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Figure 4. RecCas9 can target multiple sequences identical to those in the human genome. (A) The target sites shown in Figure 1 are replaced by sequences
found within the human genome. See Table S6 from the Supplementary Data for sequences. A recCas9 expression vector was cotransformed with all
combinations of guide RNA vectors pairs and reporter plasmids. Off-target guide RNA vectors were also cotransformed with the recCas9 expression
vector and reporter plasmids and contain guide RNA sequences targeting CLTA and VEGF (10). The percentage of EGFP-positive cells reflects that
of transfected (IRFP-positive) cells. At least 6000 live events are recorded for each experiment. Values and error bars represent the mean and standard
deviation, respectively, of at least three independent biological replicates. (B) Transfection experiments were performed again, replacing the resistance
marker in the recCas9 expression vector and pUC with SpecR. After cotransfection and incubation, episomal DNA was extracted, transformed into E. coli
and selected for carbenicillin resistance. Colonies were then sequenced to determine (C) the ratio of recombined to fully intact plasmids. (D) Sequencing
data from episomal extractions isolated from transfected cells. Columns and rows represent the transfection conditions. Each cell shows the percent of
recombined plasmid, determined by dividing the number of recombined plasmids by the total number of sequenced plasmids for each condition. The
values shown reflect the mean and standard deviation of two independent biological replicates. The average difference between the mean and each replicate
is shown as the error. Guide RNA expression vectors and guide RNA sequences are abbreviated as gRNA.
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from two separate sets of transfection experiments revealed
only three sequencing reads containing potential deletion
products at otherwise non-recombined plasmids.

One of these deletion-containing reads was observed in a
chromosome 12 reporter plasmid that was transfected with
the pUC control and lacked both recCas9 target sites as well
as the polyA terminator. We attribute this product to DNA
damage that occurred during the transfection, isolation or
subsequent manipulation. Because recCas9 may only local-
ize to sequences when cotransfected with reporter and cog-
nate guide RNA expression vectors, a more relevant metric
may be to measure the total number of deletion products
observed when reporter plasmids are cotransfected with
cognate guide RNA vectors and recCas9 expression vectors.
A single indel was observed out of a total of 185 plasmids
sequenced from cotransfections with the chromosome 5-site
1 reporter and cognate guide RNA. Similarly, one indel was
observed out of 204 plasmids from the chromosome 12 re-
porter following transfection with cognate guide RNA and
recCas9 expression vectors. Notably, out of 202 sequencing
reads, no indels were observed from the chromosome 13 re-
porter following cognate guide RNA and recCas9 cotrans-
fection, despite resulting in the highest observed levels of
recombination. These observations collectively suggest that
recCas9 mediates predominantly error-free recombination.

Taken together, these results establish that recCas9 can
target multiple sites found within the human genome
with minimal cross-reactivity or byproduct formation. Sub-
strates undergo efficient recombination only in the presence
of cognate guide RNA sequences and recCas9, give clean
recombination products in human cells, and generally do
not result in mutations at the core-site junctions or prod-
ucts such as indels that arise from cellular DNA repair.

RecCas9-mediated genomic deletion

Finally, we investigated whether recCas9 is capable of oper-
ating directly on the genomic DNA of cultured human cells.
First, we attempted to use recCas9 to genomically integrate
a plasmid containing a geneticin resistance marker and a
sequence matching the chromosome 13-FGF14, chromo-
some 12 or chromosome 5-site 1 tested in Figure 4. How-
ever, we did not observe an increase in antibiotic resistance
indicative of integration in HEK293 cells. Reasoning that
deletion should be more favorable than integration, we used
the list of potential recCas9 recognition sites in the human
genome (Supplementary Table S9) to identify pairs of sites
that, if targeted by recCas9, would yield chromosomal dele-
tion events detectable by PCR. We designed guide RNA
expression vectors that would direct recCas9 to those rec-
Cas?9 sites closest to the chromosome 5-site 1 or chromo-
some 13 (FGF14 locus), sites which were both shown to be
recombined in our transient transfection assays (Figure 4).
The new target sites ranged from ~3 to 23 Mbps upstream
and 7 to 10 Mbps downstream of chromosome 5-site 1, and
12 to 44 Mbps upstream of the chromosome 13-FGF14
site. We cotransfected the recCas9 expression vector with
each of these new guide RNA pairs and the validated guide
RNA pairs used for chromosome 5-site 1 or chromosome
13-FGF14, but were unable to observe evidence of chromo-
somal deletions by genomic PCR.
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We reasoned that genomic deletion might be more effi-
cient if the recCas9 target sites were closer to each other on
the genome. We identified two recCas9 sites separated by
14.2 kb within an intronic region of FAM19A42; these sites
also contained identical dinucleotide cores which should
facilitate deletion. FAM19A42 is one of five closely related
TAFA-family genes encoding small, secreted proteins that
are thought to have a regulatory role in immune and nerve
cells (57). Small nucleotide polymorphisms located in in-
tronic sequences of FAMI9A42 have been associated with
elevated risk for systemic lupus erythematosus (SLE) and
chronic obstructive pulmonary disease (COPD) in genome-
wide association studies (57); deletion of the intronic re-
gions of this gene might therefore provide insights into the
causes of these diseases. We cloned four guide RNA se-
quences in expression vectors designed to mediate recCas9
deletion between these two FA M19A2 sites. Vectors express-
ing these guide RNAs were cotransfected with the recCas9
expression vector (Figure 5A). RecCas9-mediated recom-
bination between the two sites should result in deletion of
the 14.2-kb intervening region. Indeed, we detected this
deletion event by nested PCR using gene-specific primers
that flank the two FAM19A2 recCas9 targets. We observed
the expected PCR product that is consistent with recCas9-
mediated deletion only in genomic DNA isolated from cells
cotransfected with the recCas9 and all four guide RNA
expression vectors (Figure 5B). We could not detect the
deletion PCR product in the genomic DNA of cells trans-
fected without either the upstream or downstream pair
of guide RNA expression vectors alone, without the rec-
Cas9 expression plasmid or for the genomic DNA of un-
transfected control cells (Figure 5B). Our estimated limit
of detection for these nested PCR products is ~1 dele-
tion event per 5500 chromosomal copies. We isolated and
sequenced the 415-bp PCR product corresponding to the
predicted genomic deletion. Sequencing confirmed that the
PCR product matched the predicted junction expected from
the recombinase-mediated genomic deletion and did not
contain any insertions or deletions suggestive of NHEJ
(Figure 5C).

We estimated a lower limit on the minimum genomic dele-
tion efficiency using nested PCR on the serial dilutions of
genomic template (see Supplementary Note S4 or (58) for
greater detail). A given amount of genomic DNA that yields
the recCas9-specific nested PCR product must contain at
least one edited chromosome. To establish a lower limit on
this recCas9-mediated genomic deletion event, we therefore
performed nested PCR on serial dilutions of genomic DNA
(isolated from cells transfected with recCas9 and the four
FAM19A2 guide RNA expression vectors) to determine the
lowest concentration of genomic template DNA that results
in a detectable deletion product. These experiments reveal
a lower limit of deletion efficiency of 0.023 4+ 0.017% (av-
erage of three biological replicates) (Figure 5D), suggest-
ing that recCas9-mediated genomic deletion proceeds with
at least this efficiency. Nested PCR of the genomic DNA
of untransfected cells resulted in no product, with an esti-
mated limit of detection of <0.0072% recombination. To-
gether, these results indicate that recCas9 can mediate a tar-
geted, seamless deletion of a native locus present within ge-
nomic DNA of cultured human cells.
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Figure 5. recCas9 mediates guide RNA- and recCas9-dependent deletion of genomic DNA in cultured human cells. (A) Schematic showing predicted
recCas9 target sites located within an intronic region of the FAM19A2 locus of chromosome 12 and the positions of primers used for nested PCR. (B)
Representative results of nested genomic PCR of template from cells transfected with the indicated expression vectors (n = 3 biological replicates; NTC
= no template control). The asterisk indicates the position of the 1.3-kb predicted primary PCR deletion product. Arrow indicates the predicted 415-bp
deletion product after the secondary PCR. Both panes are from the same agarose gel, but were cut to remove blank lanes. (C) Sanger sequencing of PCR
products resulting from nested genomic PCR of cells transfected with all four gRNA expression vectors and the recCas9 expression vector matches the
predicted post-recombination product. (D) Estimated lower limit of deletion efficiency of FAMI9A42 locus determined by limiting-dilution nested PCR.
The values shown reflect the mean and standard deviation of three technical replicates.

DISCUSSION

We have demonstrated that the optimized fusion of a cat-
alytically inactive Cas9 to the hyperactive catalytic domain
of a small serine invertase results in an RNA-programmed
recombinase (recCas9). RecCas9 activity is dependent on
the presence of both guide RNA sequences targeting sites
that flank an internal pseudo gix core site. Importantly,
this fusion can be directed to a variety of endogenous hu-
man genomic sequences, resulting in seamless recombina-
tion events that rarely contain indels or other mutations
at recombinase junctions. Current or future generations of
recCas9 may prove useful as tools to cleanly delete or inte-
grate DNA for the study or treatment of genetic diseases, or
to mediate the precise exchange of genetic material during
agricultural breeding.

It is theoretically possible that recCas9 cleavage and cel-
lular repair processes such as NHEJ may form perfect junc-
tions that result in the expected deletion product. However,
this outcome is unlikely, given that numerous studies have
observed that cleavage of episomal DNA in human cells re-
sults in observable levels of error-prone repair around the
cleavage site (59-61). Deletions, caused by NHEJ-mediated
repair of complementary 5" DSBs, have been reported to be
as high as 66% of all repair products in a lymphoblastoid
cell line (61). Even under the most stringent in vitro con-
ditions, in which episomal DNA is subjected to a brief ex-
posure of an endonuclease, 4-10% of plasmids show indel
formation upon DSB repair (59). In contrast, our reporter
plasmids are continuously exposed to the recCas9:guide
RNA complex for 72 h. We would therefore expect that

any recCas9 cleavage and cellular DSB repair would occur
continuously over the course of the experiment, driving the
formation of indels that are no longer recognized by the
recCas9 enzyme. High levels of indel formation have been
observed when episomal DNA is continuously exposed to
homing endonuclease for 6-21 days (60). We examined 1947
independent plasmid sequencing reads exposed to recCas9
for 72 h and observed only two reads containing a deletion
product at the target site junction. An additional single read
containing a large deletion product was most likely an ar-
tifact of the episomal isolation process. The overwhelming
majority of examined sequences contained either intact re-
porter plasmid or the expected recombination product, pro-
viding strong support that the recCas9 functions as a guide
RNA-dependent recombinase.

This work represents the first step toward seamless,
RNA-programmed enzymatic recombination of genomic
DNA. RecCas9-catalyzed genomic integration has the po-
tential to overcome one of the major limitations imposed by
strategies that integrate DNA by HDR: in mammalian cells,
DSBs are typically repaired by error-prone processes more
frequently than by HDR. Although recombinase-mediated
integration is a less favorable process than recombinase-
mediated deletion, strategies such as recombinase-mediated
cassette exchange (RMCE) have been implemented to favor
genomic integration (18,62). Current RMCE strategies re-
quire that target sites for recombinases must be integrated
into the model organism prior to integration of exogenous
DNA. Our strategy, in principle, overcomes this limitation
by demonstrating the recCas9 system is capable of targeting
sequences found endogenously within the human genome.
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The findings reported here provide a foundation toward
RMCE on native genomic loci that would require two com-
plete recCas9 target sites to be proximal to each other. The
estimated 450 human genomic sites identified in silico for
recCas9 might be expanded substantially by replacing the
Gin recombinase catalytic domain with other natural or
manmade small serine recombinases that recognize differ-
ent core sequences; many of these related enzymes have also
been directed to novel sites via fusion to zinc finger proteins
(19,63). Moreover, recent work altering Cas9 PAM binding
specificity and the recent discovery of numerous Cas9 or-
thologs raise the possibility of further expanding the num-
ber of potential recCas9 sites (64-67). Extending the ap-
proach developed here may eventually lead to tools capable
of specific, seamless integration of exogenous DNA into the
human genome.

Deletion of the FAMI9A2 intronic sequence in human
cells demonstrates that recCas9 is capable of precisely mod-
ifying genomic DNA. While we carried out extensive op-
timization of the chimeric recCas9 to improve its activity
(Figure 2), we imagine that further improvements, e.g. by
evolving the chimeric fusion or using a recombinase domain
with a broader sequence tolerance, may increase the activity
and substrate scope of recCas9-mediated genomic modifi-
cation.

Additionally, further characterization of recCas9 se-
quence requirements and tolerances may allow a more ju-
dicious choice of target site(s) and ultimately expand the
utility of this enzyme. Such characterization may also help
explain why recCas9 was not active on two of the five ge-
nomic sequences tested in our plasmid-based assays (Figure
4). The inability of recCas9 to function on these and other
recCas9 sites may be caused by important, but unknown,
sequence preferences of ginp for gix pseudo-sites. Alterna-
tively, sub-optimal guide RNA sequences may also affect
recCas9 activity at particular sites.

Programmable, recombination-based gene deletion offers
advantages over current nuclease-based approaches for gen-
erating therapeutic gene knockouts. Unlike mutations in-
duced by programmable nucleases such as ZFNs, TALENs
or Cas9, recCas9 deletion is not dependent on error-prone
forms of DSB repair and should not be prone to unde-
sired chromosomal rearrangements such as translocations.
Non-programmable recombinase-mediated deletions have
already proven effective at removing latent HIV provirus
from infected hematopoetic stem cells (23), or unwanted
vector backbone resulting from ex vivo gene therapy (68).
Furthermore, the requirement of four separate recCas9
guide RNA-programmed binding events as well as a match-
ing dinucleotide core in the recombination substrates may
reduce the likelihood of off-target modifications commonly
observed in nuclease-mediated mutagenesis. Such therapeu-
tic applications of recCas9-mediated deletions may be pos-
sible following future studies to expand the activity and sub-
strate scope of recCas9.

Finally, recCas9 may prove especially useful for preci-
sion agricultural breeding applications. Breeding improved
crops, for example, traditionally involves crossing plant
varieties that may undergo genetic recombination during
meiosis. [solating desired progeny that contain novel al-
lelic combinations while preserving known favorable traits
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can be difficult in traditional, random breeding experiments
(69). Moreover, the existence of recombination ‘hot spots’
or ‘cold spots’ biases the chromosomal regions that partic-
ipate in crossover events and thus, the amount of diversity
that can be combined into progeny using unassisted breed-
ing (69). Plant biotechnology has embraced recombinases
as well as programmable nucleases such as Cas9 to enable
targeted genome editing (e.g. (70)); the capabilities of rec-
Cas9 may further contribute to breeding efforts using elite
cultivars by allowing researchers to manipulate the loca-
tion of crossover events during meiosis. RecCas9 or future
variants, in principle, could enhance or decrease the rate
of recombination at specified loci, without introducing for-
eign DNA into the plant genome, by catalyzing favorable
translocation events or removing specific mutational ‘hot
spots’ that result in unfavorable crossover events.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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