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RNA-guided endonucleases (RGENs) derived from the CRISPR/Cas system represent an efficient tool for genome editing.
RGENs consist of two components: Cas9 protein and guide RNA. Plasmid-mediated delivery of these components into
cells can result in uncontrolled integration of the plasmid sequence into the host genome, and unwanted immune re-
sponses and potential safety problems that can be caused by the bacterial sequences. Furthermore, this delivery method
requires transfection tools. Here we show that simple treatment with cell-penetrating peptide (CPP)–conjugated recombinant
Cas9 protein and CPP-complexed guide RNAs leads to endogenous gene disruptions in human cell lines. The Cas9 protein
was conjugated to CPP via a thioether bond, whereas the guide RNA was complexed with CPP, forming condensed,
positively charged nanoparticles. Simultaneous and sequential treatment of human cells, including embryonic stem cells,
dermal fibroblasts, HEK293T cells, HeLa cells, and embryonic carcinoma cells, with the modified Cas9 and guide RNA,
leads to efficient gene disruptions with reduced off-target mutations relative to plasmid transfections, resulting in the
generation of clones containing RGEN-induced mutations. Our CPP-mediated RGEN delivery process provides a plasmid-
free and additional transfection reagent–free method to use this tool with reduced off-target effects. We envision that our
method will facilitate RGEN-directed genome editing.

[Supplemental material is available for this article.]

The clustered, regularly interspaced, short palindromic repeat

(CRISPR)-associated (Cas) system is an RNA-guided DNA cleavage

system found in bacteria and archaea that serves as an adaptive im-

mune system (Horvath and Barrangou 2010; Wiedenheft et al. 2012)

and has been utilized as an attractive tool for targeted genome

editing in various systems, including bacteria (Jiang et al. 2013),

model organisms (Cho et al. 2013b; Dickinson et al. 2013; Friedland

et al. 2013; Gratz et al. 2013; Hwang et al. 2013; Li et al. 2013a,c;

Wang et al. 2013; Yang et al. 2013), plants (Li et al. 2013b; Nekrasov

et al. 2013; Shan et al. 2013), and human cells (Cho et al. 2013a;

Cong et al. 2013; Jinek et al. 2013; Mali et al. 2013). Such RNA-

guided endonucleases (RGENs) consist of the Cas9 protein and

guide RNAs. The natural guide RNAs, which comprise CRISPR

RNA (crRNA) and trans-activating crRNA (tracrRNA), direct Cas9

to a specific genomic locus harboring the target sequence and

can be replaced with a chimeric single-guide RNA (sgRNA) ( Jinek

et al. 2012). Although the short, truncated sgRNAs that were

initially used experimentally were less efficient than the native

crRNA–tracrRNA duplex (Cong et al. 2013), untruncated sgRNAs

harboring the full-length tracrRNA tail are more efficient than the

native duplex (Hsu et al. 2013) and are now predominantly used

as guide RNAs. The Cas9 nuclease (derived from Streptococcus

pyogenes) is targeted to genomic sequences that are complemen-

tary to the 20-nucleotide (nt) sgRNA guide sequence and are

followed by a 59-NGG protospacer adjacent motif. After se-

quence recognition, the Cas9 nuclease makes a double-strand

break (DSB) at that specific genomic locus, enabling targeted

genome editing.

Efficient genome editing using RGENs requires the successful

delivery of guide RNA and Cas9 into cells. Cas9 and sgRNA are

typically expressed in cells from plasmids or microinjected into

cells as mRNA and RNA, respectively. Such methods require delivery

tools such as transfection reagents or instruments for microinjec-

tion or electroporation, and the use of such plasmids in new cell

types requires the selection of optimized promoters and/or codon

optimization. Furthermore, plasmid-based delivery can be com-

plicated with several potential problems: uncontrolled integration

of the plasmid DNA into the host genome, unwanted immune

responses (Hemmi et al. 2000; Wagner 2001) caused by bacterial

sequences, and safety problems if the antibiotic-resistance gene is

taken up by pathogenic bacteria. Thus, the development of methods

for delivering Cas9 protein and sgRNA directly into cells, without

additional tools, would greatly facilitate the use of RGENs. Among

the programmable nucleases now used for gene disruption, zinc

finger nucleases (ZFNs) (Gaj et al. 2012) and cell-penetrating pep-

tide (CPP)–conjugated transcription activator-like effector nucle-

ases (TALENs) (Liu et al. 2014) have been delivered directly to cells,

but RGENs have not. Although recombinant Cas9 protein com-

plexed with guide RNA has been microinjected into gonads and

embryos to induce site-specific mutations in Caenorhabditis elegans,

zebrafish, and mice (Cho et al. 2013b; Sung et al. 2014), direct

delivery into cultured mammalian cells has not been achieved.

Furthermore, RGEN delivery may be more complicated than ZFN

delivery because both protein and RNA are involved.
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Here we modified Cas9 protein and sgRNA by conjugating and

complexing them, respectively, to CPP; treatment of cells with these

reagents led to efficient gene disruptions in several human cell types

with lower off-target mutation frequencies than plasmid trans-

fection. Thus, we expect that our plasmid-free, CPP-mediated direct

delivery system will facilitate RGEN-induced genome editing.

Results

Conjugation of CPP to a recombinant Cas9 protein

We postulated that introduction of a CPP (Regberg et al. 2013) into

the Cas9 protein might enable its direct delivery into cells. How-

ever, when we genetically fused Cas9 to a CPP that consists of four

Gly, nine Arg, and four Leu (Matsui et al. 2003; Ding et al. 2010), it

was difficult to obtain purified protein in suitable quantities,

which is in line with results with ZFNs (Gaj et al. 2012) and TALENs

(Liu et al. 2014) fused with several CPPs. Thus, we sought to

minimize genetic modification of Cas9 by adding a Cys residue

at the C terminus (Fig. 1) to enable CPP conjugation after Cas9

expression. For Cas9 purification and detection, we also added

histidine and hemagglutinin (HA) tags at the N and C terminus,

respectively. To optimize protein isolation, we cultured Escherichia

coli cells transformed with the Cas9-expressing plasmid at two

different temperatures. A significant amount of IPTG-induced

Cas9 protein was in the soluble fraction in the 30°C overnight

culture group, whereas the majority of Cas9 protein was in the

insoluble pellet in the 37°C 4-h culture group (Supplemental Fig. 1).

From the soluble fraction obtained from the culture at 30°C,

we purified Cas9 protein through nickel NTA column-mediated

isolation followed by dialysis with 50-kDa cutoff membranes

(Supplemental Fig. 2). We next determined whether this isolated

protein is functional by using an in vitro cleavage assay, which

revealed that the purified Cas9 protein efficiently cleaves a target

sequence only in the presence of the sgRNA (Supplemental Fig. 3).

To conjugate this Cas9 protein with a maleimide-linked CPP that

consists of four Gly, nine Arg, and four Leu (4-maleimidobutyryl-

4G9R4L; for brevity, hereafter m9R), we incubated the isolated

protein with m9R; the free SH residue in the C-terminal cysteine of

Cas9 reacts with the primary amine (�NH2) residue in m9R, form-

ing a thioether bond. Excess, unconjugated m9R was removed using

dialysis. Mass spectrometry showed that a suitable fraction of Cas9

protein was conjugated with m9R (Supplemental Fig. 4). Although

the unmodified Cas9 also contains two cysteine residues (80C and

574C), this Cas9 failed to be conjugated to m9R when incubated

with m9R (Supplemental Fig. 4), suggesting that the m9R was

conjugated to the C-terminal cysteine residue that we introduced.

Complexing sgRNA with CPP

To facilitate delivery of sgRNA, the other RGEN component, into

cells, we complexed sgRNA (negatively charged) with a similar CPP

consisting of one Cys, three Gly, nine Arg, four Leu, and one Cys (for

brevity, hereafter 9R; positively charged) at different ratios (Fig. 1).

An electrophoretic mobility shift assay revealed that 9R completely

retarded the sgRNA at weight ratios of 5 and higher (Fig. 2A), in-

dicating that 9R can condense sgRNA. An ethidium bromide (EtBr)

exclusion assay also showed that 9R can decrease the fluorescence

intensity of an EtBr:sgRNA complex in a dose-dependent manner

with 77% and 85% reduction at weight ratios of 5 and 10, re-

spectively (Fig. 2B), corroborating that 9R condenses sgRNA. Dy-

namic light scattering (DLS) showed that the average particle size

decreased as the 9R:sgRNA weight ratio increased, reaching 408

and 344 nm at ratios of 5 and 10, 1.9- and 2.3-fold smaller than

that at a ratio of 2.5, suggestive of tighter complex formation

(Fig. 2C). Because the overall positive charge on the surface of the

nanoparticle facilitates cellular uptake via interaction with the

negatively charged cell membranes, zeta potential was also mea-

sured using DLS; a positive charge of +13 mV was observed at

a weight ratio of 2.5 and increased to +29 mV as the ratio of

9R:sgRNA increased (Fig. 2D). Scanning electron microscopy

revealed that 9R condensed sgRNA into nanoparticles with an

average size of ;500 nm (Fig. 2E). Taken together, these results

show that 9R and sgRNA form condensed, positively charged

nanoparticles, possibly facilitating the delivery of sgRNA into cells.

Human cell–based episomal reporter assay to monitor
Cas9-m9R and sgRNA:9R function

To investigate whether Cas9-m9R and sgRNA:9R can cleave a target

sequence within human cells, we used a reporter assay that in-

volves an RFP-GFP reporter plasmid containing the RGEN target

sequence between the RFP and GFP genes (Fig. 3A). Because the

GFP gene is fused to the RFP gene out-of-frame, only RFP, but not

GFP, is expressed by the reporter. If nuclease-induced DSBs are

generated in the target sequence of the reporter, nonhomologous

end joining–mediated DSB repair can elicit the formation of small

insertions and deletions (indels), which can lead to functional GFP

expression through frame-shift in the GFP gene. HEK293T cells

were transfected with the reporter plasmid and treated three times

sequentially with Cas9-m9R and sgRNA:9R, targeting the CCR5

gene. Flow cytometry showed that the average frequency of GFP-

expressing cells in this population was 6.1%, which is comparable

to the frequency when cells were transfected with plasmids encod-

ing Cas9 and sgRNA (average frequency, 7.2%) (Fig. 3B). As expec-

ted, GFP expression was not observed in negative controls, which

included cells only transfected with reporters and those only treated

with Cas9-m9R. These data suggest that Cas9-m9R and sgRNA:9R

can enter human cells and cleave target DNA sequences.

Endogenous gene disruption in human cells by treatment
with Cas9-m9R and sgRNA:9R

To investigate whether Cas9-m9R and sgRNA:9R can edit endog-

enous genes in human cells without the use of additional delivery

tools, we treated HEK293T cells with the two components, in this

Figure 1. Schematic representation of (A) Cas9 protein conjugated to
a cell-penetrating peptide (CPP) and (B) sgRNA complexed with a CPP.
The single-letter codes for amino acids are used ([C] cysteine; [G] glycine;
[R] arginine; [L] leucine). (His) Histidine tag; (HA) hemagglutinin tag;
(Mal) maleimide; (sgRNA) single-guide RNA.
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case with an sgRNA targeting the CCR5 gene, either sequentially or

simultaneously. To detect the presence of indels at the target site,

we treated amplified DNA fragments representing the target region

with mismatch-sensitive T7 endonuclease 1 (T7E1); this assay

showed a mutation frequency of 8.7% or 14% in the CCR5 gene

after three rounds of sequential or simultaneous treatment, re-

spectively (Fig. 4A). In all following experiments, cells were treated

with Cas9-m9R and sgRNA:9R simultaneously unless otherwise

specified. Sequencing of the PCR amplicons from the sequential

treatment experiment showed that 8.6% of the target sequences

were mutated (Fig. 4B), corroborating the T7E1 assay result. In ad-

dition, because Cas9 forms a ribonucleoprotein complex with

sgRNA (Cho et al. 2013b), we postulated that Cas9 cell entry might

promote sgRNA entry. We therefore treated HEK293T cells with

Cas9-m9R and sgRNA without 9R. However, neither simultaneous

treatment with the sgRNA:Cas9-m9R complex nor sequential

treatments with Cas9-m9R and sgRNA achieved targeted genome

modification. We speculate that mixing Cas9-m9R with the nega-

tively charged sgRNA might neutralize the positive charge of the

CPP, potentially blocking CPP-mediated cell entry of Cas9-m9R.

Furthermore, as expected, no mutations were obtained in control

cells treated with unmodified Cas9 and sgRNA:9R, either. Our re-

sults show that both CPP conjugation to Cas9 and noncovalent

complex formation of the CPP with sgRNA are required for genome

editing.

Factors that affect the genome editing efficiency of Cas9-m9R
and sgRNA:9R

We next determined factors that affect the gene disruption effi-

ciency of Cas9-m9R and sgRNA:9R. We first tested the effects of

repeated treatments on HEK293T cells and found that this practice

enhanced the mutation frequency, as shown by the T7E1 assay

(Fig. 5A). The T7E1 assay revealed that repeated treatment of cells

with Cas9-m9R and sgRNA:9R with known off-target activities

increased off-target as well as on-target mutations (Supplemental

Fig. 5). In all the following experiments, cells were treated daily

with Cas9-m9R and sgRNA:9R (one treatment per day) for 3 d, and

analysis was performed 3 d after the first treatment unless other-

wise specified. Next, in experiments that involved treating cells

with Cas9-m9R and sgRNA:9R twice, we determined the effect of

the sgRNA:9R weight ratio on mutation frequencies, which we

found to be similar in the tested range from 1:3 to 1:40 (Fig. 5B).

However, cell viability decreased as the weight ratio of 9R in-

creased, starting at a 1:20 (sgRNA:9R) weight ratio. We next inves-

tigated the effect of Cas9-m9R concentration and exposure time.

The T7E1 assay showed that increasing concentrations of Cas9-

m9R up to 2.0 mM resulted in an increase in gene disruption effi-

ciency (Fig. 5C), whereas extending the incubation time >1 h did

not further increase the mutation frequency (Fig. 5D). Incubating

the cells at 30°C instead of 37°C after the Cas9-m9R and sgRNA:9R

treatments mildly increased the gene disruption efficiency (Fig. 5E).

All of these results are in line with those previously obtained with

ZFNs (Gaj et al. 2012).

Application of Cas9-m9R and sgRNA:9R to several human
cell types

We also tested whether this protein–RNA delivery method is ap-

plicable to other cell types. The T7E1 assay showed that treating

HEK293T, HeLa, and NCCIT (a human pluripotent embryonal

carcinoma cell line) cells with Cas9-m9R and sgRNA:9R resulted

in mutation frequencies of 16%, 5.5%, and 2.7% at the CCR5 locus

(Fig. 6A). Because genome editing in primary cells and stem cells

Figure 2. Physiochemical characterization of the sgRNA:9R complex. (A–D) A constant amount of sgRNA was complexed with various amounts of 9R.
(A) Electrophoretic mobility shift assay. sgRNA was complexed with 9R at various weight ratios and subjected to electrophoresis. (B) Ethidium bromide
(EtBr) exclusion assay. The reduction in EtBr fluorescence of sgRNA by complex formation with 9R at various weight ratios was measured. The relative
fluorescence intensity is expressed as the percentage of the fluorescence of the uncomplexed sgRNA–EtBr sample. Data represent the average 6 SD (n = 3).
(C,D) Particle size distribution (C ) and surface charge distribution (D) of the complex at different 9R:sgRNA weight ratios were determined using dynamic
light scattering (DLS). Data represent the average 6 SD (n = 3). (E) Representative scanning electron microscopic image of sgRNA:9R nanoparticles. Scale
bar, 500 nm.
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has possible therapeutic applications, we also tested our method

in these cell types. The T7E1 assay revealed that the treatment of

human dermal fibroblasts and human embryonic stem cells (H9)

with Cas9-m9R and sgRNA:9R led to mutation frequencies of 8.4%

and 2.3%, respectively, at the CCR5 locus (Fig. 6B).

Reduced off-target cleavage effects of Cas9-m9R and sgRNA:9R

When we checked the off-target effects of Cas9-m9R and sgRNA:9R,

again using the sgRNA targeting the CCR5 gene, we did not observe

any detectable off-target mutations (Supplemental Fig. 6). However,

no off-target mutations have been reported in previous studies

using this sgRNA (Cho et al. 2013a, 2014). Thus, we next evaluated

off-target effects using sgRNAs that do have reported off-target

activities (Cho et al. 2014; Fu et al. 2014). The off-target mutation

frequencies in cells treated with Cas9-m9R and sgRNA:9R were

drastically lower than those treated with plasmids, whereas the on-

target mutation frequencies were comparable between the two

groups; the ratio of on- to off-target activities was higher for direct

delivery versus plasmid transfection by 2.2-fold (4.7/2.1), 4.1-fold

(22/5.3), and more than 3.8-fold (more than 56/15) for the three

sgRNAs tested (Fig. 7). This reduction in off-target effects associated

with our CPP-mediated direct RGEN delivery is in line with the

finding that direct ZFN protein delivery reduced off-target muta-

tions (Gaj et al. 2012). We also compared gene disruption of the

CCR5 and ABCC11 genes after CPP-mediated RGEN delivery versus

plasmid-mediated delivery. The T7E1 assay revealed that the mu-

tation frequencies associated with the two methods were similar or

were only slightly lower in the CPP-based experiments (Supple-

mental Fig. 7). However, given that (1) the efficiency (on-target

effect) and specificity (off-target effect) are strongly affected by

Cas9 protein and guide RNA concentra-

tions (Fu et al. 2013; Hsu et al. 2013;

Pattanayak et al. 2013), and (2) it is chal-

lenging to exactly control these concen-

trations so that they are the same in the

CPP-mediated direct delivery and plasmid-

mediated expression systems, it is difficult

to compare the efficiency and specificity

of RGENs between the two methods di-

rectly in a quantitative manner.

Generation of mutant clones via
CPP-mediated delivery of Cas9 protein
and sgRNA

We next determined whether clones

containing RGEN-induced mutations can

be generated via this CPP-mediated

RGEN delivery. To facilitate the selection

of mutant clones (i.e., to reduce the

number of clones that must be screened

to obtain mutant clones), we used a sur-

rogate magnetic reporter that expresses

H-2Kk in the presence of programmable

nuclease activity at the target sequence as

previously described (Kim et al. 2013;

Ramakrishna et al. 2014). After trans-

fection of the reporter, HEK293Tcells were

treated with Cas9-m9R and sgRNA:9R. An

H-2Kk–expressing cell population that

was enriched with cells containing RGEN-

induced mutations (Ramakrishna et al. 2014) was magnetically

separated and seeded into 96-well plates at an average density of

0.25 cells per well. In 16 d, single cell-derived clones were selected

via individual microscopic evaluation. Genomic DNA was isolated

from the clones and subjected to the T7E1 assay and sequencing,

which revealed that 8.3% (7/84) of clones contained RGEN-induced

mutations in the CCR5 gene and that four out of the seven mutant

clones had biallelic mutations (Supplemental Fig. 8).

Discussion
Here we showed the generation of endogenous gene disruptions by

CPP-mediated direct delivery of Cas9 protein and sgRNA in several

human cell types. This is the first study to show that CPP can en-

able direct delivery of Cas9 protein and sgRNA into cultured

mammalian cells. CPP-mediated delivery of TALEN protein was

reported while our manuscript was under review (Liu et al. 2014).

In addition, a similar study in review at the same time reported

highly efficient genome editing through electroporation-mediated

delivery of purified (unmodified) Cas9 protein and sgRNA com-

plex into human cells (Kim et al. 2014).

Genome editing using CPP-mediated direct RGEN delivery

has several advantages. First, our approach circumvents potential

problems associated with plasmid-based methods, which include

uncontrolled integration of the plasmid DNA into the host

genome and unwanted immune responses (Hemmi et al. 2000;

Wagner 2001) caused by plasmid bacterial sequences. Further-

more, Cas9-m9R and sgRNA:9R do not contain the antibiotic-re-

sistant genes that are included in plasmids, which are potentially

unsafe if taken up by pathogenic bacteria in humans or animals.

Second, our approach involves a simple, cloning-free process that

Figure 3. Cas9-m9R and sgRNA:9R-mediated mutagenesis of an episomal target sequence. (A) Sche-
matic representation of the cell-based reporter assay. (B) Representative flow cytometry of reporter-
transfected cells sequentially treated with Cas9-m9R and sgRNA:9R three times or those transfected with
plasmids encoding Cas9 and sgRNA as the positive control. The cells were analyzed 3 d after the first
treatment with Cas9-m9R and sgRNA:9R or transfection with plasmids encoding Cas9 and sgRNA. The
percentages of GFP+ cells are indicated.
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is readily customized for genome editing at loci of interest. To

deliver ZFNs and TALENs as protein, de novo protein synthesis for

each protein is required. However, because Cas9 is common among

all RGENs, additional subclonings and optimization of protein

synthesis are not required for newly designed RGENs. As with re-

striction enzymes, a large amount of CPP-conjugated Cas9 could

be manufactured by companies or nonprofit organizations and

distributed to users. In the case of sgRNA, the generation of plas-

mids encoding sgRNA requires a subcloning step, whereas sgRNA

can be prepared from templates generated by simple annealing of

custom-ordered oligonucleotides without subcloning. Third, CPP-

mediated delivery reduces off-target effects relative to plasmid-

mediated delivery. This finding may be attributable to a reduction

in RGEN working time caused by rapid degradation of directly

delivered proteins and RNA; compatible with this idea, a previous

report showed rapid ZFN degradation when ZFN proteins were

delivered directly (Gaj et al. 2012). Recently, other methods to reduce

RGEN-associated off-target effects, such as use of truncated sgRNA

(Fu et al. 2014) and paired nickases (Ran et al. 2013; Shen et al. 2014),

have been reported. Because these approaches reduce off-target ef-

fects by different mechanisms, combining our delivery method with

these two methods may reduce off-target effects further.

In addition to these advantages, our approach has potentially

important implications. Given that CPPs can enable protein and

RNA delivery into cells in vivo (Nakase et al. 2013; Regberg et al.

2013) and are under clinical trials (Vasconcelos et al. 2013), our

successful gene disruption in human cells in vitro using this ap-

proach might represent a major step toward potential devel-

opment of ‘‘in vivo genome editing’’ using RGENs, potentially

applicable to human patients. Furthermore, if advanced CPPs are

developed, this approach can be improved as well.

During isolation of genomic DNA, cell lysates could poten-

tially be mixed with the previously applied Cas9-m9R and

sgRNA:9R. Given that mixing cell lysates with nucleases can lead to

indel formation (Budman and Chu 2005), it needs to be deter-

mined whether functional Cas9 protein and guide RNA enter live

cells. The generation of mutant clones via Cas9-m9R and sgRNA:9R

treatment suggests that these factors disrupt endogenous genes in

live cells after cell entry rather than by acting in the cell lysates.

In summary, we modified Cas9 protein and sgRNA by con-

jugating and complexing them, respectively, with CPPs, which

enabled targeted gene disruption via the delivery of these two

components into several human cell types without the use of any

additional tools. We envision that this plasmid-free, CPP-mediated

direct delivery system will facilitate RGEN-based genome editing

and potentially will be applicable to in vivo genome editing.

Methods

Cell culture and transfection
HEK293T (human embryonic kidney cell line), HeLa (human cer-
vical cancer cell line), NCCIT (human embryonal carcinoma cell
line), and human dermal fibroblast cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) supplemented with 10%
fetal bovine serum and a penicillin/streptomycin mix (100 U/mL
and 100 mg/mL, respectively). The H9 (human embryonic stem

Figure 4. Endogenous gene disruption through CPP-mediated delivery
of Cas9 protein and guide RNA. HEK293T cells were either sequentially or
simultaneously treated with Cas9-m9R and sgRNA:9R three times. (A)
Mutations detected by the T7E1 assay 3 d after the first treatment. The
arrow indicates the expected position of DNA bands cleaved by T7E1.
Mutations frequencies (indel [%]) were calculated from the band in-
tensities. (B) DNA sequences of the CCR5 wild-type (WT) and mutant
clones. The target sequence complementary to sgRNA is underlined. The
protospacer adjacent motif is shown in bold. The cleavage site is indicated
by an arrowhead. The column on the right indicates the number of
inserted or deleted bases.

Figure 5. Factors affecting the genome editing efficiency of Cas9-m9R
and sgRNA:9R. HEK293T cells were sequentially treated with Cas9-m9R
and sgRNA:9R targeting the ABCC11 or CCR5 genes under various con-
ditions, and the resulting mutation frequencies were determined using the
T7E1 assay. The arrows indicate the expected position of DNA bands
cleaved by T7E1. (A) Multiple treatments with Cas9-m9R and sgRNA:9R
increase the mutation frequency. (B) The effect of sgRNA:9R ratios on
the mutation frequency. The cells were treated twice with 1 mM Cas9-m9R
and 10 mg/mL sgRNA complexed with 9R at various weight ratios. (C ) In-
creasing the Cas9-m9R concentration increases the mutation frequency.
The cells were simultaneously treated with various concentrations of Cas9-
m9R and 10 mg/mL sgRNA complexed with 9R at a weight ratio of 1:5; this
process was repeated three times. (D) The effect of exposure time on the
mutation frequency. The cells were sequentially treated with 1.5 mM
Cas9-m9R and 10 mg/mL sgRNA complexed with 9R at a weight ratio of
1:5 three times every day for the indicated exposure time per day. The
exposure time was controlled by changing the media. (E) Incubating the
cells at 30°C instead of 37°C mildly increases the mutation frequencies.
Here, the cells were simultaneously treated three times with 1 mM Cas9-
m9R and 10 mg/mL sgRNA complexed with 9R at a weight ratio of 1:5.
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cell line; WiCell Research Institute) cells were cultured in DMEM/
F12 medium supplemented with 20% serum replacement, 1%
nonessential amino acids, 1% penicillin–streptomycin, 0.1 mM
b-mercaptoethanol, and 4 ng/mL basic fibroblast growth factor
(all from Gibco) in the presence of mitomycin C–treated mouse
embryonic fibroblasts as feeder cells. HEK293Tcells were transfected
using polyethyleneimine (linear; MW, ;25,000; Polysciences)

Expression and purification of Cas9 protein

A sequence encoding Cas9 with a cysteine at the C terminus was
prepared by PCR amplification using a previously described Cas9
plasmid (Cho et al. 2013a) as the template and then cloned into
the pET28-(a) vector (Novagen, Merk Millipore), which includes
a sequence encoding a His-tag at the N terminus. To induce Cas9
protein expression, E. coli BL21 cells transformed with the pET28-
(a) vector encoding Cas9 were cultured overnight at 30°C in the
presence of 0.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG;
Promega). Cells were collected by centrifugation and lysed by
sonication (40% duty, 10-sec pulse, 30-sec rest, for a total of 10
min, on ice) in a lysis buffer (20 mM Tris-Cl at pH 8.0, 300 mM
NaCl, 20 mM imidazole, 13 protease inhibitor cocktail, 1 mg/mL
lysozyme). After centrifugation at 20,000g for 20 min at 4°C, the
Cas9 protein was purified from the soluble fraction by using
a column containing Ni-NTA agarose resin (Qiagen) and an AKTA
prime instrument (AKTA prime; GE Healthcare) at 4°C. The column-
bound protein was eluted with an elution buffer (20 mM Tris-Cl at
pH 8.0, 300 mM NaCl, 250 mM imidazole, 13 protease inhibitor
cocktail) and dialyzed against a storage buffer (50 mM Tris-HCl at
pH 8.0, 200 mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.5 mM PMSF,
20% glycerol). The purity of eluted proteins was analyzed using
SDS-PAGE, and the protein concentration was quantitated using
the Bradford assay (Bio-Rad).

In vitro DNA cleavage assay

Purified Cas9 protein (50 nM) was incubated with supercoiled
plasmid DNA (300 ng) containing the target sequence and sgRNA
(50 nM) in NEB buffer 3 in a reaction volume of 20 mL for 1 h at
37°C. Digested DNA was analyzed by electrophoresis on a 0.8%
agarose gel.

sgRNA preparation

RNA was in vitro transcribed through run-off reactions by T7 RNA
polymerase. Templates for sgRNA transcription were generated by

annealing and extension of two complementary oligonucleotides
(Supplemental Table 1). Transcribed RNA was resolved on an 8%
denaturing urea-PAGE gel. RNA was recovered in nuclease-free
water followed by phenol:chloroform extraction, chloroform ex-
traction, and ethanol precipitation. Purified RNA was quantified
by spectrometry.

Conjugation of m9R to the Cas9 protein

The conjugation was carried out by drop wise mixing of 1 mg
Cas9 protein (2 mg/mL) with 50 mg 4-maleimidobutyryl-
GGGRRRRRRRRRLLLL (for brevity, m9R; 2 mg/mL; Peptron) in
PBS (pH 7.4) followed by incubation on a rotator for 2 h at room
temperature. To remove unconjugated m9R, the samples were
dialyzed against DPBS (pH 7.4) for 24 h at 4°C using 50-kDa
molecular-weight cutoff membranes. Cas9-m9R protein was col-
lected from the dialysis membrane, and the protein concentration
was determined using the Bradford assay (Bio- Rad).

Preparation and characterization of the sgRNA:9R complex

sgRNA (1 mg) in 1 mL of deionized water was gently added to the
C3G9R4LC peptide (for brevity, 9R) in sgRNA:peptide weight ratios
that ranged from 1:2.5 to 1:40 in 100 mL of DPBS (pH 7.4). This
mixture was incubated for 30 min at room temperature and di-
luted 10-fold using RNase-free deionized water. The hydrody-
namic diameter (size) and zeta-potential (charge) of the formed
nanoparticles were measured using DLS (Zetasizer-nano analyzer
ZS; Malvern Instruments). For the electrophoretic mobility shift
assay, sgRNA (1 mg) samples complexed with the 9R peptide at
various weight ratios were loaded onto 2% agarose gels containing
EtBr and subjected to electrophoresis. For the EtBr exclusion assay,
1.5 mg EtBr in 100 mL of DPBS (pH 7.4) was added to sgRNA (1 mg)
complexed with the 9R peptide at various weight ratios and incubated
for 15 min. The fluorescence was determined using a UV/fluorescence
reader (SpectraMax M2; Molecular Devices) at an excitation wave-
length of 544 nm and emission wavelength of 590 nm and nor-
malized to that of free sgRNA. The surface morphology of a sgRNA:9R

Figure 6. Endogenous gene disruption through CPP-mediated delivery
of Cas9 protein and guide RNA in several cell lines. Cell lines such as
HEK293T (human embryonic kidney cells), HeLa (human cervical cancer
cell line), and NCCIT (human embryonal carcinoma cell line) cells (A), and
primary cells such as human dermal fibroblasts (HDF) and human em-
bryonic stem cells (B), were treated with Cas9-m9R and sgRNA:9R once
per day for 3 d. The gene disruption efficiencies were determined using
the T7E1 assay 3 d after the first treatment. The arrow indicates the
expected position of DNA bands cleaved by T7E1.

Figure 7. Reduced off-target effects of Cas9-m9R and sgRNA:9R.
HEK293T cells were treated with Cas9-m9R and sgRNA:9R once per day
for 3 d. Three days after the first treatment, the mutation frequencies at
on- and off-target sites were determined using the T7E1 assay. The
arrows indicate the expected position of DNA bands cleaved by T7E1.
The protospacer adjacent motif is shown in bold. Mismatched bases are
underlined.
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complex at a weight ratio of 1:5 was determined using a scanning
electron microscope (Nova Nano SEM 450; FEI) at a voltage of 10 kV.

Episomal reporter assay

Flow cytometric reporter plasmids containing an RGEN target
sequence from the CCR5 gene were constructed as previously de-
scribed (Kim et al. 2011). The episomal reporter assay was per-
formed as previously described (Kim et al. 2011; Cho et al. 2013a;
Ramakrishna et al. 2013). Briefly, at 24 h after reporter plasmid
transfection, HEK293T cells were treated with Cas9-m9R and
sgRNA:9R as described above. The cells were analyzed using a flow
cytometer (FACSAria II; BD Biosciences). Cells transfected with
reporters alone were used as an analysis control (Kim et al. 2011).

Cas9-m9R protein and sgRNA:9R treatments

One day after plating, cells were washed with Opti-MEM and
treated with Cas9-m9R and sgRNA:9R either sequentially or simul-
taneously. The sgRNA:9R complex was formed by incubation of 10
mg of sgRNA and 30–50 mg of 9R peptide in 250 mL (for sequential
treatment) or 100 mL (for simultaneous treatment) of Opti-MEM
medium at room temperature for 30 min. For sequential treatment,
cells were treated with the sgRNA:9R complex for 4 h at 37°C, washed
with Opti-MEM medium, and treated with 250 mL Cas9-m9R (2 mM)
for 2 h at 37°C. For simultaneous treatment, 150 mL Cas9-m9R
(2 mM) protein was mixed with 100 mL sgRNA:9R (10:50 mg) com-
plex, and the mixture was applied to the cells for 4 h at 37°C. Cells
were simultaneously treated with Cas9-m9R and sgRNA:9R unless
otherwise specified. After either treatment, cells were incubated
at 30°C in serum-containing complete media until additional
treatments the following day. Cells were treated three times and
analyzed 3 d after the first treatment unless otherwise specified.

T7E1 assay

The T7E1 assay was performed as previously described (Kim et al.
2009, 2011; Ramakrishna et al. 2013). Briefly, after the isolation of
genomic DNA using the DNeasy Blood and Tissue kit (Qiagen)
according to the manufacturer’s instructions, the region of DNA
containing the nuclease target site was nested PCR-amplified using
primers listed in Supplemental Table 1. The amplicons were dena-
tured by heating and annealed to form heteroduplex DNA, which
was treated with 5 units of T7E1 (New England Biolabs) for 15–20
min at 37°C, and analyzed using 2% agarose gel electrophoresis.
Mutation frequencies were calculated as previously described based
on the band intensities using Image J software and the following
equation (Guschin et al. 2010): mutation frequency (%) = 100 3

[1�(1� fraction cleaved)1/2], where the fraction cleaved is the total
relative density of the cleavage bands divided by the sum of the
relative density of the cleavage bands and uncut bands.

Sequencing analysis

PCR products were cloned into the T-Blunt vector using a T-Blunt
PCR Cloning kit (SolGent). Cloned products were sequenced using
the T7 promoter primer (59-TAATACGACTCACTATAGGG-39).

Clonal analysis

Beginning 1 d after transfection with a magnetic reporter (Kim
et al. 2013), HEK293T cells were treated daily with Cas9-m9R (2
mM) and sgRNA:9R (1:5) for 3 d. The day after the last treatment,
the H-2Kk+ cells were magnetically separated as previously de-
scribed (Kim et al. 2013) and seeded into 96-well plates at an av-
erage density of 0.25 cells/well. Sixteen days after the cell seeding,
each well was microscopically evaluated, and single cell-derived

round colonies were selected. Each selected colony was individually
trypsinized and replated into 24-well plates. Four days after the
subculture, genomic DNA was isolated from each clone and sub-
jected to the T7E1 assay and sequencing as described above.

Mass spectrometry

The proteins were diluted in distilled water and concentrated using
Centricon (Millipore) according to the manufacturer’s instructions.
The samples were mixed with DHB matrix solution (10 mg/mL; 1:2,
v/v) and dropped on to the MALDI plate. Mass analysis of the pro-
teins was performed using an Ultraflextreme MALDI-TOF/TOF mass
spectrometer (Bruker Daltonics) equipped with a HM2 TUVO high-
mass detection system (CovalX) at the Korea Basic Science Institute,
Daejon. Using FlexControl 3.0, the instrument was operated in
a linear mode supplemented with accelerating voltage by HM2.
Calibration was performed using a C150 Calibration kit (CovalX).
Obtained mass spectra were analyzed using FlexAnalysis 3.0.

Acknowledgments
We thank Ho Min Kim (Korea Advanced Institute of Science and
Technology), Je-Min Choi (Hanyang University), and Sung-Rae
Cho (Yonsei University) for their helpful discussions. We thank
Young Hee Nam (Flow Cytometer Core Center, Yonsei Medical
Research Center), Kun Ho Chung (S.-K.L. laboratory), Soo Jung
Kim, and Young-Ho Chung (Korea Basic Science Institute) for their
technical assistance. This work was supported in part by the
National Research Foundation of Korea (2011-0013568, 2008-
0062287, 2011-0019357, 2013M3A9B4076544) and Converging
Research Center Program (2013K000275) funded by the Ministry
of Science, ICT, and Future Planning, and the Korean Health
Technology R&D Project, Ministry of Health and Welfare, Republic
of Korea (H10C1740).

Author contributions: S.R., H.K., and S.-K.L. designed the ex-
periments. H.K. and S.R. wrote the manuscript. S.R. and all the
other authors performed the experiments.

References

Budman J, Chu G. 2005. Processing of DNA for nonhomologous end-
joining by cell-free extract. EMBO J 24: 849–860.

Cho SW, Kim S, Kim JM, Kim JS. 2013a. Targeted genome engineering in
human cells with the Cas9 RNA-guided endonuclease. Nat Biotechnol 31:
230–232.

Cho SW, Lee J, Carroll D, Kim JS. 2013b. Heritable gene knockout in
Caenorhabditis elegans by direct injection of Cas9-sgRNA
ribonucleoproteins. Genetics 195: 1177–1180.

Cho SW, Kim S, Kim Y, Kweon J, Kim HS, Bae S, Kim JS. 2014. Analysis of off-
target effects of CRISPR/Cas-derived RNA-guided endonucleases and
nickases. Genome Res 24: 132–141.

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, Hsu PD, Wu X, Jiang W,
Marraffini LA, et al. 2013. Multiplex genome engineering using CRISPR/
Cas systems. Science 339: 819–823.

Dickinson DJ, Ward JD, Reiner DJ, Goldstein B. 2013. Engineering the
Caenorhabditis elegans genome using Cas9-triggered homologous
recombination. Nat Methods 10: 1028–1034.

Ding H, Inoue S, Ljubimov AV, Patil R, Portilla-Arias J, Hu J, Konda B,
Wawrowsky KA, Fujita M, Karabalin N, et al. 2010. Inhibition of brain
tumor growth by intravenous poly (b-L-malic acid) nanobioconjugate
with pH-dependent drug release [corrected]. Proc Natl Acad Sci 107:
18143–18148.

Friedland AE, Tzur YB, Esvelt KM, Colaiacovo MP, Church GM, Calarco JA.
2013. Heritable genome editing in C. elegans via a CRISPR-Cas9 system.
Nat Methods 10: 741–743.

Fu Y, Foden JA, Khayter C, Maeder ML, Reyon D, Joung JK, Sander JD. 2013.
High-frequency off-target mutagenesis induced by CRISPR-Cas
nucleases in human cells. Nat Biotechnol 31: 822–826.

Fu Y, Sander JD, Reyon D, Cascio VM, Joung JK. 2014. Improving CRISPR-
Cas nuclease specificity using truncated guide RNAs. Nat Biotechnol 32:
279–284.

Ramakrishna et al.

1026 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Gaj T, Guo J, Kato Y, Sirk SJ, Barbas CF III. 2012. Targeted gene knockout
by direct delivery of zinc-finger nuclease proteins. Nat Methods 9:
805–807.

Gratz SJ, Cummings AM, Nguyen JN, Hamm DC, Donohue LK, Harrison
MM, Wildonger J, O’Connor-Giles KM. 2013. Genome engineering of
Drosophila with the CRISPR RNA-guided Cas9 nuclease. Genetics 194:
1029–1035.

Guschin DY, Waite AJ, Katibah GE, Miller JC, Holmes MC, Rebar EJ. 2010. A
rapid and general assay for monitoring endogenous gene modification.
Methods Mol Biol 649: 247–256.

Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, Matsumoto M,
Hoshino K, Wagner H, Takeda K, et al. 2000. A Toll-like receptor
recognizes bacterial DNA. Nature 408: 740–745.

Horvath P, Barrangou R. 2010. CRISPR/Cas, the immune system of bacteria
and archaea. Science 327: 167–170.

Hsu PD, Scott DA, Weinstein JA, Ran FA, Konermann S, Agarwala V, Li Y, Fine
EJ, Wu X, Shalem O, et al. 2013. DNA targeting specificity of RNA-guided
Cas9 nucleases. Nat Biotechnol 31: 827–832.

Hwang WY, Fu Y, Reyon D, Maeder ML, Tsai SQ, Sander JD, Peterson RT, Yeh
JR, Joung JK. 2013. Efficient genome editing in zebrafish using a CRISPR-
Cas system. Nat Biotechnol 31: 227–229.

Jiang W, Bikard D, Cox D, Zhang F, Marraffini LA. 2013. RNA-guided editing
of bacterial genomes using CRISPR-Cas systems. Nat Biotechnol 31: 233–
239.

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. 2012. A
programmable dual-RNA-guided DNA endonuclease in adaptive
bacterial immunity. Science 337: 816–821.

Jinek M, East A, Cheng A, Lin S, Ma E, Doudna J. 2013. RNA-programmed
genome editing in human cells. Elife 2: e00471.

Kim HJ, Lee HJ, Kim H, Cho SW, Kim JS. 2009. Targeted genome editing in
human cells with zinc finger nucleases constructed via modular
assembly. Genome Res 19: 1279–1288.

Kim H, Um E, Cho SR, Jung C, Kim JS. 2011. Surrogate reporters for
enrichment of cells with nuclease-induced mutations. Nat Methods 8:
941–943.

Kim H, Kim MS, Wee G, Lee CI, Kim JS. 2013. Magnetic separation and
antibiotics selection enable enrichment of cells with ZFN/TALEN-
induced mutations. PLoS ONE 8: e56476.

Kim S, Kim D, Cho SW, Kim J, Kim JS. 2014. Highly efficient RNA-guided
genome editing in human cells via delivery of purified Cas9
ribonucleoproteins. Genome Res (this issue). doi: 10.1101/gr.171322.113.

Li D, Qiu Z, Shao Y, Chen Y, Guan Y, Liu M, Li Y, Gao N, Wang L, Lu X, et al.
2013a. Heritable gene targeting in the mouse and rat using a CRISPR-Cas
system. Nat Biotechnol 31: 681–683.

Li JF, Norville JE, Aach J, McCormack M, Zhang D, Bush J, Church GM,
Sheen J. 2013b. Multiplex and homologous recombination-mediated
genome editing in Arabidopsis and Nicotiana benthamiana using guide
RNA and Cas9. Nat Biotechnol 31: 688–691.

Li W, Teng F, Li T, Zhou Q. 2013c. Simultaneous generation and germline
transmission of multiple gene mutations in rat using CRISPR-Cas
systems. Nat Biotechnol 31: 684–686.

Liu J, Gaj T, Patterson JT, Sirk SJ, Barbas Iii CF. 2014. Cell-penetrating
peptide-mediated delivery of TALEN proteins via bioconjugation for
genome engineering. PLoS ONE 9: e85755.

Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, Norville JE, Church
GM. 2013. RNA-guided human genome engineering via Cas9. Science
339: 823–826.

Matsui H, Tomizawa K, Lu YF, Matsushita M. 2003. Protein therapy: in vivo
protein transduction by polyarginine (11R) PTD and subcellular
targeting delivery. Curr Protein Pept Sci 4: 151–157.

Nakase I, Tanaka G, Futaki S. 2013. Cell-penetrating peptides (CPPs) as
a vector for the delivery of siRNAs into cells. Mol Biosyst 9: 855–861.

Nekrasov V, Staskawicz B, Weigel D, Jones JD, Kamoun S. 2013. Targeted
mutagenesis in the model plant Nicotiana benthamiana using Cas9 RNA-
guided endonuclease. Nat Biotechnol 31: 691–693.

Pattanayak V, Lin S, Guilinger JP, Ma E, Doudna JA, Liu DR. 2013. High-
throughput profiling of off-target DNA cleavage reveals RNA-
programmed Cas9 nuclease specificity. Nat Biotechnol 31: 839–843.

Ramakrishna S, Kim YH, Kim H. 2013. Stability of zinc finger nuclease
protein is enhanced by the proteasome inhibitor MG132. PLoS ONE
8: e54282.

Ramakrishna S, Cho SW, Kim S, Song M, Gopalappa R, Kim JS, Kim H. 2014.
Surrogate reporter-based enrichment of cells containing RNA-guided
Cas9 nuclease-induced mutations. Nat Commun 5: 3378.

Ran FA, Hsu PD, Lin CY, Gootenberg JS, Konermann S, Trevino AE, Scott DA,
Inoue A, Matoba S, Zhang Y, et al. 2013. Double nicking by RNA-guided
CRISPR Cas9 for enhanced genome editing specificity. Cell 154: 1380–1389.

Regberg J, Eriksson JN, Langel U. 2013. Cell-penetrating peptides: from cell
cultures to in vivo applications. Front Biosci 5: 509–516.

Shan Q, Wang Y, Li J, Zhang Y, Chen K, Liang Z, Zhang K, Liu J, Xi JJ, Qiu JL,
et al. 2013. Targeted genome modification of crop plants using
a CRISPR-Cas system. Nat Biotechnol 31: 686–688.

Shen B, Zhang W, Zhang J, Zhou J, Wang J, Chen L, Wang L, Hodgkins A, Iyer
V, Huang X, et al. 2014. Efficient genome modification by CRISPR-Cas9
nickase with minimal off-target effects. Nat Methods 11: 399–402.

Sung YH, Kim JM, Kim HT, Lee J, Jeon J, Jin Y, Choi JH, Ban YH, Ha SJ, Kim
CH, et al. 2014. Highly efficient gene knockout in mice and zebrafish
with RNA-guided endonucleases. Genome Res 24: 125–131.

Vasconcelos L, Parn K, Langel U. 2013. Therapeutic potential of cell-
penetrating peptides. Ther Deliv 4: 573–591.

Wagner H. 2001. Toll meets bacterial CpG-DNA. Immunity 14: 499–502.
Wang H, Yang H, Shivalila CS, Dawlaty MM, Cheng AW, Zhang F, Jaenisch R.

2013. One-step generation of mice carrying mutations in multiple genes
by CRISPR/Cas-mediated genome engineering. Cell 153: 910–918.

Wiedenheft B, Sternberg SH, Doudna JA. 2012. RNA-guided genetic
silencing systems in bacteria and archaea. Nature 482: 331–338.

Yang H, Wang H, Shivalila CS, Cheng AW, Shi L, Jaenisch R. 2013. One-step
generation of mice carrying reporter and conditional alleles by CRISPR/
Cas-mediated genome engineering. Cell 154: 1370–1379.

Received December 17, 2013; accepted in revised form March 25, 2014.

CPP-mediated direct delivery of Cas9 and guide RNA

Genome Research 1027
www.genome.org

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


 10.1101/gr.171264.113Access the most recent version at doi:
2014 24: 1020-1027 originally published online April 2, 2014Genome Res. 

  
Suresh Ramakrishna, Abu-Bonsrah Kwaku Dad, Jagadish Beloor, et al. 
  
Cas9 protein and guide RNA
Gene disruption by cell-penetrating peptide-mediated delivery of

  
Material

Supplemental
  

 http://genome.cshlp.org/content/suppl/2014/04/16/gr.171264.113.DC1

  
References

  
 http://genome.cshlp.org/content/24/6/1020.full.html#ref-list-1

This article cites 44 articles, 11 of which can be accessed free at:

  
Open Access

  
 Open Access option.Genome ResearchFreely available online through the 

  
License

Commons 
Creative

.http://creativecommons.org/licenses/by-nc/4.0/
Commons License (Attribution-NonCommercial 4.0 International), as described at 

, is available under a CreativeGenome ResearchThis article, published in 

Service
Email Alerting

  
 click here.top right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the

 https://genome.cshlp.org/subscriptions
go to: Genome Research To subscribe to 

© 2014 Ramakrishna et al.; Published by Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/doi/10.1101/gr.171264.113
http://genome.cshlp.org/content/suppl/2014/04/16/gr.171264.113.DC1
http://genome.cshlp.org/content/24/6/1020.full.html#ref-list-1
http://creativecommons.org/licenses/by-nc/4.0/
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.171264.113&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.171264.113.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=56437&adclick=true&url=https%3A%2F%2Fwww.gencove.com%2F
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com

