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Abstract

Background:Precise genetic modifications are preferred products of CRISPR-Cas9 mediated gene editing in mammalian
cells but require the repair of induced double-strand breaks (DSB) through homology directed repair (HDR). Since HDR
competes with the prevailing non-homologous end joining (NHEJ) pathway and depends on the presence of repair
templates its efficiency is often limited and demands optimized methodology.

Results:For the enhancement of HDR we redirect the DSB repair pathway choice by targeting the Ubiquitin mark for
damaged chromatin at Histone H2A-K15. We used fusions of the Ubiquitin binding domain (UBD) of Rad18 or RNF169 with
BRCA1 to promote HDR initiation and UBD fusions with DNA binding domains to attract donor templates and facilitate HDR
processing. Using a traffic light reporter system in human HEK293 cells we found that the coexpression of both types of UBD
fusion proteins promotes HDR, reduces NHEJ and shifts the HDR/NHEJ balance up to 6-fold. The HDR enhancing effect of
UBD fusion proteins was confirmed at multiple endogenous loci.

Conclusions:Our findings provide a novel efficient approach to promote precise gene editing in human cells.
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Background
The RNA guided Cas9 nuclease is a versatile tool for
genome editing in mammalian cells by creation of tar-
geted double-strand breaks (DSBs) [1]. Gene editing at
Cas9 induced DSBs is achieved by two alternative DSB
repair pathways, either by non-homologous end joining
(NHEJ) that leads to randomly sized small deletions or
insertions (Indels), or by homology-directed repair
(HDR) enabling precise sequence modifications that are
copied from a repair template molecule. Since HDR is
restricted to the S and G2 phases of the cell cycle [2]
and requires the presence of a repair template it occurs
notably less frequently than NHEJ, presenting a barrier
for all applications that rely on precise sequence

modifications, such as modelling of disease mutations or
the correction of mutations in somatic gene therapy. To
reinforce precise gene editing, tools or interventions are
required that bias DSB repair pathway choice in favor of
HDR and that promote HDR processing by the targeted
delivery of DNA repair templates to DSBs. In particular
the availability of repair templates may present a rate
limiting factor for HDR. Previous approaches for the tar-
geted delivery of repair templates used Cas9 fusion pro-
teins with domains binding to a functional group that is
incorporated into synthetic oligonucleotides or PCR
fragments as donor templates and that are delivered into
cells as combined Cas9-sgRNA-donor complexes [3–5].
However, it is presently unknown whether the link of
the repair template molecule to Cas9 nuclease is the
most effective way for codelivery, since the template is
required during later steps of DSB repair. Previous ap-
proaches to promote DSB repair pathway choice in favor
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of HDR include the enrichment of cells in the S/G2
phase [6, 7], restriction of Cas9 activity to the S/G2
phase [8, 9], inhibition of NHEJ key molecules [10, 11]
and the use of Cas9 fusion proteins with the HDR ef-
fector CtIP [12]. Nevertheless, these interventions do not
directly target the protein complexes determining the re-
pair pathway choice at the DSB ends, that presumably
represent an effective target to promote HDR. The path-
way choice for DSB repair is influenced by the interplay
between the regulatory proteins BRCA1 and 53BP1,
leading either to the resection or protection of DSB ends
and the subsequent engagement of the HDR or NHEJ
pathway (Fig.1a) [13–15]. The 53BP1 protein has been
identified as the key regulator for the initiation of DSB
repair by NHEJ and represents a prime target for inter-
ventions aiming for suppression of NHEJ. 53BP1 is re-
cruited to DSBs by recognition of the key Ubiquitin
mark for damaged chromatin [16], set by the E3 Ubiqui-
tin ligase RNF168 at Lysine 15 of histone H2A (H2A-
K15Ub) in nucleosomes flanking the break sites (Fig.1a)
[17–20]. To suppress the recruitment of 53BP1 to DSBs,
earlier studies used a dominant negative 53BP1 subdo-
main [21] or modified Rad18 [22] for masking of the
H2A-K15Ub site or developed the inhibitor i53, a mutant
Ubiquitin that blocks the H2A-K15Ub recognition do-
main of 53BP1 [23]. The inhibition of 53BP1 accumula-
tion alleviates a barrier in the accessibility of HDR
initiating factors at DSB sites and leads to a 2–3-fold
stimulation of HDR. Furthermore, it has been found that
H2A-K15Ub together with the acidic patch on the nu-
cleosome surface is also recognized by the Ubiquitin
binding domains (UBD) of Rad18, RNF168 and RNF169
[24, 25]. Since the UBD of Rad18 and RNF169 bind
H2A-K15Ub with substantial higher affinity than RNF168
or 53BP1, the overexpression of Rad18 or RNF169 leads
to the displacement of 53BP1 from DNA repair foci [26,
27]. In contrast to 53BP1, Rad18 and RNF169 also
recognize the Ubiquitin mark at H2A-K13 but exhibit
substantially lower affinity as compared to the H2A-
K15Ub site [25].

We reasoned that the UBD of Rad18 (Rad18UBD) and
RNF169 (RNF169UBD) may provide powerful tools for
the stimulation of HDR since they target high affinity
H2A-K15Ub binding sites at the hub of DSB repair.
Hence, the fusion of Rad18UBD and RNF169UBD with
proteins stimulating HDR could fulfill the dual purpose
of loading DSB sites with effectors of choice and of
NHEJ suppression through displacement of 53BP1. As
effector domains either proteins that directly stimulate
HDR can be used or fusions with DNA binding domains
that link the DSB with a repair template that includes
the respective binding site. Here, we present this novel
approach for HDR stimulation by using a traffic-light
DSB reporter (TLR) system for the quantitative

detection of HDR and NHEJ events in human HEK and
induced pluripotent stem cells. We found that the fusion
of Rad18UBD or RNF169UBD with BRCA1 increases the
ratio of HDR/NHEJ 3.6–4.1-fold. A comparable increase
of HDR can be obtained by using UBD fusion proteins
with the Tet repressor (TetR) or Gal4 DNA binding do-
mains to enrich repair template molecules that include
TetR or Gal4 binding sequences at DSB sites. Combined
expression of a BRCA1-UBD together with a TetR- or
Gal4-UBD is most effective, shifting in HEK293 cells the
HDR/NHEJ ratio at the reporter and endogenous loci up
to 6-fold.

Results
DSB repair assays in traffic light reporter cells
To quantitatively determine CRISPR/Cas9-induced DSB
repair by HDR or NHEJ, we integrated a‘traffic light’ re-
porter (TLR) construct into the Adeno-Associated Virus
Integration Site 1 (AAVS1) locus of human HEK293
cells and human induced pluripotent stem cells (hIPSC).
In HEK cells the reporter construct TLR-6 includes a
CAG promoter for expression of a nonfunctional coding
region for Yellow fluorescent (Venus) protein in reading
frame + 1, disrupted by the replacement of codons 95–
97 with a 23 bp gRNA target sequence from the mouse
Rosa26locus (sgRosa), followed by a P2A peptide and
the coding region for a red fluorescent (TagRFP) protein
in reading frame + 2 (TLR-6) (Fig.1b). CRISPR/Cas9-in-
duced DSBs in the TLR-6 target region that are repaired
via NHEJ and cause the deletion of 1 basepair (or of 1 +
3, 1 + 6 bp, etc.) shift the translation to the frame of
P2A-TagRFP and are detectable in reporter cells by RFP
expression. If an intact Venus coding region is provided
as repair template and DSB repair occurs via the HDR
pathway the reporter cells are detected by the expression
of Venus (Fig.1b). To generate a HEK293 reporter line,
cells were transfected with an AAVS1 targeting vector
carrying the TLR-6 insert along with Cas9 and an
AAVS1-specific sgRNA expression plasmid. We selected
a homozygously targeted HEK293 clone (HEKTLR6) for
DSB repair assays. For activation of the reporter we
transfected HEKTLR6 reporter cells with a vector for ex-
pression of Cas9, sgRosa and a blue fluorescent protein
(BFP) together with a circular donor plasmid (pTLR-
donor) for repair of the defective Venus reporter gene.
The cells were analyzed 72 h after transfection by flow
cytometry, gated on the BFP+ transfected population
(Fig. 1c). Within the BFP+ population the frequency of
Venus+ and of RFP+ cells was determined. Since
HEKTLR6 cells are homozygous for the reporter con-
struct a small population of double positive cells appears
as well, undergoing HDR repair on one reporter allele
and a mutagenic NHEJ event on the other reporter al-
lele. The total number of Venus and RFP positive cells
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was calculated by addition of the values of single and
double positive cells. As shown in Fig.1d, using
HEKTLR6 cells we observed 6.2% of Venus+ and 25.1% of
RFP+ cells indicating HDR or RFP activating NHEJ re-
pair events of the reporter in the ratio of 0.25, as com-
pared to 24.9% RFP+ and background levels of 1.1%
Venus+ cells in a control lacking pTLR-donor. The

unexpected background of Venus+ cells in the absence
of the repair template was explained by a specific 14 bp
deletion event that occurs in a small fraction of cells and
reconstitutes the Venus reading frame and the critical
arginine codon 96 (Figure S1). Transfection samples in-
cluding pTLR-donor were subtracted for background
levels determined in the same experiment. In hiPSC we

Fig. 1 DSB repair assays in TLR reporter cells.a Diagram of DSB repair pathway choice and ubiquitination of histone H2A at DNA double-strand breaks (DSB).
Upon DSB induction, regulatory proteins bind to ubiquitin at positions K13 and K15 via ubiquitin-binding domains (UBDs). The 53BP1 and BRCA1 regulatory
proteins play an important role in DSB repair pathway choice. DSB repair is executed by repair proteins and leads either to non-homologous end ligation
(NHEJ) or homology-directed repair (HDR). If theNHEJ pathway is chosen, the DNA ends religate, frequently associated with nucleotide deletions or insertions.
The HDR pathway enables precise sequence modifications if a DNA repair template is available.b The‘traffic light’ reporter (TLR) system indicates the ratio of
DSB repair by NHEJ or HDR. Upon induction of DSBs in the target region using CRISPR-Cas9, RFP is expressed when repair by NHEJ results in deletions that shift
translation into the RFP reading frame. Venus expression reports for HDR when an intact Venus coding region is cotransfected.c Gating scheme for BFP
positive cells in transfected HEK and hiPS reporter cells. Single cells were gated by using a forward scatter (FSC-H vs. FSC-A) plot. Transfected cells were gated
based on expression of BFP from transfected plasmids compared to non-transfected control.d TLR assay in HEK or hiPS reporter cells. At least 10,000 cells were
analyzed per sample for the Venus or RFP positive population. Double positive cells in the HEKTLR6clone are gated using an extra window
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used a previously described TLR construct [11] that is simi-
lar to TLR-6 except that codons 117–152 of Venus were re-
placed by the sgRosa target sequence and the P2A-TagRFP
is expressed in the + 3 reading frame upon the deletion of 2
basepairs (or of 2 + 3, 2 + 6 bp, etc.). In hiPSC we targeted
one AAVS1 allele using a vector carrying the TLR insert
and inserted a vector for the constitutive expression of Cas9
into the second AAVS1 allele. Upon transfection of hiPSC
reporter cells with sgRosa and pTLR-donor plasmids we ob-
served 2.17% of RFP+ and 9% of Venus+ cells (Fig.1d), indi-
cating that HDR repair in hiPS cells is more proficient than
mutagenic NHEJ as compared to HEK cells. No RFP+ or
Venus+ cells were observed in untransfected controls.

DSB repair modification by Rad18UBD and RNF169UBD

fusion proteins in traffic light reporter cells
For the fusion of the UBD binding domains from RAD18
or RNF169 we used two types of proteins: either the en-
dogenous BRCA1 protein acting as HDR enhancer or a
DNA binding domain from bacterial Tet repressor (TetR)
or yeast Gal4 for recognition of sequence motifs that must
be included in the targeting vector. Upon DSB induction
and H2A-K15 ubiquitination these fusion proteins should
cover the DSB ends, compete with 53BP1, and support
HDR by increasing the local concentrations of BRCA1
and the HDR repair template (Fig.2a). For the expression
of BRCA1, TetR or Gal4 fusions with the UBD of Rad18
(Rad18UBD) or RNF169 (RNF169UBD) we used plasmids
carrying a CAG promoter and a BFP reporter gene (Fig.
2b). To enable the accumulation of repair templates at

DSB sites by TetR- or Gal4-UBD proteins we cloned Tet
operator (tetO) or UAS recognition sequences into the
pTLR-donor vector adjacent to the TLR homology region.

For DSB repair assays HEKTLR6 cells were cotransfected
with plasmids for expression of Cas9, sgRosa, pTLR donor
and plasmids for the expression of UBD fusion proteins.
hiPS reporter cells exhibiting constitutive Cas9 expression
were cotransfected with plasmids for sgRosa, UBD fusion
proteins and pTLR-donor vector. Three days after transfec-
tion the frequency of Venus+ and RFP+ cells was deter-
mined by FACS. The ratio of Venus+/RFP+ cells is used as
indicator for DSB repair choice by HDR or mutagenic
NHEJ leading to RFP expression as determined by FACS
analysis. We first expressed the Rad18UBD or RNF169UBD

domain alone to assess their effect in HEKTLR6 reporter
cells. As shown in Fig.3 the expression of Rad18UBD

slightly diminished the Venus+ cell population but signifi-
cantly reduced the number of RFP+ cells by 60%. A similar,
but weaker effect was observed for RNF169UBD that re-
duced the frequency of RFP+ cells by 30% (Fig.3). Thus,
the expression of Rad18UBD and RNF169UBD domains alone
inhibits NHEJ but does not enhance HDR. The reduction
of NHEJ repair is in agreement with previous findings that
Rad18UBD and RNF169UBD domains compete with 53BP1
for H2A-K15Ub binding sites [26, 27]. We confirmed in our
experimental settings that the Rad18UBD domain colocalizes
with phosphorylated H2AX atDSB repair foci (Figure S2).

Next, we assessed the effect of UBD fusion proteins on
HDR and NHEJ events in HEKTLR6 reporter cells by
FACS analysis (Fig.4). First we determined the effect of

Fig. 2 UBD expression vectors and transfection of TLR reporter cells.a UBD fusion proteins can compete with 53BP1 for binding at H2A-K15 and
suppress NHEJ. BRCA1-UBD fusion proteins can direct this HDR factor to DSBs, while fusion with Tet repressor (TetR) or Gal4 attract the repair
template molecule that include TetO or UAS binding sites, supporting HDR processing.b Plasmids constructed for expression of the Ubiquitin
binding domain (UBD) of Rad18 of RNF169 in fusion with the coding region of BRCA1, Tet repressor or Gal4, driven by the CAG promoter.
Plasmids include an EF1-BFP reporter gene to facilitate the FACS-based analysis
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