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ABSTRACT

Several existing technologies enable short genomic
alterations including generating indels and short nu-
cleotide variants, however, engineering more signif-
icant genomic changes is more challenging due to
reduced efficiency and precision. Here, we devel-
oped RecT Editor via Designer-Cas9-Initiated Target-
ing (REDIT), which leverages phage single-stranded
DNA-annealing proteins (SSAP) RecT for mammalian
genome engineering. Relative to Cas9-mediated
homology-directed repair (HDR), REDIT yielded up to
a 5-fold increase of efficiency to insert kilobase-scale
exogenous sequences at defined genomic regions.
We validated our REDIT approach using different for-
mats and lengths of knock-in templates. We further
demonstrated that REDIT tools using Cas9 nickase
have efficient gene-editing activities and reduced off-
target errors, measured using a combination of tar-
geted sequencing, genome-wide indel, and insertion
mapping assays. Our experiments inhibiting repair
enzyme activities suggested that REDIT has the po-
tential to overcome limitations of endogenous DNA
repair steps. Finally, our REDIT method is applicable
across cell types including human stem cells, and is
generalizable to different Cas9 enzymes.

INTRODUCTION

Gene editing is a powerful technology for interrogating and
engineering biological systems (1-10). Our ability to en-
gineer the genome has been greatly accelerated since the
development of various gene-editing tools such as ZFNss,
TALENSs, and most recently CRISPR technology. Derived
from prokaryotic defense systems, CRISPR—Cas tools in-

troduce site-specific DNA double-strand breaks (DSBs)
which can then be repaired by endogenous DNA repair ma-
chineries to achieve genome editing. Many CRISPR-based
tools are available for short-sequence modifications such
as introducing random indels or install single-nucleotide
variants (SNVs) (3-5). However, larger-scale editing via
HDR, like the insertion of fluorescent/selectable markers
or therapeutic transgene, is highly sought after in the engi-
neering of model systems, therapeutic cell production, and
gene therapy (8,9,11). However, HDR is significantly lim-
ited by the competing non-homologous end joining (NHEJ)
and Microhomology-mediated end joining (MMEJ) mech-
anisms which are far more efficient and error prone. Prior
studies have employed diverse methods to improve HDR
efficiencies for altering kilobases of DNA sequence (12,13).
They mainly fall into one of the three categories: (i) pertur-
bation of cell state. In most cell types, HDR is most active in
S/G?2 phase, thus its efficiency can be increased by cell syn-
chronization in S/G2 phases when performing gene-editing
(14), timed delivery of the designer nucleases or restriction
of nuclease activity to S/G2 phase (15-17); (i1) chemical or
genetic perturbation of endogenous repair pathways. Exem-
plar strategies shown to improve precision gene-editing are:
inhibition of NHEJ pathways by depleting key NHEJ fac-
tors such as DNA ligase IV (18-25), alternating the repair
pathway choice in favor of HDR by supplementing HDR
enhancers such as RS-1 or overexpressing DNA repair pro-
teins such as RADS1 (26), recruiting HDR-related repair
proteins to Cas9 such as dominant-negative p53-binding
protein 1 (dn53BP1), CtIP, and RecA (27-31); 3) Modifi-
cation and optimization of repair template. Rationally de-
signed or chemically-modified donor DNAs could improve
HDR efficiencies. For example, conjugation of the donor
DNA to Cas enzymes through interactions between strepta-
vidin and biotin, or chemically modified donor with mutant
Cas9 containing non-natural amino acids (32-36). In addi-
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tion, increasing the length of homology and using chemical
modification to recruit the donor DNAs to Cas9 have both
been shown to enhance HDR (37-41). While these methods
improve HDR efficiencies, the issues of on- and off-target
errors often remain. Previous works have shown that inhibi-
tion of NHEJ pathways could result in increased cell apop-
tosis, and follow-up studies have observed significant vari-
ability of performances, particularly for small-molecule en-
hancers (26,28,42). Moreover, most HDR-enhancing tools
require DSBs, often resulting in deleterious cellular effects
(43,44). Hence, there is a continued need for efficient, low-
error methods, with less dependence on damage repair path-
ways and robustness across cell types and contexts (12,45).

In contrast to Cas9-mediated HDR in mammalian cells,
phage single-stranded DNA-annealing proteins (SSAP), ex-
emplified by the bacteriophage lambda bet (also called
Redp), achieve up to multi-kilobase genome recombineer-
ing in microbes (46—49). Evolutionarily, these phage SSAPs
are a distinct family of recombination proteins, independent
from the bacterial RecA or eukaryotic RADS1 (50-52).
Biochemically, SSAPs have been shown to bind to either ss-
DNA or dsDNA substrate, and then promote the strand ex-
change between homologous DNA sequences through their
ability to stimulate annealing of complementary single-
stranded regions (51-53). The simplicity and efficiency of
phage SSAP provide intriguing possibilities for gene-editing
in higher eukaryotes. To date, many studies have leveraged
SSAPs for in vitro and bacterial applications, they have not
been used for mammalian gene editing (46,49). We hypoth-
esized that SSAP may facilitate homology-directed genome
editing in mammalian cells when coupled to programmable
Cas9 for genomic targeting (Figure 1A). Additionally, we
sought to use phage SSAP as prior biochemistry stud-
ies demonstrated that they may be ATP-independent (53).
Thus, phage SSAPs could partially overcome the limitations
of endogenous DNA repair pathways mediated by eukary-
otic proteins such as RADSI, which are ATP-dependent
(13).

Here, we engineered and tested phage SSAPs for mam-
malian gene-editing, and identified a lead candidate based
on the small phage protein RecT, which we termed RecT
Editor via Designer-Cas9-Initiated Targeting (REDIT). We
validated the ability of REDIT to promote knock-in gene-
editing using different donor DNAs at various insertion
sizes in mammalian cells, showing up to 5-fold higher ef-
ficiencies compared with Cas9 references. We demonstrated
that REDIT stimulated precision HDR without elevat-
ing indel formations at on/off-target sites. We then con-
firmed it is applicable in various cell types, and compatible
with different Cas9 proteins (SpCas9 and the more com-
pact SaCas9). Most importantly, REDIT worked with the
Cas9 nickase (Cas9n, or Cas9-D10A) to promote HDR in
single- and double-nicking formats, with improved knock-
in efficiencies over both wild-type and nicking Cas9 tools.
REDIT double-nicking (REDITdn) tools significantly re-
duced unwanted editing events, as measured by genome-
wide off-target assays, clonal knock-in junction Sanger se-
quencing, and genomic insertion site profiling. We further
provided evidence that REDIT maintained its advantage
over Cas9 methods under DNA repair enzyme inhibition,
which is supported by prior work on the ATP-independent
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activity of phage SSAPs. Finally, we validated that REDIT
tools have the ability to enhance gene-editing efficiencies
in non-transformed human stem cells at endogenous tar-
gets. Taken together, these results indicate that phage SS-
APs could enhance template-mediated HDR in mammalian
cells at genomic loci when recruited by Cas9. In particu-
lar, the nicking REDITdn tools provide a method for pre-
cision knock-in in mammalian cells without requiring DSB
formation. This method is relatively compact, efficient for
knock-in and low-error. It has the potential to help study
genomic variants in stem cell models for basic research, and
serve as a gene therapy approach. When selection methods
for precision knock-in is limited, or when the assay is sensi-
tive to unwanted editing events, the REDITdn method is
a useful and complementary addition to the increasingly
powerful gene-editing toolbox.

MATERIALS AND METHODS
SSAP RecT search and evolutionary analysis

For the Pfam database (54), we retrieved the RecT family
(PF03837) protein sequences from the online portal tak-
ing the full 1397 members of this family. For the PSI-
BLAST mapping, RefSeq non-redundant protein database
was downloaded from NCBI on 29 October 2019. We iden-
tified the three major families of SSAP enzymes from Bacte-
riophage lambda, Escherichia coli Rac prophage, and bacte-
riophage T7, and extracted the primary enzyme sequences
as listed in supplementary sequences. For mapping RecT
distribution, the database was searched with Rac prophage
RecT (NP_415865.1) as query using Position-specific iter-
ated (PSI)-BLAST (55) to retrieve protein homologs. Hits
were clustered with CD-HIT (56) and representative se-
quences were selected from each cluster for multiple align-
ment with MUSCLE (57). Then, FastTree (58) was used for
maximum likelihood tree reconstruction with default pa-
rameters.

Plasmids construction

For the sgRNA/Cas9 plasmids, the parent plasmid (Ad-
dgene Plasmid #64323, Ralf Kuehn Lab) was digested by
restriction enzymes Bbsl and Xbal (New England BioLabs)
to remove the standard sgRNA scaffold, and the backbone
was purified. The MS2 stem loop guide RNA scaffold was
inserted by Gibson Assembly using NEBuilder HiFi DNA
Assembly Master Mix. The insertion had two BbslI restric-
tion sites before the scaffold sequence to allow downstream
cloning of guides, and the sequence of the MS2 stem loop
scaffold is shown in Supplementary sequence. The sgRNAs
were then inserted using Golden Gate cloning. Primer se-
quences of all guides used are listed in Supplementary Ta-
ble S1. For sgRNA/Cas9n (nickase) plasmids, the parent
plasmid (Addgene Plasmid #74119, Steve Jackson Lab) was
digested by restriction enzymes Pcil and Kpnl (New Eng-
land BioLabs) to remove both of the two U6 promoters and
original scaffolds, and the backbone was purified. A U6
promoter and a MS2 stem loop guide RNA scaffold was
cloned into the backbone by Gibson Assembly using NEB-
uilder HiFi DNA Assembly Master Mix. Two BbslI restric-
tion sites as above allow downstream cloning of guides. All
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Figure 1. Testing microbial SSAPs for genome engineering in mammalian cells. (A) Schematic showing the model and assay to measure knock-in activity
of phage SSAPs with CRISPR genome targeting in mammalian cells. Inset (lower-right) depicts the detailed vector designs. Note the sizes of elements
are not drawn to scale. (B) Using the 2A-mKate genomic knock-in assay in HEK293T cells to measure editing efficiency of three major families of phage
SSAPs. All results here and later are from replicate experiments (n = 3), with error bars representing standard error of the mean (SEM), unless otherwise
noted. (C) Imaging verification of mKate knock-in efficiency at HSP90A A1 locus for the top candidate SSAP RecT protein. (D, E) Using protein-aptamer
pairs, MCP-MS2 and PCP-PP7 (D), to verify the dependence of RecT’s gene-editing activity on target-recruitment, with negative, over-expression, and
positive controls. All constructs were tested using the knock-in assay at two genomic loci (E). Donor DNAs are dsDNA with 200 + 400 bp (DYNLTI) or
200 + 200 bp (HSPY90AAI) of homology arms (HAs). NLS, nuclear localization signal; BFP, blue fluorescent protein; NTC, non-targeting control; PCP,
PP7 coat protein.
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guide sequences used in the study are listed in Supplemen-
tary Table S1.

For the SSAP plasmids, sequence-optimized DNA frag-
ments corresponding to all SSAPs were designed based on
human/mouse codon usage, then ordered from Genscript
or Genewiz. The sequences of all SSAP tested are listed in
Supplementary Table S3. For the MS2 aptamer designs, the
vectors expressing SSAPs were derived from a published
plasmid by Feng Zhang Lab (Addgene Plasmid #61423),
where the P65-HSF1 insert portion was replaced with the
fragments encoding the SSAP enzymes to generate MCP
fusion with SSAP. For SunTag designs, we amplified the
SunTag components from published plasmids by Ronald
Vale Lab (Addgene plasmid #60903 for tandem GCN4
peptides, and plasmid #60907 for scFV), and then cloned
these fragments in-frame with Cas9 and SSAPs. For the
direct fusion designs, we cloned the SSAPs in-frame into
in-house pCBH-Cas9 plasmid derived from the published
PX330 plasmids (Addgene #42230). All plasmid construc-
tions were performed using NEBuilder HiFi DNA Assem-
bly Master Mix (New England BioLabs). All sequence veri-
fied REDIT plasmids with BbsI(SpCas9) and Bsal(SaCas9)
cloning sites will be deposited to Addgene. A step-by-step
protocol describing the cloning and usage of REDIT meth-
ods is provided in Supplementary Notes, along with a list
of all REDIT plasmids.

Cell culture

Human Embryonic Kidney (HEK) 293T, A549, HelLa
and HepG2 were maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM, Life Technologies), with 10% fe-
tal bovine serum (FBS, HyClone), 100 U/ml penicillin,
and 100 pg/ml streptomycin (Life Technologies) at 37 °C
with 5% CO,. Apart from HEK 293T cells (from Ther-
mokFisher), other cell lines were obtained from American
Type Culture Collection (ATCC). The identity of the cell
lines are authenticated regularly by short tandem repeat
(STR) assay and routinely tested for the presence of My-
coplasma using qPCR assay. hES-H9 cells were maintained
in mTeSR1 medium (StemCell Technologies) at 37°C with
5% CO,. Culture plates were pre-coated with Matrigel
(Corning) 12 h prior to use, and cells were supplemented
with 10 wM Y27632 (Sigma) for the first 24 h after each
passage. Culture media was changed every 24 h.

Transfection

HEK293T cells were seeded into 96-well plates (Corn-
ing) 12-24 h prior to transfection at a density of 30 000
cells/well, and 250 ng of total DNA was transfected per
well. HeLa and HepG?2 cells were seeded into 48-well plates
(Corning) 1 day prior to transfection at a density of 50 000
and 30 000 cells/well respectively, and 400 ng of total DNA
was transfected per well. Transfections were performed with
Lipofectamine 3000 (Life Technologies) following the man-
ufacturer’s instructions.

Electroporation

For hES-H9 related transfection experiments, P3 Primary
Cell 4D-NucleofectorTM X Kit S (Lonza) was used follow-
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ing the manufacturer’s protocol. For each reaction, 300,000
cells were nucleofected with 4 pg total DNA using the
DC100 Nucleofector Program.

Fluorescence-activated cell sorting (FACS)

mKate knockin efficiency was analyzed on a CytoFLEX
flow cytometer (Beckman Coulter; Stanford Stem Cell
FACS Core). 72 hours after transfection, cells were washed
once with PBS and dissociated with TrypLE Express En-
zyme (Thermo Fisher Scientific). Cell suspension was then
transferred to a 96-well U-bottom plate (Thermo Fisher
Scientific) and centrifuged at 300 x g for 5 min. After re-
moving the supernatant, pelleted cells were resuspended
with 50 w1l 4% FBS in PBS, and cells were sorted within 30
min of preparation.

Sanger sequencing and NGS of knock-in junctions

HEK293T cells were transfected with plasmid DNA and
DNA templates and harvested after 72 h for genomic
DNA using the QuickExtract DNA Extraction Solution
(Biosearch Technologies) following the manufacturer’s pro-
tocol. The target genomic region was amplified using spe-
cific primers outside of the homology arms of the DNA
template. PCR products were purified with Monarch PCR
& DNA Cleanup Kit (New England BioLabs). 100 ng of pu-
rified product was sent for Sanger sequencing with target-
specific primers (EtonBio or Genewiz).

Treatment with HR and cell cycle inhibitor

All inhibitors were ordered from Sigma-Aldrich. For differ-
ent inhibitor assays, the cells were pretreated with Nocoda-
zole (sigma, M 1404, 50 ng/mL), or B0O2 (Sigma, SML0364,
10 uM), or RI-1 (Sigma, 553514-10MG-M, 1 uM) for 16
h. Then after washing and switching to fresh media, the
cells were transfected with different plasmids using lipo-
fectamine 3000 following the manufacturer’s instruction.
Three days later, the cells were analyzed on a CytoFLEX
flow cytometer and genomic DNA were also harvested for
sequencing validation as above.

Cloning and colony sequencing experiment and analysis

To validate the precision of individual knock-in editing
events at both junctions, we performed cloning and colony
sequencing of edited cells to measure the full knock-in in-
sertion precision at both 5" and 3’ junctions using Sanger
sequencing. Briefly, 72 h after transfection, cells were re-
plated by limiting dilution to isolate single clones of edited
cells, and genomic DNA was extracted using QuickEx-
tract DNA Extraction Solution (Biosearch Technologies).
250 ng total genomic DNA was used for the TOPO TA
cloning experiments. The knock-in target genomic regions
were amplified using TA colony primers (completely outside
of the homology arms of the donor DNA to avoid template
amplification) for DYNLT1 or HSP90AA1 locus (Supple-
mentary Table S2) using Phusion Flash High-Fidelity PCR
Master Mix (ThermoScientific, F-548L). We then purified
the targeted PCR products using Gel extraction kit (New
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England BioLabs, T1020L) following the manufacturer’s in-
structions. Add A-tailing to the PCR products using Taq
polymerase(New England BioLabs, M0273S) through in-
cubate at 72°C for 30 min. TOPO TA cloning reactions
were then set up following the manufacturer’s instructions
(Thermo Scientific, K457501, Topo TA kit for sequencing)
and transformed into Top10 competent cells. We then send
the colonies for RCA Sanger sequencing using M13F (5°-
GTAAAACGACGGCCAG-3")and M13R (5'-CAGGAA
ACAGCTATGAC-3") primers. We requested at least 48
colonies to be sequenced per genomic locus per test condi-
tion (Genewiz and QuintaraBio). The sequencing trace re-
sults from the Sanger sequencing were analyzed using Snap-
Gene.

Next-generation sequencing library preparation

Seventy-two hours after transfection, genomic DNA was
extracted using QuickExtract DNA Extraction Solution.
200 ng total DNA was used for NGS library preparation.
Genes of interest were amplified using specific primers (Sup-
plementary Table 2) for the first round PCR reaction. Illu-
mina adapters and index barcodes were added to the frag-
ments with a second round PCR using the primers listed in
Supplementary Table 2. Round 2 PCR products were pu-
rified by gel electrophoresis on a 2% agarose gel using the
Monarch DNA Gel Extraction Kit (New England BioLab).
The purified product was quantified with Qubit dsSDNA HS
Assay Kit (Thermo Fisher) and sequenced on an Illumina
MiSeq system using paired-end PE300 kits. All sequencing
data has been deposited to NCBI archive with accession
code as listed in Data Availability.

High-throughput sequencing data analysis

Processed (demultiplexed, trimmed, and merged) sequenc-
ing reads were analyzed to determine editing outcomes us-
ing CRISPPResso02 (59) by aligning sequenced amplicons to
reference and expected HDR amplicons. The quantification
window was increased to 10 bp surrounding the expected
cut site to better capture diverse editing outcomes, but sub-
stitutions were ignored to avoid inclusion of sequencing er-
rors. Only reads containing no mismatches to the expected
amplicon were considered for HDR quantification; reads
containing indels that partially matched the expected ampli-
cons were included in the overall reported indel frequency.
The computation work was supported by the SCG clus-
ter hosted by the Genetics Bioinformatics Service Center
(GBSC) at the Department of Genetics of Stanford. All cus-
tomized scripts for data analysis will be deposited to Github
under Cong Lab and made available for download.

Statistical analysis

Unless otherwise stated, all statistical analysis and compar-
ison were performed using ¢-test, with 1% false-discovery-
rate (FDR) using a two-stage step-up method of Benjamini,
Krieger and Yekutieli. All experiments were performed in
triplicates unless otherwise noted to ensure sufficient statis-
tical power in the analysis.
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Determination of editing at predicted Cas9 off-target sites

To evaluate off-target editing activity at known Cas9 off-
target sites, same genomic DNA extracts for knock-in anal-
ysis were used as template for PCR amplification of top
predicted off-targets sites (high scored as predicted by http:
/[crispor.org) for the EM X1, VEGFA guides that have been
published (60,61). All primer sequences are listed in Supple-
mentary Table S2.

iGUIDE off-target analysis

Genome-wide, unbiased off-target analysis was performed
following the iGUIDE pipeline based on Guide-seq in-
vented previously (62,63). HEK293T cells were transfected
in 20 uL Lonza SF Cell Line Nucleofector Solution on a
Lonza Nucleofector 4D with program DS-150 according
to the manufacturer’s instructions. 300 ng of gRNA-Cas9
plasmids (or 150 ng of each gRNA-Cas9n plasmid for the
double nickase), 150 ng of the effector plasmids, and 5 pmol
of double stranded oligonucleotides (dsODN) were trans-
fected. Cells were harvested after 72 h for genomic DNA
using Agencourt DNAdvance reagent kit. 400 ng of puri-
fied gDNA which was then fragmented to an average of
500 bp and ligated with adaptors using NEBNext Ultra 11
FS DNA Library Prep kit following manufacturer’s instruc-
tions. Two rounds of nested anchored PCR from the oligo
tag to the ligated adaptor sequence were performed to am-
plify targeted DNA, and the amplified library was purified,
size-selected and sequenced using I1lumina Miseq V2 PE300
or V3 PE600. Sequencing data was analyzed using the pub-
lished iGUIDE pipeline, with the addition of a downsam-
pling step which ensures an unbiased comparison across
samples.

GIS-seq and analysis

Genome-wide, unbiased off-target analysis of mKate
knock-in was performed using GIS-seq, a method that is de-
veloped through integrating features from several genomic
insertion analysis methods as detailed below. To obtain
small-size genomic DNA suitable for downstream ampli-
fication comparable to the digestion step in LAM-PCR
(64), we leveraged the NEB Fragmentase to enzymatically
fragment genomic DNA and perform end-repair. To re-
move donor DNA thus avoid template amplification, we ex-
tracted the high-molecular-weight (HMW) genomic DNA
with the DNAdvance genomic DNA kit (A48705, Beckman
Coulter) as in the TLA method (65), and to amplify the
knock-in sites, we used Nextera adaptor ligation followed
by PCR using primers that bind to the Nextera adaptor
on one end, and the knock-in fragment on the other end
(with plus and minus for 5" and 3’ junctions respectively),
similar to the process described in iGUIDE/GUIDE-seq
(62,63), based on simplified version of GUIDE-seq pro-
tocol (https://www.protocols.io/view/guide-seq-simplified-
library-preparation-protocol-wikfccw). For all samples,
HEK293T cells were transfected with plasmids and donor
DNA as described above in the Transfection section. The
genomic DNA was size-selected to make sure no template
remained via the DNAdvance kit and 400ng of purified
¢gDNA which was then fragmented to an average of 500bp,
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ligated with adaptors, and size-selected using NEBNext Ul-
tra I FS DNA Library Prep kit following manufacturer’s
instructions. Two rounds of nested anchored PCR from the
end of the knock-in sequence to the ligated adaptor se-
quence were performed to amplify targeted DNA, and the
amplified library was purified, size-selected as described in
the NEBNext Ultra I FS DNA library Prep kit proto-
col. Final libraries were sequenced using Illumina Miseq V2
PE300 or V3 PE600 kits. Sequencing data was analyzed to
determine any off target insertion events with all the anal-
ysis code deposited to Github (detailed in the Availability
section).

RESULTS

Identification of RecT as optimal candidate SSAP for mam-
malian gene-editing

While it is potentially difficult to engineer microbial SSAPs
to function in mammalian contexts, they have been shown
to harbor significant metagenomic diversity with distinctive
activities depending on host organisms (49,50,53,66,67).
Hence, we began our search for gene-editing phage proteins
by examining different families of phage SSAPs (50,68).
To harness them for eukaryotic genome editing, we engi-
neered and evaluated three major types of phage SSAPs,
Escherichia phage lambda Bet (LBet), Escherichia coli Rac
prophage RecT (RecT) and Bacteriophage T7 gp2.5 (gp2.5),
for their ability to facilitate HDR in mammalian cells. First,
we cloned these SSAPs into mammalian expression vec-
tors to functionally connect them to the CRISPR-Cas9 sys-
tem via an RNA aptamer. Here we took advantage of the
modularity of aptamer strategy: Cas9s and gRNAs bear-
ing MS2 stem-loops remain constant, and we could conve-
niently fuse different candidate SSAPs to the MS2 coat pro-
tein (MCP) for the screening (Figure 1A). Further, we used
the Streptococcus pyogenes Cas9 (69) given SpCas9’s robust-
ness and popularity (hereafter referred to as ‘Cas9’). To
measure HDR-mediated editing, we employed a genomic
knock-in assay (70) where we constructed a T2A-mKate
cassette (~1-kb in length), flanked by ~200-bp homology
arms (HA) on both sides, which match the last exon (in-
frame before the stop codon) of target genes, e.g. DYNLT]
and HSP90AAI. Upon precise knock-in, the percentage of
mKate-positive cells allows the quantification of HDR effi-
ciency (Figure 1A). Our screen revealed that phage SSAPs
could indeed stimulate HDR to variable extents in human
cells relative to Cas9 reference (Figure 1B). The SSAP RecT
was most efficient and compact: canonical RecT is ~270
amino acids (AA) long and induced the greatest increase
in HDR, about 3-fold versus Cas9 (Figure 1B). This trend
was consistent across genomic loci and was verified using
fluorescence microscopy and Sanger sequencing of positive
clones (Figure 1C; Supplementary Figure S1 and S2). We
noticed that there is a small but noticeable level of fluores-
cence in the control group using Cas9 bearing non-targeting
but valid guide RNA, termed ‘NTC’ control (Figure 1B).
The NTC signals are comparable to the ‘no donor’ con-
trol, where we delivered Cas9 and guide RNA but without
donor DNA. Hence, the majority of these background sig-
nals are likely from non-specific flow cytometry noise and
cellular autofluorescence, alongside signals from off-target
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insertions of the template, as previously observed in knock-
in experiments (25,71,72). Nonetheless, because of this ob-
servation, we included NTC controls in later experiments to
assess this background.

Based on these results, while the SSAP RecT is promis-
ing as a potential gene-editing tool, we note the importance
of checking if background template insertion/expression or
promiscuous activity of RecT could lead to false positive
signals. Hence, we performed validation tests with the same
donor DNA alongside a set of controls: the NTC control;
the NTC control with over-expression of RecT, and Cas9
with on-target guideRNA. We confirmed that the back-
ground in our assay is low, and that simply over-expressing
RecT yielded only background-level editing (Figure 1E).
Another caveat of the results is whether the increased HDR
efficiency via SSAP is truly specific to target locus, i.e. the
observed knock-in is dependent on recruiting SSAP to ge-
nomic targets via Cas9-guideRNA. This is a critical point as
it is usually sufficient to just over-express RecT-like SSAPs
for bacteria recombineering (46,49). To this end, we gener-
ated non-recruiting fusions between RecT and the PP7 coat
protein (PCP), which recognizes PP7 but not MS2 aptamers
(Figure 1D). Our results indicated that RecT functioned in a
recruitment-dependent manner (Figure 1E). Given this ini-
tial success, we chose to focus on RecT as our candidate
SSAP for further development.

Apart from the canonical Rac prophage RecT from E.
coli, to measure if other RecT-like SSAPs could be uti-
lized for mammalian genome engineering, we performed
a screen of RecT-like SSAPs for their ability to improve
knock-in efficiencies in human cells. Taking advantage of
pioneering work on mining SSAPs from metagenomic se-
quences (49,50,68), we searched the Pfam and the NCBI
non-redundant protein database via PSI-BLAST (54,55) for
RecT-like SSAPs, and examined their diversity (Supplemen-
tary Figure S3A). Then, we prioritized compact candidates,
sampling across evolutionary subtrees with a cut-off at
300AA based on the length distribution of RecT homologs
(Supplementary Figure S3B). We codon-optimized a to-
tal of 16 SSAPs (including the E. coli Rac prophage RecT
as EcRecT) for mammalian expression, and performed the
screen using the genome knock-in assay. This screen re-
vealed that several homologs could significantly stimulate
genomic knock-in in human cells, demonstrating the gener-
alizability of using SSAP for gene-editing, with EcRecT as
the most active candidate (Supplementary Figure S3C and
D). Thus, we centered on EcRecT (simplified as RecT here-
after) for downstream optimization and investigation.

Optimization and validation of RecT-based genome engineer-
ing method

To develop a useful RecT gene-editing tool, we bear in mind
the following considerations: (i) What is the optimal design
to use this SSAP for mammalian gene-editing? (ii)) What
are the efficiencies using this new tool compared with Cas9
benchmarks and existing HDR-enhancing methods? (iii)
What are the design guidelines and capacities when using
RecT SSAP for gene-editing? (iv) What are the occurrences
of editing errors/indels at on/off-target sites, and can we
mitigate these unwanted events? (v) What is the tool’s de-
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pendence on endogenous repair pathways and would it per-
form reliably across contexts?

First, we compared three parallel strategies to recruit
RecT SSAP to Cas9 genome-targeting machinery: direct
fusion, SunTag-based recruitment (73), and, as previously
used in the screen, MS2-aptamer fusion (Figure 1A, 2A;
Supplementary Figure S4A). When we directly fused RecT
to the Cas9 at its N- or C-term via peptide linkers, we
did not observe significant stimulation of HDR efficien-
cies above Cas9 (Supplementary Figure S4B). In parallel,
to employ the protein-based SunTag design to recruit mul-
tiple copies of the SSAP as in the MS2-aptamer design, we
fused RecT to the anti-GCN4 single-chain variable frag-
ment (scFv) that allows binding to a Cas9 bearing tandem
GCN4 tag (Figure 2A). The SunTag design significantly in-
creased HDR efficiencies to ~2-fold better than Cas9 (Fig-
ure 2B). Nonetheless, across the strategies we tested, the
best-performing design is the MS2-aptamer. Hence, to fur-
ther engineer RecT for gene-editing, we zoomed in on this
MS2-aptamer chassis.

During initial tests, we noticed incomplete nuclear-
targeting of RecT in mammalian cells when fused to
the originally selected nuclear localization signal (NLS)
(Supplementary Figure S5). Therefore, we tested different
monopartite or bipartite NLSs with different linkers (Fig-
ure 2C). Our screen identified the C-terminal SV40-NLS
with a modified E-XTEN linker as the optimal choice (Fig-
ure 2D). This new construct more than doubled the gene-
editing efficiencies relative to the original RecT design, con-
sistently achieving up to 5-fold improvement compared with
Cas9 (Figure 2D). We termed this design RecT Editor via
Designer-Cas9-Initiated Targeting (REDIT).

Next, to benchmark this optimized RecT design, we com-
pared it with three categories of existing HDR-enhancing
tools (Figure 3A and B): DNA repair enzyme CtIP fusion
with the Cas9 (Cas9-HE) (29), a fusion of the functional do-
main (amino acid 1 to 110) of human Geminin protein with
the Cas9 (Cas9-Gem) (16), and a small-molecule enhancers
of HDR via cell cycle control (14), Nocodazole (15,74).
Across endogenous targets tested, the optimized RecT de-
sign had favorable performance compared with three alter-
native strategies (Figure 3C). Furthermore, the RecT-based
REDIT design, which putatively acted through the SSAP
activity independently from the other approaches, may syn-
ergize with existing methods. To test this hypothesis, we
combined the SSAP with three different approaches (conve-
niently through the MS2-aptamer) (Figure 3A, right). Our
results validated that REDIT method could indeed further
enhance the HDR-promoting activities of the tested tools
(Figure 3C). Together, these results verified the potential to
use phage SSAP for mammalian genome engineering, and
that an optimized design as in the REDIT tool significantly
improved knock-in efficiencies compared with Cas9 refer-
ences. REDIT also has the potential to synergistically work
with existing HDR enhancement tools.

Characterization of design guidelines, capacity and speci-
ficity of the REDIT method

To consider REDIT as a knock-in editing method for fu-
ture applications, we investigated the template design guide-
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line, editing capacity, and specificity of REDIT. We per-
formed three sets of experiments to measure: (i) activity
of the REDIT method with different template designs, (ii)
efficiencies of short- and long-sequence editing using this
tool and (iii) specificity of this method through examin-
ing indels at on/off-target sites. Firstly, we quantified the
effect of template HA lengths on the editing efficiency of
REDIT when using the canonical HDR donor bearing HAs
of at least 100 bp on each side (Figure 4A, left). We ob-
served higher HDR rates for both Cas9 and RecT groups
with increasing HA lengths, and REDIT effectively stimu-
lated HDR over Cas9 using HA lengths as short as ~100bp
each side (Figure 4A; Supplementary sequences). When
supplied with a longer template bearing 600-800 bp total
HA, RecT achieved over 10% HDR efficiencies for kb-scale
knock-in without selection, significantly higher than the 2—
3% efficiency when only using Cas9 (Figure 4A, left). Re-
cent reports identified that using donor DNAs with shorter
HAs (usually between 10 and 50 bp) could significantly
stimulate knock-in efficiencies thanks to the high repair
activities from the Microhomology-mediated end joining
(MMEJ) pathway (75-80). We thus tested the knock-in ef-
ficiencies of SSAP-based method compared with Cas9, us-
ing donor DNA with Obp (NHEJ-based), 10bp or 50bp
(MMEJ-based) HAs. Our results demonstrated that short-
HA donors leveraging MMEJ mechanisms yielded higher
editing efficiencies compared with HDR donors (Figure 4A,
right). At the same time, REDIT tool was able to enhance
the knock-in efficiencies as long as there is HA present (no
effect for the 0bp NHEJ donor) (Figure 4A, right). This ef-
fect is particularly significant with the 10 bp donors, which
we chose for further characterization and comparison with
the HDR donors.

Next, we sought to understand if the enhanced editing
efficiencies using the two top template designs (HDR and
MMEIJ donors) could lead to better yield for precision
knock-in, as defined by indel-free insertion events (Figure
4B). To this end, we clonally isolated the knock-in cells, then
amplified the target genomic region using primers binding
completely outside of the donor DNAs for colony Sanger
sequencing. Our junction sequencing analysis (~48 colonies
per gene per condition) revealed varying degrees of indels
at the 5'- and 3'- knock-in junctions, including at single or
both junctions (Figure 4C). Overall, HDR donors have bet-
ter precision than MMEJ donors, and REDIT could mod-
estly improve the knock-in yield compared with Cas9 refer-
ences, though junction indels are still observed (Figure 4C).
Thus, for scenarios where correct knock-in product yield is
critical, REDIT with PCR-based templates are beneficial,
whereas the use of MMEJ donor DNA is better if maxi-
mizing knock-in efficiencies is a major consideration.

Furthermore, we sought to compare the efficiencies of
REDIT and Cas9 when making different lengths of edit-
ing to gauge their editing capacity. For longer edits, we
used 2-kb knock-in cassettes (Figure 4D), and for shorter
edits with single-stranded oligo donors (ssODN) (Supple-
mentary Figure S6A). When we increased the knock-in se-
quence length to ~2-kb using a dual-mKate/GFP template,
REDIT maintained its HDR-promoting activity compared
with Cas9 across endogenous targets tested (Figure 4D).
For ssODN tests, at two well-established loci EM X1 and
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VEGFA, we used REDIT and Cas9 to introduce 12-16-
bp exogenous sequences (Supplementary sequences). As
ssODN templates are short (<100 bp HAs on each side),
we could leverage next-generation sequencing (NGS) to
quantify the editing events. We observed comparable lev-
els of indels between Cas9 and REDIT groups, and im-
proved HDR efficiencies using REDIT (Supplementary
Figure S6A), consistent with results using dsDNA donors.

The yield of knock-in experiments not only depends
on on-target modification, but also will be influenced by
off-target effects. Hence, to quantitatively understand off-
target effects of REDIT versus the native Cas9, we used
the EM X1 and VEGFA targets above, given these loci have
well-established off-target sites (OTSs) from prior work
(60-62). We profiled editing events at potential OTSs us-
ing two complementary approaches. We initially measured
indels at known OTSs for EMXI and VEGFA gRNAs
(60,61), demonstrating that REDIT generated similar in-
del levels as Cas9 (Supplementary Figure S6B). Seeking a
more thorough investigation of genome-wide off-target ef-
fects, we applied the unbiased GUIDE-seq analyses (62).
Across both EM X1 and VEGFA gRNAs, we identified com-
parable numbers and intensities of OTSs between REDIT
and Cas9 groups (Supplementary Figure S7). Thus, SSAP-

based REDIT method could boost precision knock-in edit-
ing with comparable specificity and off-target profiles as the
native Cas9.

Developing nicking-based REDIT method with high effi-
ciency and improved genome-wide specificity

The precision and specificity data above pointed to a re-
maining challenge for this method due to on/off-target
errors. Hence, we sought to mitigate this issue. As DSB-
induced indels from NHEJ/MMEJ repair are the ma-
jor source of such unwanted events (81,82), we looked
into nicking Cas9 enzymes that do not generate DSBs
(69,83,84). Based on prior biochemical and biophysical
studies of RecT-like SSAPs (53,85), we reasoned that
RecT may not rely on DSB thanks to its unusual ATP-
independent SSAP activity: as one of the DNA strands
is released via nicking activity, RecT’s high affinity for
ss/dsDNA could allow its attachment to genomic and
donor DNAs and then promote their exchange (86-88).
Thus, to alleviate unwanted DNA damages and editing
errors, we designed REDIT with Cas9 nickases (Cas9n-
D10A). Cas9 nickases have been shown to mitigate off-
target effects but reduced HDR efficiencies (88). Sur-
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prisingly, REDIT using Cas9n-D10A consistently enabled
higher editing rates than Cas9 nickases, and also compared
favorably against wild-type Cas9 (Figure 5SA and B). For
both single-nicking (Cas9n) and double-nick (Cas9dn) de-
signs, REDIT tools raised HDR up to 5-fold versus the re-
spective Cas9n and Cas9dn references, achieving up to 10%
efficiency for kb-scale knock-in (Figure 5B). We termed the
two nicking variants as REDITn and REDITdn, respec-
tively, and focused later characterization on the more effi-
cient REDITdn variant.

Similar to the previous tests for REDIT, we used different
donor DNAs to understand the template design guidelines
for REDITdn. Consistent with REDIT, the REDITdn tool
maintained its ability to enhance knock-in efficiencies when
using HDR donors (>100 bp HAs), up to 6-fold compared
to Cas9dn (Supplementary Figure S8A). And as expected
for a nickase-based tool, MMEJ donors were not able to

yield higher efficiencies than HDR donors for REDITdn,
but retained the general trend that longer HAs supported
better performance using REDITdn. We next used ssODN
as previously to characterize the precision of REDITdn
with deep sequencing. Targeted NGS verified that RED-
ITdn could promote HDR and reduced indel formation
(Supplementary Figure S§B-C). As a more definitive test,
we also examined individual knock-in events via Sanger se-
quencing of clonal knock-in cells, as previously done for the
wild-type Cas9 and REDIT. The results of junction pro-
filing indicated that REDITdn could improve the yield of
knock-in, with more intact editing products compared with
Cas9dn references (Figure 6A).

Given single-strand nicks may still lead to off-target ef-
fects (81,82,89), we further performed GUIDE-seq to mea-
sure the genome-wide OTSs of REDIT and REDITdn,
benchmarked against Cas9 and Cas9dn. With DYNLT] gR-
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NAs, REDITdn had only one detected off-target locus, a
noticeable reduction of OTS counts from the 11 sites for
Cas9 and 5 for Cas9dn (Figure 6B, Supplementary Figure
S9). Specifically, a predicted OTS located at KIF6 was highly
enriched in the Cas9 and REDIT groups, but not detected
using REDITdn (Supplementary Figure S9).

As we observed significant reductions of indel forma-
tion with REDITdn, we wondered whether this method
may improve editing precision by reducing random donor
insertion, another DSB-related error during gene-editing.
This is particularly important for genomic knock-in exper-
iments, where imperfect knock-in could lead to significant
concerns when the downstream applications are sensitive to
confounding editing events, such as mechanistic investiga-
tion and therapeutic gene insertion. To this end, we profiled
knock-in accuracy via mapping genome-wide insertion sites
when using REDITdn compared with Cas9dn references.

We adapted concepts from GUIDE-seq (62,63), LAM-PCR
(64) and TLA (65) (detailed in the Methods section) to de-
velop a NGS-based assay to identify genome-wide insertion
sites (GIS), or GIS-seq (Figure 6C). Using GIS-seq, we ob-
tained NGS read clusters/peaks representing knock-in in-
sertion sites (Figure 6D, showing representative reads from
the on-target site). We then applied GIS-seq to DYNLT]
and ACTBloci to measure the knock-in accuracy of Cas9dn
and REDITdn. Sequencing results indicated that, when
considering sites with high confidence based on maximum
likelihood estimation, REDITdn had less off-target inser-
tion sites identified compared with Cas9dn (Figure 6E). To-
gether, our clonal Sanger sequencing of knock-in junctions
(Figure 6A), GUIDE-seq analysis (Figure 6B), and GIS-
seq results (Figure 6C-E) indicated that REDITdn is an ef-
ficient method with the ability to insert kilobase-length se-
quences with less unwanted editing events.
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Understanding the performance of REDIT method under re-
pair pathway inhibition and in non-transformed human stem
cells

Most long-sequence editing methods depend on endoge-
nous repair pathways following DNA cleavage and DSB
formation, whereas REDITdn facilitated HDR via Cas9
nicking. This suggests REDIT may be less dependent on
the HDR branch of mammalian DNA repair pathways.
To investigate this, we leveraged specific inhibitors to block
RAD5I1, an ATP-dependent homology-search and strand-
invasion enzyme and the RecA-like recombination protein
important for homology-directed repair (90,91). We mea-
sured the sensitivity of REDIT’s ability to promote HDR in
the presence or absence of two distinctive pharmacological
inhibitors of RADS51, B02 and RI1 (Figure 7A) (90,91). As
expected, for Cas9-based editing, RADS51 inhibition signif-
icantly lowered HDR efficiencies (Figure 7B, C, Cas9 and
Cas9dn groups). Intriguingly, RADS5]1 inhibition decreased
REDIT and REDITdn efficiencies only moderately, as
both REDIT/REDITdn methods maintained significantly
higher knock-in efficiencies compared with Cas9/Cas9dn
under RADS1 inhibition (Figure 7B-C). These observa-
tions led us to a hypothetical REDIT model where REDIT
acts alongside the endogenous HDR: activated by Cas9 cut-
ting or nicking (12,92), REDIT increases overall knock-
in efficiencies, with RecT acts independently from RADSI
to promote HDR via its SSAP activity (53). Additional
mechanistic studies using genetic/biochemical assays are re-
quired to understand and validate this model, and could
provide insights for further optimizing the REDIT meth-
ods.

Finally, to validate REDIT in different contexts, we
applied REDIT tools in human embryonic stem cells
(hESCs) to test their ability to engineer long sequences in
non-transformed human cells (44,72,88). We observed ro-
bust stimulation of HDR across all three genomic sites
(HSP90AAI, ACTB, OCT4/POUSFI) using REDIT and
REDITdn (Figure 7D-E). Of note, REDIT and REDITdn
editing used donor DNAs with 200-bp HAs on each side,
and achieved up to over 5% efficiency for kb-scale gene-
editing without selection (Figure 7D, Supplementary Fig-
ure S10), compared with ~1% efficiency using non-REDIT
methods (88). Additionally, we also validated that REDIT
methods could improve knock-in efficiencies in A549 (lung-
derived), HepG2 (liver-derived), and HeLa (cervix-derived)
cells, demonstrating up to ~15% kb-scale genomic knock-
in without selection (Supplementary Figure S11). This im-
provement was up to 4-fold higher than the Cas9 groups,
supporting the potential of using REDIT methods in dif-
ferent cell types.

DISCUSSION

REDIT methods harmonize the RNA-guided programma-
bility of CRISPR genome-targeting with the SSAP activity
of phage RecT (46,47,49,50,53,66,68). The nicking RED-
ITdn tool enables long-sequence knock-in with significantly
lower unwanted indels or random template insertions, as
it will not induce significant levels of DSB formation and
the ensuing DNA damage responses (10,12). This feature
may provide advantages in research and therapeutic appli-
cations. For example, REDIT would be suitable for mak-
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Figure 6. Characterizing the specificity of nickase-based REDITdn gene-editing tool. (A) Percentage of colonies with indicated junction profiles from the
Sanger sequencing of knock-in clones. Indels are insertions or deletions detected from sequencing of ~48 colonies per condition per locus (as in Figure
4B). (B) Genomic-wide off-target site (OTS) counts via GUIDE-seq in HEK293T cells comparing REDIT and Cas9, REDITdn with Cas9dn, showing
reduced off-target effects when using REDITdn. (C) Schematic showing the design, procedures, and analysis steps for GIS-seq to measure genome-wide
insertion sites of the knock-in cassettes. High-molecular-weight (HMW) genomic DNA purification was needed to remove potential contamination from
donor DNAs. Donor DNAs had 200 bp HAs each side. (D) Representative GIS-seq results showing plus/minus reads at on-target locus DYNLTI. The
expected 2A-mKate knock-in site before the stop codon of the last exon are the center of the trimmed reads (reads clipped to remove 2A-mKate cassette).
The template mutations help to avoid gRNA targeting and distinguish genomic and edited reads are labeled. (E) Summary of top GIS-seq insertion sites
comparing Cas9dn and REDITdn groups, showing the expected on-target insertion site (highlighted) and reduced number of identified off-target insertion
sites when using REDITdn. (Left) DYNLT! and (Right) ACTB loci with MLE calculated from the distribution of filtered and trimmed GIS-seq reads.

ing large knock-in when efficiency is limited, or when mini-
mizing undesirable errors is a prime concern, or for genome
engineering in vivo where selection methods are not readily
available to remove unwanted editing events (93). For a pre-
liminary survey of its potential, we validated that REDIT is
compatible with Staphylococcus aureus Cas9 (SaCas9) (94),
a compact CRISPR system suitable for viral delivery (Sup-
plementary Figure S12). This offered further support to the
applicability of RecT-like SSAP for gene-editing. As recent
work has provided novel Cas9 enzymes with enhanced ac-
tivity and specificity (8,82,89,95), we expect that REDIT
could be combined with them conveniently. And, as shown

in the combination with Cas9-HE, Cas9-Gem, and cell cy-
cle control methods (Figure 3), additional methods such as
template recruitment, long single-stranded donor, and en-
hanced delivery may allow REDIT to achieve better abso-
lute efficiencies beyond this work.

At the same time, REDITdn will be particularly rele-
vant for improving the yield and interpretability of gene-
editing experiments given the improved on-target preci-
sion and reduced off-target effects (Figure 6) (81,82). This
SSAP-inspired gene-editing tool thus offers a new and com-
plementary approach to existing CRISPR toolkits (1,3-
7,9). Finally, while we provided some initial evidence that
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Figure 7. Probing the dependence of REDIT gene-editing on endogenous DNA repair and applying REDIT methods for human stem cell engineering. (A)
model showing the editing process and major repair pathways involved when using REDIT or Cas9 for gene-editing, the HDR pathway are highlighted
for chemical perturbation (inhibition of RADS51). Donor DNAs with 200 + 200 bp HAs are used for all inhibitor experiments. (B, C) Relative knock-in

efficiency of REDIT tools compared with Cas9 reference treated with RADS1

inhibitor B02 and RI-1, or vehicle-treated. Panel B is for the wtCas9-based

REDIT and Cas9, and panel C is for Cas9 nickase-based REDITdn and Cas9dn. All conditions were measured with 1-kb knock-in assay at two genomic
loci (DYNLT! and HSP90AAI). (D) Knock-in efficiencies in hESCs (H9) using REDIT and REDITdn tested across three genomic loci, compared with
corresponding Cas9 and Cas9dn references. (E, F) Original flow cytometry plots of mKate knock-in results in hRESCs using REDIT, REDITdn with Cas9,
Cas9dn, and NTC controls. Donor DNAs in the hESC experiments have 200 + 200 bp HAs across all loci tested.

REDIT tools are at least partially in parallel with the en-
dogenous HDR repair pathway, further studies on RecT-
like SSAP enzyme in mammalian cell contexts are needed
to fully understand the mechanisms of this process. It will
be exciting to use chemical or genetic approaches to probe
the nicking-mediated gene-editing facilitated by SSAP. Ad-
ditionally, we expect SSAP HDR-enhancing activity may
also facilitate other gene-editing tools, not limited to Cas9-
based but also for ZFN and TALEN tools, awaiting future
confirmation. This could open broader opportunities when
Cas9 methods are limited.
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