the HEK-TLR3 stable cell line, and the
mRFP-positive cells were sorted by FACS. The genomic DNA was
isolated from the cells, and an 821 bp DNA sequence was amplified
using PCR, in which the T3 recognition site is located centrally.
The amplicons were subcloned into TOPO TA (Life Technologies)
plasmid vector, and individual colonies were sequenced by Sanger
sequencing using PCR forward primer. The sequences were analyzed
using Vector NTI (Life Technologies).

Design and Generation of Donor Templates

For the generation of the donor templates, the mutant GFP gene
of the TLR3 system was corrected with wide-type GFP gene
sequence by using In-Fusion Cloning Kit (Clontech), according
to the manufacturer’s instructions. PCR donor templates were
amplified using Phusion polymerase (NEB), and the PCR prod-
ucts were further cloned into the TOPO TA Cloning Kit (Life
Technologies) for the generation of the plasmid donor templates.
Linearized plasmid donor templates were generated by digesting
the plasmids using HindIII and DraIII endonuclease (NEB).
The PCR products and linearized plasmid DNA were purified
using NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel).
Plasmids were prepared by using the QIAGEN Maxi plasmid
kit (QIAGEN).
Figure 5. Optimizing HDR Events Using Different Donor Templates

Cas9-mRFP targets and donor templates were coexpressed in the HEK-TLR3 cell line.

cells displayed GFP+ (A, C, and E, HDR repair) and BFP+ (B, D, and F, NHEJ repair) c

linearized; Pla., plasmid; RS, repair substrate; T0, px459-mRFP without guide RNA. St
Cell Culture and Transfection

A stable cell line of HEK293 expressing TLR3 was generated following
transfection of a pcDNA3.1(�)-TLR3 vector (V795-20; Life Technol-
ogies) and selected using neomycin (Geneticin; Life Technologies).
The cell line was maintained in DMEM supplemented with 10%
FBS, 2 mM L-glutamine, and 50 U/mL penicillin-streptomycin (Life
Technologies), and cultured at 37�C with 5% CO2 incubation. Trans-
fection of CRISPR-Cas constructs and donor templates was per-
formed using Lipofectamine LTX (Life Technologies), with 500 ng
of plasmid and 500 ng of donor templates per well of a 24-well plate,
according to the manufacturer’s instructions. Fluorescence images
were visualized 3 days post-transfection with a Keyence microscope
(Keyence) to control the transfection efficacy.
FACS Analysis

Cells were collected 3 days after transfection by trypsinization (Accu-
tase; PAN-Biotech), then washed and resuspended with PBS. FACS
analysis of mRFP/BFP/GFP-positive events was performed using a
FACSCanto II flow cytometer (BD Biosciences).
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