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Dear Editor

Cas9 protein of the Type II CRISPR-
Cas (Clustered Regularly Interspaced
Short Palindromic Repeats-CRISPR asso-
ciated)1 bacterial adaptive immune system
emerged recently as a promising tool for
genome editing in human and other
eukaryotic cells.2,3 Cas9 binds a dual
crRNA (CRISPR RNA)-tracrRNA (trans-
activating RNA) molecule, or an artificial
single-guide RNA (sgRNA) into a func-
tional complex that acts as an RNA-
directed DNA endonuclease. It locates
and binds to the target site guided by
crRNA (sgRNA) while the Cas9 protein
cuts DNA generating a double strand
break (DSB) within the target sequence.4,5

In eukaryotic cells, DSB is repaired by
“error prone” non-homologous end join-
ing (NHEJ)6 or by homology directed
repair (HDR)7 mechanisms resulting in
the genome modification or insertion of
new genetic information.8-10

Cas9 of Streptococcus pyogenes5

(SpCas9) is currently used as a model sys-
tem for genome editing applications. Typ-
ically, the DNA expression cassettes
encoding nucleus-targeted codon-opti-
mized Cas9 protein and sgRNAs are trans-
fected into the cells.11-13 The efficiency of

DNA cleavage by plasmid-delivered Cas9
in eukaryotic cells depends on multiple
factors, including expression vector
design, transfection efficiency, cell type,
recovery yield of functional Cas9 com-
plex,14 and usually requires optimization
of a set of experimental conditions. Cas9
delivery by plasmid transfection is still dif-
ficult to achieve for some hard-to-trans-
form cell lines including human primary
cells and pluripotent stem cells.15-17

Moreover, plasmid transfection occasion-
ally results in undesirable integration of
vector plasmid into the genome and is
often inefficient and stressful to cells.18

Here we report an alternative way for the
Cas9-mediated genome modification in
eukaryotic cells (Fig. 1A) by chemical
transfection of in vitro reconstituted func-
tionally active Cas9-crRNA-tracrRNA
complex of Streptococcus thermophilus
(StCas9) CRISPR3-Cas system.

The StCas9 protein bearing the nuclear
localization signal (NLS) and 6xHis tag
was purified from E.coli, and the StCas9
complex was reconstituted in vitro as
described by Karvelis et al.19,20 To enable
the delivery of reconstituted StCas919

complex into CHO-K1 cells, transfection
experiments were performed using a

protein delivery agent TurboFectTM.
Alternatively, other transfection reagents
like Lipofectamine� 2000 or 3000 can be
used to transfect Cas9 complexes into cells
(data not shown). StCas9 localization was
monitored using mouse polyclonal anti-
Cas9 antibodies along with FITC-labeled
secondary antibodies; crRNA-tracrRNA
duplex was detected via 30-biotin labeled
tracrRNA using streptavidin-coupled
Qdots� 585 nm. Both StCas9 and
tracrRNA were observed in the perinu-
clear region and within the nucleus indi-
cating that in vitro pre-assembled StCas9
complexes can be efficiently delivered into
mammalian cells for targeted genome
modification (Fig. S1).

To monitor the DNA cleavage activity
of transfected Cas9 complexes in mamma-
lian cells, we constructed a dual reporter
cassette bearing Red Fluorescent Protein
(RFP) and enhanced Green Fluorescent
Protein (eGFP) genes (Fig. 1B). eGFP
gene contains 2 sites, T1 and T2, targeted
by 2 different StCas9 complexes. The
I-CreI nuclease21 target site was also engi-
neered into the cassette. In the absence of
Cas9, eGFP fluorescence should be
observed following intron processing in
vivo. Cas9 facilitated DSB at T1 or T2
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target site should trigger DNA repair
either through NHEJ or HDR. In case of
NHEJ, mutations within the eGFP gene
would result in lost or diminished eGFP

fluorescence. HDR, on the other hand,
should result in the RFP expression due to
reassembly of the RFP gene via the engi-
neered homology arms, and enable

quantification of HDR efficiency within
the population of transfected cells. Inte-
gration of the dual reporter cassette into a
plasmid vector generated a reporter

Figure 1. Gene editing by in vitro reconstituted S. thermophilus Cas9-crRNA-tracrRNA complex. (A) Workflow of the cell transfection experiment: 1) In vitro
reconstitution of the Cas9-crRNA-tracrRNA complex; 2) Transfection mix preparation; 3) Transfection of cells; 4) Analysis of Cas9-mediated genome modi-
fication 24–48 h post transfection. (B) CMV-promoter driven dual reporter gene cassette for the Cas9 cleavage analysis and expected NHEJ or HDR repair
products. T1 and T2 designate 2 different Cas9 target sites. Insertion of the reporter gene cassette into a plasmid vector generates a reporter plasmid
while insertion into the CHO-K1 cell genome generates a stable reporter cell line. (C) Percentage of GFPC and RFPC cells (in T1 and T2-targeted samples)
estimated by a flow cytometry. (D) Detection of RFPC cells (in T1 and T2-targeted samples) using fluorescent microscope imaging. E) Cleavage analysis
of the reporter plasmid. Regions surrounding Cas9 target sites in the reporter plasmid were PCR amplified and reannealed PCR amplicons (592 bp) were
digested with Surveyor nuclease or T1 targeting Cas9 complex. Red arrows indicate 100C492 bp and 363C229 bp hydrolysis products for T1 and T2,
respectively, and undigested 592 bp fragment. Numbers below indicate indel % calculated by densitometric analysis of corresponding bands. (F) FACS
analysis of RFPC cells in the reporter CHO-K1 cell line transfected by Cas9 or I-CreI nucleases. (G) Cleavage of the chromosomal Cas9 target sites in the
CHO-K1 cell line. Regions surrounding chromosomal Cas9 target sites were PCR amplified and reannealed PCR amplicons (592 bp) were digested with
Surveyor nuclease to produce 100C492 bp fragments (T1) and 363C229 bp fragments (T2), respectively. Arrowheads indicate nuclease digestion prod-
ucts, numbers below indicate indel % calculated by densitometric analysis of corresponding bands. (H) HEK293T cells were transfected with Cas9 com-
plexes specific for DNMT3B and/or PPIB gene loci. Surveyor digestion was performed on reannealed PCR amplicons - 544 bp (DNMT3B) or 505 bp (PPIB)
yielding hydrolysis products of 335C209 bp or 330C174 bp, respectively (red arrowheads). Calculated indel percentages indicate each gene modifica-
tion extent from single or dual transfection experiments (C and F graphs shows mean values § SD, n D 3).
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plasmid while integration into the CHO-
K1 cell genome produced a stable reporter
cell line.

Functional activity of pre-assembled
Cas9 complexes was first confirmed in
vitro (Fig. S2). To demonstrate StCas9
functional activity in vivo, the dual
reporter plasmid was co-transfected
together with pre-assembled StCas9 com-
plexes. StCas9 and reporter DNA trans-
fection mixtures were prepared in separate
tubes and added to the cell culture at the
same time; the percentage of eGFPC cells
was estimated 48 h later by flow cytome-
try. When cells were transfected with the
reporter plasmid alone, the percentage of
eGFPC cells was »40%, indicative of
overall transfection efficiency (Fig. 1C).
Upon the StCas9 complex transfection,
the percentage of eGFPC cells was reduced
to 5–15%. Cell transfection by StCas9
complexes bearing non-targeting crRNA
had no affect on GFP fluorescence. Sur-
veyor nuclease assay22 revealed »27% and
»22% of insertions/deletions (indels) at
the T1 and T2 sites, respectively, indicat-
ing that Cas9 cleavage at these sites trig-
gered DSB repair via NHEJ. Importantly,
transfection of the pre-assembled StCas9
complex (Fig. 1E) or cotransfection of
StCas9 and sgRNA encoding plasmids
(Fig. S3), resulted in similar indel percent-
age in the target gene. These values were
further verified by an independent in vitro
cleavage assay. In this assay amplified
eGFP gene fragments were digested in
vitro with the Cas9 complex targeting T1
site. Assuming that NHEJ introduces
indels, we expected that PCR fragments
with indels will remain intact while
unmodified fragments will be cut by
Cas9. It turned out that the percentage of
the Cas9-resistant DNA (25%) is very
similar to that established by the Surveyor
assay. Thus, in vitro digestion of PCR
amplicons with Cas9 provides an alterna-
tive to Surveyor assay for indel quantifica-
tion in Cas9-mediated genome
modification in vivo (Fig. 1E). In this case
the indel detection is faster compared to
Surveyor assay since no additional steps of

amplicon reannealing is required. Taken
together these results demonstrate that in
vitro reconstituted Cas9 complex delivered
by transfection promotes generation of
DSB at the target site; subsequent repair
by NHEJ produces indels and inactivates
the eGFP gene.

To find out whether HDR contributes
to the DSB repair in the reporter plasmid,
we looked at the appearance of RFPC

cells: RFP was expressed in 5–8% of cells
transfected with T1 or T2 targeting
StCas9 complexes, whereas no red cells
were detected in cultures transfected with
non-targeting Cas9 complexes (Fig 1C).
The presence of RFP positive cells was
subsequently confirmed by fluorescence
microscopy (Fig 1D).

For further analysis of StCas9 cleavage
activity on the chromosomal DNA we
used the CHO-K1 cell line with a dual
reporter cassette (Fig. 1B) integrated into
the genome. The weak eGFP fluorescence
signal in the engineered cell line hindered
a reliable quantification of the Cas9 cleav-
age efficiency by monitoring the decrease
of the eGFP signal by flow cytometry.
The Surveyor assay, however, revealed
that indel values reached 2–6% for respec-
tive chromosomal target sites (Fig. 1G).
Importantly, RFPC cells were also identi-
fied by the fluorescent microscopy indicat-
ing that DSBs are also repaired by HDR
(Fig. S4). FACS analysis confirmed that
about 3–4% of cells expressed RFP in
reporter cell cultures (Fig. 1F). Transfec-
tion of recombinant I-CreI nuclease
yielded »4.5% of RFPC cells, indicating
that similar cleavage efficiencies can be
achieved by different recombinant nucle-
ases delivered using chemical transfection
(Fig. 1G). StCas9 cleavage specificity was
further verified by deep sequencing using
MiSeq system (Illumina). NHEJ-medi-
ated indels were centered about the target
site validating the cleavage specificity
(Fig. S5).

To extend the study of recombinant
Cas9 potential in multiplex genome mod-
ulation, a series of experiments were car-
ried out using HEK293T cells and StCas9

complexes specific for endogenous genes
DNMT3B or PPIB. The cells were trans-
fected with each gene targeting complexes
separately (single transfection) or together
(dual transfection). Surveyor assay
revealed that for StCas9 complex indel
values for genes DNMT3B or PPIB
reached 7 and 10% in single transfections
or 6 and 8% in dual transfections, respec-
tively (Fig. 1H). Transfections with the
pre-assembled SpCas9 complex yielded
comparable indel (%) values (Fig. S6).
Overall, this data validated that in vitro
pre-assembled Cas9 complexes could be
successfully used for genome modulation
at different genomic loci and in addition
demonstrated the potential of targeting
multiple loci at the same time.

In conclusion, this study demonstrates
for the first time the gene editing potential
of in vitro reconstituted Cas9-crRNA-
tracrRNA complex delivered by a chemi-
cal transfection agent. This finding
expands the arsenal of available tools for
direct delivery of Cas9 nuclease into
cells23,24 and opens new avenues for tar-
geted genome modification.
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