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Elevated expression of exogenous RAD51 enhances the
CRISPR/Cas9-mediated genome editing efficiency
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Genome editing using CRISPR-associated technology is widely
used to modify the genomes rapidly and efficiently on specific
DNA double-strand breaks (DSBs) induced by Cas9 endonu-
clease. However, despite swift advance in Cas9 engineering,
structural basis of Cas9-recognition and cleavage complex re-
mains unclear. Proper assembly of this complex correlates to
effective Cas9 activity, leading to high efficacy of genome
editing events. Here, we develop a CRISPR/Cas9-RAD51 plasmid
constitutively expressing RAD51, which can bind to single-
stranded DNA for DSB repair. We show that the efficiency of
CRISPR-mediated genome editing can be significantly improved
by expressing RAD51, responsible for DSB repair via homo-
logous recombination (HR), in both gene knock-out and knock-in
processes. In cells with CRISPR/Cas9-RAD51 plasmid, expression
of the target genes (cohesin SMC3 and GAPDH) was reduced
by more than 1.9-fold compared to the CRISPR/Cas9 plasmid
for knock-out of genes. Furthermore, CRISPR/Cas9-RAD51 en-
hanced the knock-in efficiency of DsRed donor DNA. Thus, the
CRISPR/Cas9-RAD5 1 system is useful for applications requiring
precise and efficient genome edits not accessible to HR-defi-
cient cell genome editing and for developing CRISPR/Cas9-me-
diated knockout technology. [BMB Reports 2023; 56(2): 102-107]

INTRODUCTION

The clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein (Cas)9 has been widely used
as a tool for genome engineering (1). This system originated
from research on bacterial and archaeal adaptive immune
responses in which short sequences from viruses and other
mobile genetic elements are incorporated into CRISPR loci in
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the genome of the host to be transcribed and processed into
small RNAs that guide the destruction of invading nucleic acids
(2). RNA-programmed DNA editing commences with creating
an RNA-DNA hybrid structure between guide RNA (gRNA) and
the genomic target sequence using base pair complementarity
and a protospacer adjacent motif (PAM) existing next to the
target genomic DNA (gDNA) sequence as the engine (3).

An R-loop is a three-stranded nucleic acid structure that
comprises RNA-DNA hybrids and single-stranded DNA (ssDNA)
displaced from the original DNA duplex (4). This structure func-
tions importantly in many physiological pathways, including
regulating gene expression and mediating transcription (5).
Nevertheless, R-loops can act as a source of DNA damage,
exposing ssDNA that has resulted from RNA-DNA hybridiza-
tion (6). ssDNA can be a substrate for DNA-damaging agents,
and itself is labile (7). Although R-loops have generally been
considered to generate only co-transcriptionally, previous find-
ings challenged and suggested that in addition to forming in
cis at the site of RNA synthesis, R-loops can be formed at sites
away from the site of transcription in trans. Such trans-R-loops
are correlated with the CRISPR/Cas9 system (8, 9).

CRISPR/Cas9-mediated genome engineering is conducted at
DNA double-strand breaks (DSB) generated at the target gene
locus by the HNH and RuvC domains of Cas9 (6-9). The
site-specific DSB created by CRISPR/Cas9 then stimulates two
main cellular DNA repair mechanisms: non-homologous end
joining (NHEJ) and homology-directed recombination (HDR)
(10-12). Homologous recombination (HR), the most common
form of HDR, accurately restores DSBs using sister chromatids
or homologous chromosomes as a homologous template
(10-12). RAD51, the key factor of HR machinery as a strand
exchange protein that binds to resected ssDNA and forms nu-
cleoprotein filaments, promotes these nucleoprotein filaments
to interact with duplex DNA, or its complementary sequence,
and generates the synaptic complex for homology search (10-13).
Furthermore, RecA, the bacterial strand exchange protein, has
been shown to enhance RNA-DNA hybrid formation in vitro
(14). A previous study suggested that eukaryotic Rad51, a RecA
homolog, promotes the formation of R-loops and influences
genomic integrity via a trans mechanism in Saccharomyces
cerevisiae (15). RNA-DNA hybrid forming activity was also
suppressed by Srs2, an anti-recombinogenic DNA helicase that
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functions by unloading Rad51 from ssDNA (16).

A few issues of the CRISPR/Cas9 system come from the
mechanism itself. Except the high off-target events, biochem-
ical properties of CRISPR/Cas9 engineering machinery can in-
fluence the editing efficiency due to unknown structural basis.
The architectural mechanism by which Cas9-sgRNA binary
complex detects and breaks target DNA strands is beginning to
be elucidated (17-19), highlighting the way to enhance Cas9
function by optimal recruitment and interaction of CRISPR/Cas9
engineering machinery. The inevitable formation of R-loops by
the CRISPR/Cas9 system can affect genome editing efficiency
as aforementioned (20, 21). In addition, the stability of DNA-
RNA complex influences Cas9 cleavage efficiency based on
statistical mechanism analysis (22). Previous work also has
shown that the diversity of the single-guide RNA (sgRNA)
composition affects the off- and on-target efficiency (21). Thus,
elevating the efficiency of targeting for clear editing in the
aspect of Cas9-sgRNA-target DNA ternary complex remains an
unsolved problem. Here, we demonstrated that expression of
exogenous RAD51 promoted not only CRISPR/Cas9-mediated
gene knock-in but knock-out, and we established a RAD51-
expressing CRISPR/Cas9 system for more effective assembly of
RNA-Cas9 ribonucleoprotein (RNP) on target DNA sequences.
This suggests the possibility of RAD51 to be utilized as dual
key factor in CRISPR/Cas9 genome engineering, also support-
ing gene knockout based on NHEJ.

RESULTS

Construction of a RAD5 1-expressing CRISPR/Cas9 system
practicable the selection
We created an all-in-one CRISPR/Cas9 vector containing RAD51
expression cassette with enhanced green fluorescence protein
(EGFP) and puromycin resistance marker using a gene cloning
method. Although we initially wanted to clone the RAD51
expression cassette into the CRISPR/Cas9 plasmid simply, the
efficiency of the original CRISPR/Cas9 plasmid transfection
was extremely low. Therefore, the T2A-EGFP sequence was
inserted into the lentiCRISPR plasmid to set the condition of
transfection (Supplementary Fig. 1A). This selectable marker
following the Cas9-FLAG sequence enabled us to confirm the
transfection level of the CRISPR/Cas9 plasmid and the expres-
sion of Cas9 by fluorescence microscopy. To simultaneously
utilize the puromycin resistance marker, the BamHI restriction
enzyme sites were used between the FLAG and P2A sequen-
ces. To create a CRISPR/Cas9-RAD51-GFP genome editing plas-
mid, a PCR-amplified linear DNA including E2A-RAD51 followed
by a T2A-EGFP sequence was inserted into lentiCRISPR plasmid
digested with BamHI restriction enzyme (Supplementary Fig.
1B). Each protein expression of these tri- and quad-cistronic 2A
construct was validated using western blotting (Supplementary
Fig. 10).

The generation of cell lines that implement the CRISPR/Cas9
system stably is dependent upon an efficient delivery of the
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CRISPR/Cas9 system. The CRISPR/Cas9 delivery strategy was
optimized using lentiCRISPR-RAD51-GFP plasmid (Supplemen-
tary Fig. 1) by checking the GFP expression ratio under various
transfection conditions (Fig. 1A, B). For the onset of genome
editing in the form of plasmid DNA, the transcription and
translation of Cas9 are required for a certain period of time
(23). After CRISPR/Cas9 vectors were transferred into HEK293T
cells, incubation proceeded for 48 h, and the media containing
transfection agents was replaced with fresh media 48 h post-
transfection. Subsequently, puromycin was added for screening
cells transfected with CRISPR/Cas9 plasmid for 72 h.

CRISPR/Cas9-mediated gene knock-out is enhanced by
exogenous expression of RAD5 1

To observe the effect of RAD51 on the working efficiency of
CRISPR/Cas9, we targeted the gene encoding glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), which is known to be
constitutively expressed throughout the cell cycle (24). The
product of this gene catalyzes the conversion of glyceralde-
hyde-3-phosphate to bi-phosphoglycerate in the presence of
inorganic phosphate and nicotinamide adenine dinucleotide
(24). The CRISPR/Cas9 vectors targeting the GAPDH gene were
transfected into HEK293T cells and selected with puromycin
for 72 h (Fig. 1A, B). T7 endonuclease | (T7E1) detects and
cleaves heteroduplexes between strands of nucleic acids mis-
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Fig. 1. Analysis of CRISPR/Cas9-mediated genome editing efficiency
for knock-out manner in exogenous expression of RAD51. (A) Dia-
grams of CRISPR/Cas9-GFP and CRISPR/Cas9-RAD51-GFP vectors.
(B) Schematic flow for delivery of CRISPR-Cas9 system to HEK293T
cells using (A) modified vectors. (C) Schematic illustration of T7E1
assay to measure the genomic indel percentage. (D) T7E1 analysis
comparing the generation of genomic modification at the target locus
by the CRISPR/Cas9 system. Indel (%) was calculated as the inten-
sity ratio of the digested band to the parental band.

BMB Reports

103



RAD51 enhances CRISPR/Cas9 activity
Seo Jung Park, et al.

matched at one or more nucleotides (25). Using this enzyme
to evaluate the site-specificity of Cas9, the gDNA surrounding
the target locus of the GAPDH gene was amplified. Subsequent-
ly, the PCR products were denatured and reannealed by heat-
ing and gradual cooling. T7E1 was treated to the heteroduplex
generated as the output of NHE] after using the CRISPR/Cas9
system, enabling this heteroduplex to be recognized and cleaved
(Fig. 10). Gel analysis showed a reduction in the parental
band intensity relative to that of the negative control, and the
enhanced band intensity of the digested bands tended to be
higher in RAD51-expressing CRISPR/Cas9 plasmid (Fig. 1D).
Amplified PCR products were inserted into TA-vector for single
colony sequencing to detect a variety of sequence changes
and determine the editing efficiency in the absence of a repair
template. Aligned sequences of colonies showed the overall
gene knock-out and type of indel occurred by CRISPR/Cas9-
gGAPDH and CRISPR/Cas9-RAD51-gGAPDH system (Supple-
mentary Fig. 2A). Efficiency of genome editing, gauged through
the fraction of GAPDH wild-type sequences to whole colonies
sequences, in CRISPR/Cas9-RAD51-gGAPDH system was elevated
by more than 2.5-fold compared to CRISPR/Cas9-gGAPDH sys-
tem (Supplementary Fig. 2B).

A standard protein analysis was performed to investigate the
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Fig. 2. Analysis of CRISPR/Cas9/Rad51-mediated gene knock-out effi-
ciency in Hek293 and NIH3T3 cells. (A) Analysis of GAPDH knock-out
efficiency of CRISPR-Cas9 system; expression level of the target gene
(GAPDH) was determined by immunoblotting analysis. (B) Quanti-
fication of GAPDH levels. Protein levels of GAPDH in (A) were
quantified and normalized to o-tubulin (normalized values are de-
picted in the bar graph). Error bars indicate the mean + SD (n
= 3). Statistical significance, *P < 0.05, **P < 0.01, ***P < 0.001.
(O Confirmation of target gene expression at mRNA level by gPCR.
The bar graph indicates fold-change values of three CRISPR-Cas9
systems compared with the normal condition. Error bars indicate
the mean + SD (n = 3). (D) Immunoblot analysis for RAD51-
mediated CRISPR/Cas9 system in NIH-3T3 derived from mouse
embryonic fibroblast cells. (E) Quantitative data for (D) indicated the
expression level of GAPDH.
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impact of RAD51 on the CRISPR/Cas9 system at the protein
level (Fig. 2A). The result revealed that expression of the target
gene was diminished by half in the CRISPR/Cas9-RAD51
plasmid (Fig. 2B). Quantitative PCR (qPCR) for GAPDH was
performed to confirm the effect of RAD51 at the RNA level
(Fig. 20). Thus, these results suggested that RAD51 promotes
the efficiency of CRISPR/Cas9-mediated gene disruption. To
apply this genome editing system widely, gene knock-out analy-
sis was additionally performed in NIH3T3 cells. CRISPR/Cas9-
RAD51 plasmid, the target sequence of which was transferred
into the GAPDH sequence of mice, was delivered into NIH3T3
cells. Consistent with the above results, RAD51 highly activated
the CRISPR/Cas9 system regarding genomic disruption in the
NIH3T3 cell line (Fig. 2D, E).

In order to further verify the influence of RAD51 on
CRISPR/Cas9 editing, we targeted another gene, one encoding
the structural maintenance of chromosomes protein 3 (SMC3).
SMC3 is a subunit of the cohesin complex, which mediates
sister chromatid cohesion and facilitates the normal segrega-
tion of chromosomes during mitosis or meiosis (11, 26). The
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Fig. 3. Impact of RAD51 on SMC-targeting CRISPR/Cas9 knock-out
process. (A) Compositional structure of mitotic cohesin; SMC3 is
indicated in bright red. (B) Expression analysis of SMC3 targeted
by CRISPR/Cas9. Protein levels were detected through immunoblot
assay. (C) Quantification of SMC3 protein levels in (B). Relative
SMC3 protein level to o-tubulin was normalized to the sample of
non-transfected mock. Error bars indicate the mean + SD (n = 3).
Statistical significance, *P < 0.05, **P < 0.01, ***P < 0.001.
(D) gPCR analysis of SMC3 gene in each CRISPR/Cas9 plasmid.
The fold-change value was normalized to the numerical value of
the non-transfected mock. Error bars indicate the mean + SD (n =
3). (B) Cell viability assay to observe the effect of SMC3 depletion.
Each cell sorting (live, injured, and dead cells) was based on the
distributions of mock and H,O»-treated samples. (F) The proportion
of each cell composition in indicated conditions was quantified.
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rod-shaped cohesion subunits SMC1 and SMC3 dimerize with
a globular hinge domain at one end of the 50 nm-long
intramolecular antiparallel coiled-coil, interacting with another
cohesin subunit (Fig. 3A). The expression level of the SMC3
gene edited by the CRISPR/Cas9 system was validated using
immunoblotting and qPCR analyses. The results showed a
two-fold decrease in the protein and RNA levels of SMC3 (Fig.
3B-D). Besides chromosomal segregation, SMC3 also partici-
pates in DNA recombination and repair pathways (26). SMC3
has been identified as the target of the serine/threonine kinase
Chk2, which is one of the key checkpoint control factors
involved in DNA repair and cell death regulation (27). Con-
sidering its relationship with processes affecting genome insta-
bility, SMC3 expression level might play a critical role in
genomic integrity (26). To identify the phenotypic property of
SMC3 knock-out by the CRISPR/Cas9-RAD51 system, we
measured cell death using flow cytometry. Then, cell death
processes were sorted into three groups: live cells (green),
injured cells (blue), and dead cells (pink) (Fig. 3E). The ratio of
live cells in exogenous RAD51 expression was slightly in-
creased, implying that expression RAD51 does not affect to
cellular damage response. However, the ratio of dead and in-
jured cells was increased more in cells with the CRISPR/Cas9-
RAD51 system than in those with the normal CRISPR/Cas9
system (29.51% of cells transfected with CRISPR/Cas9 (gSMC3)
plasmid were in the dead cells and 20.13% were in the in-
jured cells; 49.8% of cells transfected with CRISPR/Cas9-
RAD51 (gSMC3) plasmid were in the dead cells and 30.12%
were in the injured cells) (Fig. 3F). To certify that effective
depletion of SMC3 by CRISPR/Cas9-RAD51 (gSMC3) vector
caused the decrease of cell viability, we gauged cell viability
in GADPH-targeting CRISPR/Cas9-system. Supplementary Fig.
3 shows that depletion of GAPDH didn’t affect to cell viability.
These results indicated that the CRISPR/Cas9-RAD51 system is
highly efficient in genome editing, with various applications.

Expression of exogenous RAD51 results in higher knock-in
efficiency

Cas9-RAD51-mediated knock-in efficiency was investigated on
the overall CRISPR/Cas9 system. The strategy allowing us to
observe the efficiency of knock-in optically is shown in Fig.
4A. We designed the gRNA that can bind directly to terminal
sequences of the GAPDH gene exon 6. The donor template
contains the fluorescent marker gene (DsRed) following the
cytomegalovirus (CMV) promoter flanked by about 800 bp
homology arms (Fig. 4A). Then, we used it as a donor for HDR
in the CRISPR/Cas9 system. The correct insertion of the DsRed
cassette into the expected locus was confirmed by amplifi-
cation of genomic DNA (Supplementary Fig. 4A). Depicted
primer set (primer a and b) binds to a genomic locus outside of
the homology arms of the target gene. When the knock-in of a
fluorescent marker occurs successfully, the amplified products
including DsRed cassette have bigger size than normal con-
dition. The resulting PCR products described that the intended
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Fig. 4. RAD51 promotes the knock-in efficiency of CRISPR/Cas9.
(A) Knock-in process of DsRed cassette. sgRNA targeting the term-
inal region of exon 6 of the GAPDH gene cuts that locus, allow-
ing genomic integration of the DsRed cassette through HDR. (B)
Cartoon for DsRed-expressing cells by CRISPR/Cas9-mediated knock-in
system. (C) Representative images showing DsRed expression in
CRISPR/Cas9 system (GFP) through the knock-in process. Due to the
exogenous promoter of the DsRed cassette, the expression of DsRed
was shown in normal condition. (D) Histogram describes the cell
number according to the amount of DsRed intensity in each con-
dition. (E) Quantitative analysis of FL2-H implying DsRed fluore-
scence measured in (D). Error bars indicate the mean + SD (n
= 3). Statistical significance, *P < 0.05, **P < 0.01, ***P < 0.001.
(F) Proposed working mechanism of RAD51-mediated CRISPR/Cas9
system.

sequences were correctly integrated (Supplementary Fig. 4B).
After clarification of the knock-in events, the knock-in effi-
ciency was determined by measurement of the expression
level of fluorescent protein (Fig. 4B, C). Due to an exogenous
promoter in the donor template used, the cells transfected with
donor templates can constantly express fluorescent proteins
(Fig. 4C). To normalize the DsRed signal intensity emitting
continuously without genomic insertion by the CRISPR/Cas9
plasmid, the knock-in efficiency was defined as the increased
amount of DsRed signal intensity compared to that of cells
transfected with CRISPR/Cas9 plasmid excluding the gRNA
sequence and donor template (Fig. 4D). Flow cytometry data
revealed that the distribution of the peak of the histogram
depends on the DsRed signal intensity and exhibited a higher
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value in the condition of RAD51 expression (Fig. 4D). Equally,
the average value of DsRed intensity nearly doubled under
CRISPR/Cas9-RAD51 plasmid than under CRISPR/Cas9 plasmid
excluding the gRNA sequence (Fig. 4E). All analysis above
using flow cytometry was conducted about GFP(+)/DsRed(+)
population gated in Supplementary Fig. 5. The system sup-
porting the increased knock-in efficiency by RAD51 has been
previously uncovered (28). Thus, these results indicated that
RAD51 also enhances gene integration using a knock-in process
(Fig. 4F).

DISCUSSION

In this study, we developed a CRISPR/Cas9-RAD51 system
with applications for efficient genome editing at loci not
accessible to HR-deficient cell genome editing and for devel-
oping knock-out CRISPR technology. This “one-step vector
system” that can be used through general transfection methods
as well as virus transduction. However, the vector system does
not include viral factors such as integrase that cause random
insertion of this vector system into the genome in cells.
Therefore, random cleavage by gRNA and off-target are not
worrying factors. Compared with the original CRISPR/Cas9
plasmid, CRISPR/Cas9-RAD51 accomplished efficient, targeted
genomic manipulations in human HEK293T and NIH3T3 cells
without donor template. Using two CRISPR/Cas9 expression
systems (GAPDH-targeting and SMC3-targeting), we showed
that genomic alteration of corresponding target genes was
carried out highly under RAD51 expression (Fig. 4F). Conse-
quently, the concentrations of transcripts and the expression
levels of target genes were further decreased, enabling the
functional effect of the gene product to shift steeply. Along
with knock-out, CRISPR/Cas9-RAD51 successfully placed the
fluorescent cassette into the intended locus of the gene of
interest in the presence of the donor DNA template as reported.
In contrast to previous studies that used RAD51 expression as
part of the genome editing strategy, we unexpectedly found
that RAD51 increased HDR-mediated CRISPR/Cas9 engineering,
by extension, had an impact on the knock-down of gene
expression caused by NHEJ-mediated CRISPR/Cas9 genome
editing (Fig. 4F). We hypothesize that this discovery may be
connected to high levels of DSBs by RAD51’s dual role of
tightly binding to ssDNA and conducting homology searches
(working model in Supplementary Fig. 6). One plausible me-
chanism involves the stabilization of R-loops by RAD51-ssDNA
nucleofilament formation. R-loops form unstably with short se-
quence RNA (20-nt), releasing the nontarget ssDNA in CRISPR/
Cas9-mediated genome engineering (29). After the Cas9-gRNA-
dsDNA ternary complex has been built, Cas9 interacts with
the nontarget DNA strand to stabilize the kinked structure of
the nontarget strand. Furthermore, the conformational change
in the Cas9 structure achieves the proper re-positioning of the
HNH and RuvC nuclease domains of Cas9 near their respec-
tive cleavage sites and R-loop stabilization (4-7, 9, 29). For
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successful applications of the CRISPR/Cas9 system at target
loci, the stable establishment of this structure should be es-
sential. After RNA-DNA hybrid formation by the CRISPR/Cas9
system, ssDNA is displaced from the original DNA helix. Under
exogenous expression of RAD51, it may create a nucleofilament
on the displaced ssDNA of R-loop by the conventional mecha-
nism of RAD51 (Supplementary Fig. 6). It could contribute to
the stabilization of the RNA-DNA hybrid structure, inhibiting
Watson-Crick base-pairing in the target duplex DNA and DNA
kinking of the nontarget strand. Consequently, RAD51-ssDNA
nucleofilaments on R-loop may be able to improve the on-
target score by raising the number of DSBs, allowing gRNA to
invade and stably bind to the target region. In other words,
both NHEJ- and HR-mediated genome editing can be improved
by Cas9-gRNA’s effective enhancement of DSB formation on
RAD51-mediated R-loop stabilization (Supplementary Fig. 6).
In addition, when Cas9-induced DSBs form, HDR can occur as
an alternative pathway to NHEJ in the presence of sister chro-
matids (30, 31). RAD51 coils around the 3’ resected ssDNA of
the DSB to create nucleoprotein filaments. These resultant struc-
tures start homology search and invasion of the target template
(12, 32). As RAD51 is critically involved in this step, the RAD51-
expressing CRISPR/Cas9 system naturally promotes gene in-
sertion within the donor DNA template. We thus propose here
that RAD51 could affect programmable CRISPR/Cas9 editing
in two ways: R-loop stabilization and HR-mediated DSB repair
(Fig. 4F). Furthermore, it will be interesting to examine whether
replication protein A, an ssDNA-binding protein complex, has
a similar effect on genomic disruption using the CRISPR/Cas9
system. Thus, the positional relationship between RAD51 and
the Cas9-gRNA-dsDNA ternary complex must be explored in
the future.

MATERIALS AND METHODS

Materials and methods are available in the supplemental material.
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