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Abstract

CRISPR-based technologies have become central to genome engineering. However, CRISPR-based editing strat-
egies are dependent on the repair of DNA breaks via endogenous DNA repair mechanisms, which increases sus-
ceptibility to unwanted mutations. Here we complement Cas9 with a recombinase’s functionality by fusing a
hyperactive mutant resolvase from transposon Tn3, a member of serine recombinases, to a catalytically inac-
tive Cas9, which we term integrase Cas9 (iCas9). We demonstrate iCas9 targets DNA deletion and integration.
First, we validate iCas9'’s function in Saccharomyces cerevisiae using a genome-integrated reporter. Cooperative
targeting by CRISPR RNAs at spacings of 22 or 40 bp enables iCas9-mediated recombination. Next, iCas9's ability
to target DNA deletion and integration in human HEK293 cells is demonstrated using dual GFP-mCherry fluo-
rescent reporter plasmid systems. Finally, we show that iCas9 is capable of targeting integration into a genomic
reporter locus. We envision targeting and design concepts of iCas9 will contribute to genome engineering and
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synthetic biology.

Introduction

CRISPR and CRISPR-associated (Cas) systems, such
as Cas9 nuclease and Casl2a (Cpfl) have drastically im-
proved the ease of targeted DNA modifications. This is
largely due to the ability to target Cas9’s function via design
and coexpression of single guide RNAs (sgRNAs) or
CRISPR RNA for Cas12a.'” In the case of Cas9, sgRNA
targeting is straightforward as it requires only simple DNA—
RNA base pairing combined with the presence of a proto-
spacer adjacent motif (PAM) on the target DNA.' Systems
employing Cas9 are highly robust and function in a broad
range of organisms for a variety of editing strategies.* Strat-
egies for DNA integration and deletion are largely accom-
plished via formation of double-stranded DNA breaks
(DSBs) or paired single-stranded DNA breaks followed
by processing via endogenous nonhomologous end joining
(NHEJ) or homologous recombination.*> Recently, groups
have described homology-independent targeted integration
an effective technique for NHEJ mediated genome integra-
tion.>® This technique produces simultaneous CRISPR-
Cas9—targeted DSBs on plasmid and genomic protospacer
sequences followed by NHEIJ to ligate cleaved plasmid

DNA into the genomic protospacer. However, it has be-
come apparent that CRISPR-based genome engineering
strategies are limited with respect to their dependence on
the generation of DSBs and endogenous DNA repair ma-
chinery.”™"" DSBs could generate unwanted mutations,
translocations, and complex rearrangements and destabi-
lize karyotype.'>'® This is a fundamental limitation of
CRISPR-Cas9’s application in editing human cell lines and
has led to the development of technologies that avoid in-
curring double-stranded DNA damages during the editing
process. For instance, ‘‘base-editor” (BE) Cas9 systems
enable generation of single nucleotide changes without
the need for double-stranded DNA breaks.'*'> BE-Cas9
systems accomplish single nucleotide changes via fusion
of a nicking Cas9 (Cas9”'**) with a cytidine deaminase
and uracil glycosylase inhibitor domains. However, BEs
are limited to single nucleotide changes.

Site-specific recombinases are also powerful tools for
genome engineering and synthetic biology.'®'” These
proteins are capable of facilitating DNA rearrangements
with high predictability and specificity without incurring
unwanted DSBs. Site-specific recombinases possess the
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enzymatic machinery to facilitate transient DNA cleav-
age, strand exchange, and religation without the need
for high energy cofactors, DNA replication or cellular
DSB repair.18 Integrases, such as ®C31, are relatively
limited to specific ~30Dbp recognition sites and are often
used for integration at specific ‘‘landing pad” or pseudo-
site loci.'®?° To circumvent this, directed evolution has
been employed to retarget recombinase substrate speci-
ficity. For instance, Karpinski et al. reported directed
evolution of Cre recombinase to target conserved se-
quences human immunodeficiency virus long terminal re-
peats. This system led to efficient and highly specific
excision of the human immunodeficiency virus provi-
rus. However, nearly 150 rounds of directed evolution
were required.21 Alternatively, recombinases have been
retargeted by fusing catalytic-domains to zinc finger or
transcription activator—like DNA-binding domains.?**?
These techniques however require complex addition of
heterologous DNA-binding domains. More recently a
recombinase—Cas9 (recCas9) was created via fusion of
dCas9 with Gin invertase.”* This system was able to tar-
get DNA deletion; however, it was unable to target DNA
integration. In addition, recCas9 displayed low efficien-
cies when targeting genomic DNA.

To overcome the limitations with current Cas9-based
site-specific recombinases, we investigated the develop-
ment of Cas9 fusions that employ catalytically inactive
Cas9 (dCas9) with a catalytic domain of a resolvase. Pre-
vious reports have generated heterologous fusions be-
tween resolvase catalytic and zinc finger DNA-binding
domains. These reports have focused on employing re-
combinases, such as Gin invertase and Tn3 resolvase.?>?
This family of serine recombinase proteins benefit from
compact and highly separated DNA-binding and catalytic
domains compared to some tyrosine recombinases, such
as Cre and FLP."®> We focused on Tn3 resolvase since
there is extensive in vitro characterization of its hyper-
activating mutations.”®?” Specifically, three-dimensional
(3-D) protein structures for its DNA-binding (dimer) and
DNA-synapsis (strand-exchange, tetramer) states support
the potential of resolvase reengineering.z&29 In this study,
we generated an RNA-guided recombinase through the
fusion of dCas9 with the catalytic domain of Tn3 resol-
vase, herein referred to as integrase Cas9 (iCas9). We
first demonstrate iCas9 functionality using a chromoso-
mally integrated fluorescent reporter in yeast (Saccharo-
myces cerevisiae). Next, we demonstrate that in human
cells (HEK293) iCas9 can facilitate plasmid-to-plasmid
deletion and integration. Finally, we show that iCas9 al-
lows for targeted integration into endogenous genomic
loci. In the future, iCas9 will greatly expand the utility
and fidelity of Cas9-based genome editing in downstream
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applications in synthetic biology, disease modeling, and
regenerative medicine.

Methods

Bacterial culture

Molecular cloning was conducted using Escherichia coli
NEB-10-Beta (New England Biolabs [NEB]). LB Miller
medium (Sigma Aldrich, Sigma) was supplemented with
appropriate antibiotics for plasmid maintenance: ampicil-
lin (100 ug/mL) or chloramphenicol (30 ug/mL). E. coli
were cultured at 37°C.

Yeast culture

All yeast were cultured at 30°C. S. cerevisiae YPH500
were propagated on YPD agar plates and in liquid me-
dium containing glucose. Liquid cultures were shaken
at 250-300 rpm. Yeast minimal dropout media contained
either 2% glucose or 2% galactose with 1% raffinose
and necessary amino acid dropout solutions (Clonetech).
Yeast were made competent using the Zymo competent
yeast kit (Zymo Research) and transformed using the
manufacturer’s protocol. Genomic integrations and plas-
mid transformations were selected for on yeast minimal
dropout plates with amino acid combinations necessary
for selection. Yeast were cultured in liquid yeast dropout
media necessary for plasmid selection.

Mammalian cell culture

HEK293T cells (ATCC CRL-3216) were cultured on
poly-L-ornithine (PLO) (Sigma) coated plates and main-
tained in Dulbecco’s modified eagle medium supple-
mented with 10% (v/v) fetal bovine serum and 1% (v/v)
penicillin—streptomycin (all from ThermoFisher). Cells
were maintained in a 37°C incubator with 5% CO, and
passaged once ~ 80% confluent.

Molecular cloning

iCas9 (Tn3-GGS x 6-dCas9) was constructed by fusion of
a previously described hyperactive mutant recombinase
(Tn3G7QS’D102Y’Elz4Q). The resolvase catalytic domain
(AA1-148) was linked to Cas9”'**"¥*94 with a flexible
glycine serine (GGS x 6) linker. N- and C-terminal SV40
nuclear localization sequences with small glycine serine
linkers (GGS x 1) were added to facilitate nuclear entry.
The coding region for the hyperactive Tn3 mutant resol-
vase was synthesized as a human codon optimized gBlock
by Integrated DNA Technologies. The gBlock was subcl-
oned into a dCas9 derivative of p415 Gal1-Cas9 (Addgene
43804).*° The mTn3 catalytic domain along with D10A
and H840A mutations to Cas9 were added using PCR
primers containing Sapl sites (Supplementary Table S2).
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Purified PCR products were digested with Sapl and gel-
extracted using the Sigma-Aldrich gel-extraction kit. iCas9
was assembled in Xbal-Xhol sites of p415 Gall-Cas9. The
resulting p415 Gall-iCas9 vector also contains a Cen6 origin
of replication and a leucine prototrophic marker. For expres-
sion in human cells iCas9 was PCRed with primers adding
Agel and Mfel upstream and downstream respectively.
iCas9 was cloned into a modified pX330 with guide expres-
sion cassette removed. Digested and gel-extracted iCas9
PCR products were ligated with Agel and EcoRI digested
pX330. The resulting vector contains a cytomegalovirus
p-actin hybrid promoter driving iCas9 expression.

Single guide RNA guides were synthesized as pairs
of oligonucleotides. Terminal 5" phosphates were added
to oligonucleotides by incubating 1ug total of top/bottom
oligonucleotides in 50 uL. reactions containing 1xT4
DNA ligase buffer and 10 units of T4 polynucleotide
kinase (T4 PNK) at 37°C overnight (Supplementary
Tables S1 and S2). Oligonucleotides were duplexed by
heating the kinase reactions to 90°C on an aluminum
heating block for 5min followed by slowly returning
the reaction to room temperature (25°C) over approxima-
tely 1h. Following duplexing, guides were ligated into
respective vectors.

Yeast sgRNA expression cassettes were constructed
by cloning oligonucleotide duplexes into, pSB1C3 con-
taining an SNR52 promoter with inverted Sapl sites
and an sgRNA hairpin recognized by S. pyogenes Cas9.
Pairs of sgRNAs were then PCRed with primers adding
EcoRI and Sapl or Sapl and Spel sites. Purified PCR
products were then digested with respective restriction
enzymes, heat inactivated, and ligated into EcoRI and
Spel digested pRS424.*! The resulting vector contains
pairs of yeast sgRNA cassettes with a 2 y origin of repli-
cation and tryptophan prototrophic marker.

Humanized sgRNAs were cloned into a modified
pSB1C3 vector containing a human U6 promoter, inver-
ted Bbsl sites, and a Streptococcus pyogenes—recognized
sgRNA hairpin (sequence derived from pX330). Pairs of
sgRNAs were then PCRed with primers adding EcoRI
and Sapl or Sapl and Xbal sites. Purified PCR products
were then digested with respective restriction enzymes,
heat inactivated, and ligated into EcoRI and Xbal
digested pUC19. The resulting vector contains pairs of
human sgRNA expression cassettes.

The yeast genomic integration vector (pMG) was gen-
erated using vectors previously described by Ellis and
colleagues.32 Tefl promoters drive constitutive expres-
sion of GFP and mCherry. To integrate into the yeast ge-
nome, 1-2 ug of pMG was digested with Apal in 50 uL.
reactions for 21 hour at 37°C. Five microliters of restric-
tion product was transformed into competent YPH500
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using the Zymo Competent Yeast Kit (Zymo) following
manufacturer protocols. Integrants were selected for by
plating on histidine dropout plates.

To clone iCas9-target sequences into pMG, sites were syn-
thesized as overlapping oligonucleotides. Terminal 5" phos-
phates were added to oligonucleotides by incubating 1ug of
top/bottom oligonucleotides in 50 uL. reactions containing
1xT4 DNA Ligase Buffer and 10 units of T4 polynucleo-
tide kinase (T4 PNK) at 37°C overnight. Oligonucleotides
were duplexed by heating the kinase reactions to 90°C on
an aluminum heating block for 5min followed by slowly
returning the reaction to room temperature (25°C) over ap-
proximately 1h. Following duplexing, sites were ligated
into Ecorl and Mlul sites surrounding GFP.

Mammalian cell transfections

HEK293T cells were seeded at 1.8x10° cells/well in
PLO coated 24-well plate and transfected 24 hours post-
passage at ~80% confluency. For plasmid—plasmid as-
says, 300ng of iCas9, 100ng of GFP-encoding donor
vector (FeGFP-1C3), 100 ng of mCherry-expressing tar-
get vector (pUC:EAMP), and 100 ng sgRNA expression
vectors were transfected per well using 1.5 uL. Lipofect-
amine 3000 and 1 uL P3000. For genome integration
experiments, 300 ng iCas9 expression vector, 100 ng GFP-
encoding donor vector (FeGFP-1C3), 100ng pIRFP670,
and 100ng sgRNA cassette(s) were transfected using
1.5 uL Lipofectamine 3000 and 1 uL. P3000. pIRFP670
was cotransfected as a control with samples at >50% trans-
fection efficiency.

Stable cell line generation

HEK?293T cells were passaged to four PLO-coated 100 mm
culture plates in Opti-MEM reduced serum medium plus
GlutaMAX and supplemented with 1 mM sodium pyruvate
and 10% (v/v) fetal bovine serum (all from ThermoFisher).
To generate recombinant HEK293T, cells were transfected
with the pKSBRV-1 transgene and packaging plasmids
(pUMVC and pVSVG). Nine micrograms of pKSBRV-1,
6 ug pUMVC, and 3 ug pVSVG expression plasmids were
transfected per plate using 28 ul. Lipofectamine 3000 and
36 uL P3000 (ThermoFisher). Media was changed 6 h post-
transfection and supernatant was collected at 24 h and 54 h.
Conditioned media was filtered using 0.45 um filter and
particles were concentrated using Lenti-X (Takara Bio).
HEK293T cells were transduced by incubation with super-
natant media followed by puromycin selection 48 h later
at a concentration of 0.75 ug/mL. Following selection for
2 weeks, cells were sorted using fluorescence activated
cell sorting for the upper 50% of mCherry expressing
cells to generate a pure population of cells stably express-
ing the transgene.
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In yeast GFP deletion assay

To assay iCas9 function, YPH500 Ura3(MGaa) with
p415 Gall-iCas9 and with various pRS424 (guide
pairs) were cultured in 3 mL YP —Leu, —~Trp with 2% glu-
cose. After 24 h, 5 uL. of the stationary phase culture was
used to inoculate 3 mL of YP —Leu, —Trp with 2% galac-
tose, 1% raffinose. Cells were diluted down (5 uL satu-
rated culture in 3mL media) at 48h intervals. Cells
were analyzed by flow cytometry and fluorescent micros-
copy after 96h of galactose induction. Genomic DNA
was also prepared after galactose induction.

Flow cytometry

All flow cytometry was conducted on an Accuri C6 Flow
Cytometer (BD Biosciences). Samples were gated by
consistent forward scatter (FSC) and side scatter (SSC)
and 10,000 events within the FSC/SSC gate were col-
lected. A 488 nm laser excitation and a 530+ 15 nm emis-
sion filter was used for GFP fluorescence determination.
Flow cytometry files were analyzed using manufac-
ture software and in MatLab (The MathWorks). Flow
cytometry of HEK293T cells was conducted 72 h post-
transfection. Briefly, cells were dissociated using Accu-
tase (ThermoFisher), washed with phsophate-buffered
saline (PBS), and analyzed using a BD Accuri C6 cytom-
eter (BD Biosciences). GFP-positive cells were measured
compared with transfections with a non-target sgRNA.

Fluorescent microscopy

Two hundred microliters of stationary phase cultures of
yeast were spun down at 4000 g for 2 min and washed
once in 1xXPBS solution. Cells were concentrated in
10-20 uL. of 1 X PBS. To visualize cells, 1-2 uL of cell so-
lution was placed on glass microscope slides and visual-
ized on a Nikon Ti-Eclipse inverted microscope with an
LED-based Lumencor SOLA SE Light Engine with ap-
propriate filter sets. GFP was visualized with an excitation
at 472nm and emission at 520/35 nm using a Semrock
band pass filter. mCherry was visualized with excitation
at 562 nm and emission at 641/75 nm. Constant exposure
times and image gain adjustments were applied to micros-
copy data. HEK293T cells were imaged directly on tissue-
coated plates 72 h after transfection.

Genomic DNA isolation and PCR analysis of GFP
deletions

Yeast genomic DNA was prepared using the Zymo yeast
genomic DNA preparation kit per the manufacturer’s pro-
tocol with phenonl/chloroform steps included. To assay ge-
nomic deletion, PCR was conducted using Phusion DNA
polymerase (New England Biolabs). Annealing tempera-
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tures and extension times were calculated using the manu-
facturer’s protocol. PCR products were visualized via
0.8% agarose gel electrophoresis. Human cell genomic
DNA was prepared 72 hours post-transfection using the
Qiagen DNEASY kit using the manufacturer protocol.
PCR was conducted on 250ng of genomic DNA with
primers target the integration junction. Products were re-
solved on a 2% agarose gel.

Sequencing of deletion and integration products
Following gel resolution, PCR-derived amplicons of inte-
gration or deletion products were gel-extracted using the
Gen Elute gel extraction kit (Sigma-Aldrich) per the man-
ufacturer’s protocol. Following extraction, products with
phosphorylated via incubation in 50 uL reactions with T4
PNK and 1xT4 DNA ligase buffer. Reactions were heat
inactivated and ligated in equimolar ratio to Smal cleaved
and dephosphorylated pUC19. Ligations were transformed
into chemically competent NEB10f E. coli and plated on
ampicillin plates supplemented with 40 ul. X-Gal solution
(Promega). White colonies were picked and prepared using
GeneElute Plasmid Preperation kit (Sigma-Aldrich). Three
hundred nanograms of plasmid DNA was sequenced via
DNASU’s Sanger Sequencing Core facility.

Statistical analysis

Data are presented as mean of triplicate + standard devia-
tion. Statistical analyses included one-way ANOVA with
Dunnett’s multiple comparison test for genomic GFP dele-
tion and integration. One-way ANOVA with Tukey’s mul-
tiple comparison test was employed for plasma deletion.
Student’s one-tailed #-test was employed for plasmid-to-
plasmid recombination. Interdomain linker analysis was
performed uses a two-way ANOVA with Tukey’s multi-
ple comparison test. Analyses were performed in Graph
Pad’s Prism software.

Results

The design of iCas9 followed several general principles.
First, the fusion of catalytically inactive Cas9 (dCas9)
with a hyperactive mutant Tn3 resolvase (mTn3) was ac-
complished by addition of the N-terminal resolvase cata-
lytic domain to the N-terminus of dCas9 (Fig. 1A). These
domains were separated by a flexible glycine serine
(GGS x 6) linker. To facilitate nuclear entry, we included
SV40 nuclear localization sequences on both the N- and
C-termini. The choice of mTn3 was motivated by previ-
ous studies that showed mTn3 zinc finger fusions were
capable of DNA deletion and integration (Fig. 1B). Finally,
previous work demonstrated FokI-dCas9 fusion proteins
dimerize when pairs of sgRNAs were targeted in a PAM-
distal orientation.>® This suggested that mTn3’s N-terminal
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FIG. 1. Design of integrase CRISPR-associated protein-9 nuclease (iCas9) and iCas9 target sites. (A) Architecture of
the iCas9 fusion protein. A catalytically inactive Cas9 (dCas9, blue) is fused to the catalytic domain of a hyperactive
mutant recombinase from transposon TN3 (mTN3, orange). dCas9 and mTN3 are separated by a flexible linker
region (GGS x 6, gray). To promote nuclear entry, both N- and C-termini have SV40 nuclear localization signals
sequences (NLS, purple). Given catalytic domains are fused to dCas9, iCas9 is guided via single guide RNAs (sgRNAs,
blue). (B) mTN3 function is dependent on dimerization on target site sequences, followed by tetramerization.
Tetramerization results in recombination, which can occur in two directions: deletion or integration. iCas9 can target
either DNA deletion if target recognition sites are located on the same molecule (left), or alternatively iCas9 can
target DNA integration if target sites are on separate DNAs (right). (C) The design of an iCas9 recognition site
consists of two sgRNA targets (dark and light gray) flanking a TN3 Res1 core recognition sequence (core, orange).
The two sgRNAs have a protospacer adjacent motif (PAM, red) distal orientation. mTN3-dCas9 fusions bind in
positions around the core sequence allowing for mTN3 catalytic domain dimerization.

heterologous fusion with dCas9 are presented adjacent to
the 5" end of the sgRNA bound to a protospacer DNA. Fur-
thermore, solved protein structures for streptococcus pyo-
genes Cas9 place the N-terminus closer to the 5" end of
the sgRNA than the C-terminus.>* Collectively, structural
information and previous FokI-dCas9 results strongly sug-
gest that a PAM-distal protospacer orientation flanking
a mTn3 core recognition site should enable RNA-guided
targeting (Fig. 1C).

To demonstrate that iCas9 targets eukaryotic genomic
DNA, we constructed a Saccharomyces cerevisaea dual-
fluorescent recombination reporter system, which con-

tains GFP and mCherry expression cassettes and enabled
detection of recombination using flow cytometry and fluo-
rescence microscopy.>> Both GFP and mCherry were con-
stitutively expressed from translation elongation factor 1
(Tef1) promoters. The GFP cassette was flanked by Tn3
Resl core sequences and resulted in GFP deletion upon
iCas9 targeting (Fig. 2A, Supplementary Fig. S1). Each
core sequence was flanked with numerous PAMs, which
enabled systematic analysis of sgRNA spacings (Table 1,
Supplementary Fig. S2). iCas9 was placed on a yeast
Cen6 vector with galactose inducible promoter, and
sgRNAs were placed on a yeast 2 u vector with SNR52
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FIG. 2. Validation of iCas9 function and target site design using a yeast-based GFP-deletion assay. (A) A diagram
of chromosomally integrated dual-fluorescent reporter for detection of iCas9 function. The reporter contains GFP
(green) and mCherry (red) coding regions transcribed from separate TEF1 promoters (gray arrows). iCas9
recognition sites flank the GFP expression cassette, wherein each site contains a left (dark gray rectangle) and right
(light gray rectangle) protospacers flanking a TN3 Res1 core sequence (orange square). Functional targeting of iCas9
results in GFP deletion generating GFP—, mCherry+ cells. (B) A representative flow cytometry scatter plot for yeast
expressing the reporter, iCas9, sgRNAs G and H after 96 h of galactose induction of iCas9 expression. NFC,
nonfluorescent channel. (C) Systematic analysis of sgRNA spacing on iCas9 function, as measured by GFP deletion
on flow cytometry. Inset shows spacing as measured from the 5" ends of sgRNAs flanking the core sequence.
sgRNAs A-M are systematically spaced around the core sequence and distances ranging from 16 to

40 bp. Nontarget sgRNA [sg(NT)] is a control guide not matching the target site, where the dashed line indicates
background false GFP deletion. “Symmetric” indicates left and right guides are positioned equal distances around
the core site. “Asymmetric” guide combinations are at varying distances from the core. *p <0.05, **p <0.01,
***p<0.001, ****p<0.0001 compared with sg(NT) by one-way ANOVA with Dunnett’'s multiple comparison test. (D)
Fluorescent microscopy of yeast expressing iCas9 and sg(NT) or the 22 bp targeting pair, sg(G:H). GFP and mCherry
dual-positive cells are orange on merge, while GFP deletions appear as red only (GFP—, mCherry+). Scale bar is

20 um. (E) Gel electrophoresis of amplicons using primers flanking the reporter locus. The starting reporter results in
a 5 kilobase (kb) PCR product and GFP deletion results in a 4 kb amplicon. Coexpression of iCas9 and sg(G:H) results
in detectable DNA deletion via formation of the 4 kb product. (F) Sequencing of iCas9 target sites from isolated and
subcloned deletion amplicons. Sequencing results (Seq1-Seq5) aligned to the expected recombination product
(Expect). Deletion products match the expected recombination sequence and are free of insertion deletion (indel)
mutations.
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FIG. 3. Detection of iCas9 function using an episomal deletion assay in human cells. (A) A dual-fluorescence
plasmid systems contains an EF1o-HTLV promoter (gray arrow), iCas9 recognition sites (gray and orange rectangles)
flanking mCherry (red), and a downstream GFP (green) reading frame. iCas9 targeting results in deletion of mCherry
and generation of a GFP-only vector. (B) HEK293Ts were cotransfected with the GFP-mCherry reporter plasmid,
iCas9, and guides targeting the recognition sites. Cotransfection of iCas9 and a sg(NT) resulted in no shift of GFP
expression. However, targeting with 22, 30, and 40 bp sgRNA spacings spacing shifted GFP by 2.8+0.7, 2.7 £.0.4
and 1.3+£0.4 % respectively. *p <0.05, **p <0.01, ***p <0.001, by one-way ANOVA with Tukey’s multiple comparison

test. NS, nonsignificant.

promoters (Supplementary Fig. S1). We found coexpres-
sion of iCas9 along with targeting sgRNA pairs resulted
in loss of GFP detectable by flow cytometry (Fig. 2B).
Expression of a nontarget sgRNA [sg(NT)] or single
sgRNA did not result in statistically significant GFP de-
letion, however sg(H) did result in subtle levels of GFP
deletion (Fig. 2C). This is consistent with previous re-
ports indicating that hyperactive recombinases are capa-
ble of spontaneous dimerization and recombination.*®
We hypothesized that mTn3’s dimerization-dependent
function would preferentially operative via cooperative
targeting by sgRNAs. As such, we systematically ana-
lyzed sgRNA spacing’s from 16 bp to 40 bp. Consistent
with this, we found symmetric spacings of 22 [sg(G:H)]
and 40bp [sg(K:L)] resulted in 6.4+0.4% and 6.9+
0.6% GFP deletion, respectively. However, 30 bp spacing
symmetrically [sg(I:J)] placed around the core sequence
reduced the GFP deletion efficiency. Alternatively, asym-
metric spacings of 31 bp [sg(G:L) or sg(K:H)] around the
core resulted in GFP deletion efficiencies similar to
those observed for symmetric spacings of 22 and 40 bp
(Fig. 2C). Interestingly, the observed functional spacings
are consistent with the requirement for targeting resol-
vase monomers to the same DNA helical face (see Sup-
plementary Fig. S3).

To confirm that loss of GFP was due to GFP deletion
and not the result of spurious cell death, we utilized fluo-
rescence microscopy to detect GFP and mCherry expres-
sion. We found all cells with a nontarget guide [sg(NT)]

did not result in GFP deletion as all cells expressed both
GFP and mCherry. However, cooperative targeting with
sgRNA pairs (sg[G:H]) resulted in GFP-negative cells
with intact mCherry expression (Fig. 2D). To verify that
recombination occurred on the endogenous DNA level,
we performed PCR with primers flanking the GFP and
mCherry expression cassettes. In the absence of GFP de-
letion, the PCR reaction would result in a 5kb product
while GFP deletion would result in a 4 kb amplicon. As
expected, we observed the formation of this 4kb
deletion-dependent product when we coexpressed iCas9
with sgRNA pairs [sg(G:H)] but did not observe this
product when iCas9 was employed with a nontargeting
sgRNA [sg(NT)] (Fig. 2E). To further characterize the
deletion product, we isolated, subcloned, and Sanger se-
quenced the 4kb deletion amplicons and observed the
expected recombination product without insertion dele-
tion (indel) mutations (Fig. 2F). Together, these results
indicate that iCas9 targets DNA deletion and its function
is dependent on RNA guidance.

Aiming to improve iCas9 function, we speculated that
the interdomain linker amino acid sequences in our iCas9
domains could improve DNA targeting efficiency. To
that end, we engineering several iCas9 variants with a
range of flexible glycine serine and rigid linkers, includ-
ing those that have been previously used with Cas9 heter-
ologous fusions proteins.'>** We assessed the efficiency
of these iCas9 variants in our GFP deletion assay with
two sets of sgRNA pairs [sg(G:H) and sg(K:L)]. We
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FIG. 4. iCas9 targets plasmid-to-plasmid recombination in human cells. (A) A dual-plasmid reporter for detection
of intermolecular recombination. A promoterless GFP donor vector contains an iCas9 recognition site. A separate
mCherry acceptor vector contains an EF1a-HTLV promoter with iCas9 target site and mCherry downstream.
Recombination results in placement of GFP downstream of the promoter and mCherry-GFP dual-positive cells. (B)
HEK293Ts were cotransfected with dual-reporter plasmids, iCas9 and sgRNAs. Scale bar=200 um. (C) Flow
cytometry scatter plots of plasmid-to-plasmid recombination experiments. Untransfected HEK293Ts (gray, lower left,
LL) were used to define gates for GFP+ and mCherry+ (dashed lines). HEK293Ts were cotransfected with reporter
vectors, iCas9, and sg(NT) (red) or sg(G:H) (blue). Targeting resulted in GFP-mCherry dual-positive cells (upper right,
UR). (D) Fold-increase of GFP-mCherry dual-positive cells for iCas9 transfections. Targeting of GFP-donor and
mCherry-acceptor with sg(G:H) results in a 10.6+0.5 fold-increase of dual-positive cells, results of recombination, at
the target site compared to a control sgRNA sg(NT). ***p < 0.001, as determined by one-tailed Student’s t-test.

did not observe a marked increase in GFP deletion effi-
ciency with these other iCas9 variants versus our origi-
nal iCas9 construct, which employed a flexible glycine
serine (GGS X 6) linker (Supplementary Fig. S1). There-
fore, we proceeded with subsequent evaluation of iCas9
using the (GGS x 6) linker design.

To assess the function of iCas9 in human cells, we
developed a dual-fluorescence detection plasmid-based
reporter. The reporter plasmid contained mCherry flanked
by core recognition sites with GFP downstream (Fig. 3A
and Supplementary Fig. S5A). Therefore, mCherry dele-
tion would result in cells expressing GFP only, yielding a
population of cells with GFP levels shifted over mCherry.

We cotransfected HEK293T cells with dual-reporter,
sgRNA, and iCas9 expression vectors while gating out
untransfected cells. The shift of cells with GFP over
mCherry expression was quantified using flow cytometry
to evaluate sgRNA spacings for our plasmid targeting
assay. While the use of a nontargeting sgRNA [sg(NT)]
did not result in a GFP shift, sSgRNA pairs with spacings
of 22 [sg(G:H)], 30 [sg(I:))], and 40 bp [sg(K:L)] resulted
in a statistically significant increase in shifted GFP
(Fig. 3B). Moreover, these results indicated that sgRNA
pairs with 22 [sg(G:H)] and 30bp [sg(l:J)] spacings
were comparably functional (Fig. 3B). These results are
interesting because previous work with Gin-dCas9 fusions
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FIG. 5. Multiplex targeting of iCas9 enables genome integration in human cells. (A) A genome integrated mCherry
acceptor cassette contains an elongation factor 1a—human T-cell leukemia virus hybrid promoter (EF1¢-HTLV), and
downstream iCas9 recognition site with an mCherry coding sequence. Integration of GFP into the genomic acceptor
cassette results in GFP+ cells. (B) Design scheme for accessory targeting adjacent to the iCas9 core target site.
Recombination between GFP-donor (green) and mCherry-acceptor (red) is coordinated by multiplex targeting of
iCas9 binding. Accessory guide sites were targeted downstream of the iCas9 core site. We tested targeting of the +
or — strand and varying distances (x bp). (C) Fold-increase of GFP+ over sg(NT) control. Targeting with iCas9 at the
core site and downstream accessory 22 bp away resulted in 9.4+ 2.5 fold-increase of GFP+ cells. Compared to
sg(NT): ****p <0.0001, by one-way ANOVA with Dunnett’'s multiple comparison test. (D) PCR detection of integration
from isolated genomic DNA using primers flanking the recombination junction (inset by photo). “Mock” is a mock
transfection of the mCherry-acceptor HEK293T cell line. iCas9 and GFP-donor were cotransfected with various guide
combinations: G:H, 22 bp spacing without accessory guide; and G:H:M, 22 bp spacing with accessory targeting. (E)
Subcloning strategy for isolation and characterization of recombination products. Recombination products were
amplified via PCR from genomic DNA. Amplicons were phosphorylated by treatment with T4 polynucleotide kinase
(T4 PNK) then ligated into pUC19. Ligation reactions were transformed (Tform) and plasmid clones were Sanger
sequenced. (F) Alignments of Sanger sequenced recombination products against the expected recombination
product (expect). Seq1-Seq12 indicate the expected recombination product free of indel mutations. Asterisks
indicate nucleotides are consistent across all sequencing results.
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Table 1. Single guide RNA guide sequences and iCas9-site design

sgRNA Position Spacing (bp) Guide sequence
A Left 16 CGAACGTACGAGTGCAAGCC
B Right 16 CAGACAGACCATACTCCAGA
C Left 18 GAACGTACGAGTGCAAGCCT
D Right 18 AGACAGACCATACTCCAGAT
E Left 20 AACGTACGAGTGCAAGCCTG
F Right 20 GACAGACCATACTCCAGATG
G Left 22 ACGTACGAGTGCAAGCCTGG
H Right 22 ACAGACCATACTCCAGATGG
I Left 30 ACGAGTGCAAGCCTGGGGGA
J Right 30 ACCATACTCCAGATGGGGGA
K Left 40 TGCAAGCCTGGGGGATGGAT
L Right 40 ACTCCAGATGGGGGATGGCT
NT NA NA AGAAGAGCGAGCTCTTCT
iCas9 site
Left 20 Bp Core Right

TCCGATCCATCCCCCAGGCTTGCACTCGTACGTTCGAAATATTATAAATTATCAGACAGACCATACTCCAGATGGGGGATGGCTAGGT

Single guide RNA (sgRNA) names (A-L) are indicated with position relative to the core sequence (left/right). Base pair (bp) spacings between tested
sgRNA pairs (Fig. 1C) are indicated. Specific guide and iCas9-site nucleotide sequences are indicated. The 20 bp TN3 core sequence is underlined. NT,

nontarget control sgRNA; NA, not applicable.

have reported the ability for 30bp sgRNA spacing to
target DNA deletion on plasmid substrates.”* This may
be due to the use of supercoiled plasmids as substrates,
which may support less stringent spacing requirements
due to DNA coiling and 3-D presentation. Nevertheless,
because 22 bp sgRNA spacing worked efficiently in both
plasmid and genomic assays, we chose to proceed with
this sgRNA pair for subsequent evaluation of iCas9.

Next, to determine iCas9’s ability to target intermolec-
ular recombination, we developed a two-plasmid reporter
system for plasmid-to-plasmid integration. In this system,
one plasmid contains an elongation factor lo (EFlo)
human T-cell leukemia virus (HTLV) hybrid promoter,
and a core target site upstream of a mCherry coding re-
gion. A second promoterless GFP-donor plasmid con-
tains a core target sequence upstream of a GFP reading
frame (Supplementary Fig. S5B, C). Therefore, success-
ful intermolecular recombination would result in the GFP
donor being integrated downstream of the EFl1o-HTLV
promoter, resulting in dual-GFP and —mCherry positive
cells (Fig. 4A). As such, we used GFP expression as
detected by flow cytometry and fluorescence microscopy
as an indicator of recombination efficiency. As expected,
cotransfection of iCas9 and a nontarget sgRNA [sg(NT)]
did not result in significant intermolecular molecular re-
combination with only mCherry expressing cells present
(Fig. 4B-D). However, targeting with sgRNA pairs with
22 bp spacing [sg(G:H)] resulted in a significant increase
in GFP-positive cells (Fig. 4B-D). Together, these results
indicate that iCas9 is capable of both plasmid-based
DNA deletion and integration in human cells.

Given iCas9 targeted plasmid-to-plasmid recombination,
we attempted to determine whether iCas9 can mediate
plasmid-to-genome integration. To accomplish this proof-
of-principle experiment, we adapted our plasmid-based
assay to detect genome integration (Fig. SA). Briefly, we
used aretroviral vector (Supplementary Fig. S5D) to generate
a stable HEK293T line in which the mCherry acceptor cas-
sette (EF1o/HTLV hybrid promoter with a core target site
upstream of a mCherry coding region) was integrated into
the genome (Fig. 5A). Similar to the plasmid-based assay,
successful genome integration of the GFP donor plasmid
would result in in dual-GFP and —mCherry positive cells.
As expected, when we cotransfected iCas9 and the GFP
donor vector with a nontargeting sgRNA [sg(NT)], we
did not observe recombination (Supplementary Fig. S6B).
Surprisingly, when we cotransfected iCas9 and the GFP
donor vector with a sgRNA pair [sg(G:H)] that previously
allowed for integration in our plasmid-based assay, we
did not observe recombination (Supplementary Fig. S6B).

Because iCas9 mediated plasmid-to-plasmid but not
plasmid-to-genome recombination, we hypothesized that
cooperative targeting might be necessary to enable
iCas9-bound GFP-donor plasmids to interact with the ge-
nomic acceptor locus to facilitate integration. In this
vein, previous work has shown that bacterial Tn3 resolvase
uses cooperative binding at adjacent accessory sites to en-
sure efficient recombination of cointegrate products, where
Tn3 resolvase coordinates substrate DNA bending, super-
coiling, and 3-D positioninzc_;.lg’37 We reasoned that
multiplex sgRNAs targeting can recreate accessory site
binding, which should allow for extra mTn3 domains to
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coordinate interaction between the GFP donor and the ac-
ceptor locus. To test this strategy, we designed a series of
sgRNAs adjacent to the target core sites. These sgRNAs
were targeted to either the “+”” or ““—"’ strand at varying
base pair distances from the core target site (Fig. 5B and
Supplementary Fig. S6A). We cotransfected these acces-
sory sgRNAs with sg(G:H), GFP donor, and iCas9 into
the mCherry-acceptor line. Of the accessory sgRNAs
tested, we observed a significant increase in the number
of GFP-positive cells when using an accessory sgRNA
that targeted the ‘4’ strand 21bp from the core site
[sg(M)] (Fig. 5C and Supplementary Fig. S6B). To con-
firm that integration occurred on the genomic level, we
isolated genomic DNA and performed PCR with primers
flanking the integration junction (Fig. 5A). A PCR product
was only observed in conditions in which the optimized
accessory sgRNA was employed [sg(G:H:M)] (Fig. 5D).
To further confirm the identity of integration PCR prod-
ucts, we utilized a strategy of amplicon sub-cloning and
sequencing of recombination products (Fig. 5E). Sequenc-
ing of PCR amplicons indicated the expected recombina-
tion product free of apparent indels (Fig. SF). In sum, this
data indicates that iCas9 is capable of not only plasmid-
targeting but also plasmid-to-genome integration.

Discussion

Here we report the development of iCas9, a hyperactive
mutant Tn3 resolvase fused to dCas9. We demonstrated
iCas9’s function in two eukaryotic hosts—yeast and
human cells. We initially focused on developing an
iCas9 capable of targeting eukaryotic genomic DNA.
To accomplish this, we detected recombination using a
yeast-based fluorescent reporter system. These experi-
ments identified optimal symmetric spacings of 22 and
40bp and asymmetric spacing of 31bp. Interestingly,
this is consistent with the Watson—Crick DNA structure
being 10.5bp per helix turn combined with the require-
ment for colocalization of mTn3 catalytic domains to
the same helical face of the DNA molecule (Supplemen-
tary Fig. S3). Furthermore, our optimal sgRNA spacing
of 22bp is corroborated by zinc finger mTn3 fusions,
which have an optimal spacing of 20-22 bp.***” In gen-
eral, this phenomena is supported by FokI-dCas9 fusions
that use 15 or 25bp spacings, where sgRNA spacing
match the requirement for Fokl dimerization on opposite
DNA helical faces.”> We demonstrated iCas9’s function
in human cells using a plasmid-based reporter and con-
firmed the functionality of the 22bp sgRNA spacing.
We also found 30 bp to be functional, which is consistent
with previous reports using analogous recombinase-Cas9
designs.>* We reason these altered spacing stringencies
may be due to the use of supercoiled plasmids as sub-
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strates, which may have different spacing preference
than linear genomic DNA.

Targeting strategies developed here may allow iCas9
and analogous recombinase Cas9s to direct DNA integra-
tion. To test this method, we developed a plasmid-based
intermolecular recombination assay. Using this assay, we
found iCas9 is capable of targeting recombination be-
tween separate DNA molecules (Fig. 4). We expanded
on these experiments to enable targeting of DNA integra-
tion into the human genome (Fig. 5). Recently Chaikind
et al. engineered a recombinase Cas9 (recCas9) via fu-
sion of dCas9 with Gin invertase.>* Similarly to recCas9,
iCas9 was able to achieve plasmid and genomic DNA
deletion. However, we wanted to explore the ability of
1Cas9 to facilitate genome integration, which has not pre-
viously been reported in other Cas9-based systems. To
accomplish this, we adopted a scheme of accessory target
site binding, wherein sgRNAs are targeted adjacent to the
core sequence guides. Accessory binding sites for Tn3
resolvase have been implicated in regulating 3-D presen-
tation of recombinase subunits, local DNA supercoiling
and result in improved recombination efficiency.?®*
We designed a tiling of sgRNAs to recapitulate this
with iCas9. Interestingly, we identified one multiplexing
strategy that employed an accessory sgRNA [sg(M)] that
utilized a spacing and orientation that approximates the
22 bp spacing observed between the Res1 core and adja-
cent accessory binding sites native to Tn3 transposon
(Fig. 5)."%2°37 The ability of iCas9 to achieve genomic
integration offers new applications not currently afforded
by other Cas9-based recombinase systems.

Currently, the versatility of iCas9 to facilitate genomic
integration is constrained by the requirement of accessory
sgRNA binding (as there may not be “NGG”” PAM se-
quences available with the optimal positioning) as well
as the Tn3 Resl core sequence to enable targeted recom-
bination (which might not be located near the site of
desired integration). In the future, the constraint of the
need for and accessory sgRNA could be resolved through
the engineering of iCas9 versions that employ highly
versatile PAM variants of Cas9, such as xCas9.3%3° Spe-
cifically, xCas9 requires only an “NG”’ PAM sequence,
which could drastically improve the versatility of iCas9
targeting. As it relates to the requirement for the core se-
quence, novel Tn3 catalytic domains that target new core
sequences could be achieved in the future by recombi-
nase directed evolution. For instance, substrate linked
protein evolution enabled optimization of multiple serine
recombinases catalytic domains for sites diverging from
their native core sequences.40 More recently, a robust
and highly sensitive strategy for recombinase directed
evolution was developed via split gene reassembly of
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an antibiotic resistance cassette.*' Split gene reassembly
has enabled structure reprogramming of Tn3 resolvase
and generation of Gin invertase variants that recognize
up to 3.77x 10" unique DNA sequences.“z’43 Likewise,
this has expanded the targeting scope of f and Sin recom-
binase.** Furthermore, directed evolution using these
methods has enabled targeting of recombinases to disease
relevant and human genome safe harbor sites.*” Moving
forward, these techniques will be beneficial in character-
izing and extending the targeting versatility of iCas9.

Admittedly, the current integration efficiency with
iCas9 (i.e., 0.078£0.021%) is low. It should be noted
that this efficiency is comparable to previous reports
with recCas9, which achieved 0.023 +0.013% with geno-
mic DNA deletion.** This indicates general improvement
of genome targeting efficiency for recombinase-Cas9s as
an important point of optimization necessary before prac-
tical application. We speculate that the low efficiencies
might be due to genomic DNA that is constrained by
epigenetic interactions and genomic localization.*®*’ In
particular, genomic spatial constraints may reduce Cas9
binding and prevent recombinase tetramerization. In
future work, the optimization of the recombinase cata-
Iytic domain might serve as a strategy to increase recom-
bination efficiency.'® For instance, ®C31 integrase
efficiency was improved by 5.5-fold via scanning muta-
genesis.*® In regards to iCas9-site design, we employed
heterodimeric recombinase sites (i.e., requiring targeting
by two sgRNAs; Fig. 2C); however, it is possible that
recombinase sites with symmetrical targeting via a single
sgRNA may be more optimal. In addition, modification
of dCas9 itself could potentially improve targeting effi-
ciency as has been reported for base editing systems that
employed a codon optimized dCas9. Another strategy to
improve iCas9 genomic integration efficiency would be
through the optimization of the interdomain linkers.
Although we examined a subset of such linkers, a more
extensive analysis of a broader set of interdomain linkers
might be warranted given their effect on the efficien-
cies with other Cas9 heterologous fusions proteins.lS’33
Finally, as is the case with other genome modification
systems, iCas9 efficiency could be improved by increas-
ing its cellular expression through improved delivery
strategies (e.g., electroporation) or optimized promoter
systems. Overall, comprehensive optimization of Tn3
catalytic domain, interdomain linker, dCas9 expression
and site design will be beneficial to improve iCas9’s tar-
geting efficiency moving forward.

One of the potential advantages of iCas9 is that be-
cause the mTn3 catalytic domains of iCas9 preferentially
operates via paired targeting by sgRNAs (Fig. 2C), it
reduces the likelihood of unwanted off-target modifi-
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cations. In this study, given iCas9’s relatively low effi-
ciency at targeting genomic loci, we speculated that
off-target editing, if any, would be beyond the limits of
detection. However, with improved targeting efficiency
it is possible that iCas9 can induce off-target dimerization
and recombination in a manner similar to that has been
reported with hyperactive serine recombinases.*® If this
becomes an issue with future iCas9 variants, directed
evolution and rationally targeted mutagenesis of dimer
interfaces may be employed to generate iCas9 variants
that avoid spontaneous and off-target recombination.
For example, to address off-target interactions, Gaj and
colleagues used rational design and directed evolution
of recombinases dimer interfaces to reduce off-target
homodimerization by greater than 500-fold.*® Finally,
as we continue to optimize iCas9 targeting efficiency, it
will be important to have strategies to detect off-target re-
combination. We envision techniques such as split gene
assembly which allow for sensitive detection of recombi-
nase function will enable for accurate measurement of
potential iCas9 off-target effects.*'

One of the major benefits of iCas9 is that because of its
fused recombinase functionality it does not directly rely
on DSBs repair pathways such as NHEJ and HDR. In par-
ticular, HDR-based repair is dependent on cell division,”
which has limited CRISPR-targeted editing techniques in
post-mitotic cells. In addition, it has been shown that
DSB-dependent editing results in upregulation of p53,
which reduces editing efficiency and induces apoptosis
of edited cell populations.lo’ll Furthermore, DSBs can
lead to large, multiple kilobase deletions, insertions,
and complex rearrangements.'*'? In fact, PCR and se-
quencing of iCas9 recombination products revealed that
they were free of unwanted indel mutations (Figs. 2F
and 5F). With further optimization of the versatility and
efficiency, iCas9 derivatives may be helpful in editing
cell types recalcitrant to DNA manipulations and avoid-
ing the pitfalls of DSB-based editing strategies.

We envision that with continued development that iCas9
will be beneficial for synthetic biology in the construction
and implementation of recombinase-based gene networks.
Recombinase based gene networks are of increasing inter-
est to synthetic biology.*’ These systems can integrate mul-
tiple biological inputs and turn them into saved ‘“DNA
memory.”” Recombinase based logic can be constructed
in a way to imbue biological systems with Boolean logic
functions or even 8-bit memory.**>° These systems are ca-
pable of robust function.>®! Development of new iCas9s
via engineering of mTn3 dimer interfaces could generate
orthogonal iCas9 variants, which would enable RNA-
programmed recombinase-based gene networks. This may
be useful for generating new and novel genetic circuits.
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Conclusion

In summary, we present a framework for design and tar-
geting of a Tn3 resolvase—dCas9 fusion (iCas9). We use
iCas9 to target both DNA deletion and integration on
genomic and episomal substrates. We identify sgRNA
design parameters for DNA deletion and cooperatively
targeted integration. With characterization of versatility
and improved efficiency, it is feasible that recombinase-
Cas9 systems like iCas9 be useful for a variety of
biotechnology-related applications. Finally, this system
will enable the development of new approaches to
CRISPR-Cas9-based genome engineering and the crea-
tion of new synthetic gene networks.
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