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ABSTRACT

The ability to edit the genome is essential for

many state-of-the-art experimental paradigms. Since

DNA breaks stimulate repair, they can be ex-

ploited to target site-specific integration. The clus-

tered, regularly interspaced, short palindromic re-

peats (CRISPR)/cas9 system from Streptococcus
pyogenes has been harnessed into an efficient and

programmable nuclease for eukaryotic cells. We

thus combined DNA cleavage by cas9, the genera-

tion of homologous recombination donors by poly-

merase chain reaction (PCR) and transient deple-

tion of the non-homologous end joining factor lig4.

Using cultured Drosophila melanogaster S2-cells

and the phosphoglycerate kinase gene as a model,

we reached targeted integration frequencies of up

to 50% in drug-selected cell populations. Homol-

ogy arms as short as 29 nt appended to the PCR

primer resulted in detectable integration, slightly

longer extensions are beneficial. We confirmed es-

tablished rules for S. pyogenes cas9 sgRNA design

and demonstrate that the complementarity region

allows length variation and 5′-extensions. This en-

ables generation of U6-promoter fusion templates

by overlap-extension PCR with a standardized pro-

tocol. We present a series of PCR template vectors

for C-terminal protein tagging and clonal Drosophila
S2 cell lines with stable expression of a myc-tagged

cas9 protein. The system can be used for epitope tag-

ging or reporter gene knock-ins in an experimental

setup that can in principle be fully automated.

INTRODUCTION

It has taken only a surprisingly short time between the
initial discovery of CRISPR/cas systems as a phage de-
fense mechanism (1) based on RNA-programmed (2),
sequence-speci�c nucleases (3) and the development of a
speci�c subtype into a versatile tool for genome editing
(4–6). It has since been successfully applied to budding
yeast (7), Caenorhabditis elegans and other nematodes (8–
15), Drosophila (16–21), Arabidopsis, Nicotiana, Sorghum
and Oryza (22–26), zebra�sh (27–33), Xenopus (34), mice
(32,35–41), rats (42), rabbits (43), beef (44), cynomolgus
monkey (45) and human cells (46–50)––all within littlemore
than a year. There are few examples of comparable success
of a new technology. The broad applicability––from yeast to
plants and mammals––indicates that the system is indeed
highly ef�cient despite the fact that it has not evolved to
cleave DNA associated with eukaryotic nucleosomes. Re-
searchers are nowworking to improve cleavage speci�city of
the system (51–55) and to make use of the programmable,
sequence-speci�c binding for other purposes than DNA
cleavage (56–62).
Several of the above-cited studies already made use of

CRISPR/cas9 induced DNA breaks to stimulate repair
via an experimentally provided homologous recombination
(HR) donor construct. These editing tools were either large
plasmid-based constructs with long regions of sequence ho-
mology (kb range) or single-stranded oligonucleotides with
a short region of sequence homology. The plasmid con-
structs usually template repair ef�ciently and can transfer
large tag sequences, but their generation is time-consuming.
Single-stranded oligonucleotides are conveniently produced
via chemical synthesis but due to size restraints their ‘cod-
ing capacity’ is limited; they are most useful for specifying
point mutations in active sites or introduction of e.g. loxP
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or attP sites (reviewed in (63)). An approach that unites the
convenience of oligonucleotide ordering with the capacity
to introduce large tags has been developed in budding yeast
(64): a series of plasmid templates combines e.g. epitope
tags and a selectable marker, which are then ampli�ed with
�anking primers that specify the desired integration site via
appended homology arms. The presumably lower integra-
tion ef�ciency of the short homology arms is outweighed
by the very ef�cient selection that is possible with microor-
ganisms.
Inspired by the success of the CRISPR/cas9 technology

and the ease of protein tagging available in budding yeast,
we attempted to use polymerase chain reaction (PCR)-
based homology donors for genome editing in cultured
Drosophila S2 cells. Ef�cient selection of stably transformed
cells via a blasticidin resistance gene and stable expression
of the cas9 nuclease allowed us to readily recover cells with
targeted integration of a donor construct at the phospho-
glycerate kinase (PGK) locus �anked by as little as 29 nt
of sequence homology on either end. Repair via the non-
homologous end joining (NHEJ) pathway is a competing
reaction for this purpose, eventually leading to mutation of
the CRISPR target site without integration of the donor
construct. Consistent with this notion, we �nd that deple-
tion of the lig4 gene (65) via RNA interference prior to in-
duction of the DNA break substantially increased the pro-
portion of cells harbouring the desired integrates, reaching
a level of up to 50% of the blasticidin resistant cell pop-
ulation. Similar effects have been observed in lig4 mutant
Drosophila embryos with Zn-�nger induced DNA double-
strand breaks (DSBs) (66). For many purposes this level
may already be suf�cient; furthermore, we found it straight-
forward to derive cell clones with uniform expression by
serial dilution. Compared with transient transfections or
stable cell lines generated by conventional approaches, our
technique is not only more convenient but also avoids po-
tential artifacts due to heterogeneous and exaggerated ex-
pression levels of the tagged protein. The approach we are
presenting here is based on transfection of PCR products
and in vitro transcribed guide RNA. The latter can be re-
placed by U6-promoter-sRNA template fusions also gener-
ated by PCR according to a standardized protocol. How-
ever, in this case spontaneous integration of the gRNA ex-
pression cassette may lead to permanent activation of the
cas9 nuclease and, consequently, a high potential for off-
target cleavage events.

MATERIALS AND METHODS

Molecular biology techniques

The cleavable double-GFP reporter was generated by
inserting a NotI/XbaI digested PCR product of green
�uorescent protein (GFP) obtained with primers 5′-
atGCGGCCGCGTGAGCAAGGGCGAGGAGCT-3′

and 5′-TAtctagaggccgctTTACTTGTACAGCTCGTCC
ATGC-3′ into NotI/XbaI cut pKF63 (67). The result-
ing plasmid was opened at the NotI-site in between the
two GFP moieties and the annealed oligonucleotides
5′-ggccTAGGGATAACAGGGTAATgc-3′ and 5′-
ggccgcATTACCCTGTTATCCCTA-3′ were inserted;
the orientation was determined by sequencing. The �nal

plasmid, pKF251, has a ubiquitin promoter, a fully func-
tional copy of myc-GFP followed by the I-SceI recognition
site and a secondGFP that lacks anN-terminalmethionine.
We ampli�ed the I-SceI ORF from a �y strain harbouring
a heat-shock promoter driven I-SceI transgene (68) with
primers 5′-caGGTACCTAATCCAAAATGTTCATGCC
TTCTTCTTTTTCC-3′ and 5′-atGCGGCCGCTTATTT
CAGGAAAGTTTCGGAGGAG-3′, digested the PCR
product with KpnI/NotI and inserted the fragment into
KpnI/NotI-cut pCASPER tub (69) yielding pKF257. This
vector leads to expression of the I-SceI nuclease under the
control of the �-tub84 promoter.
The cas9 gene with humanized codon bias (47) was

ampli�ed with primers 5′-ATggtaccTAATCCAAAatgga
acagaaactgattagcgaagaagacctgGACAAGAAGTACTC
CATTGG-3′ (appending a myc-tag at the N-terminus)
and 5′-atgcggccgcTCACACCTTCCTCTTCTTCTTG-
3′, digested with KpnI/NotI and ligated into cor-
respondingly cleaved pKF257 (see above). Further-
more, an attB sequence was inserted into a unique
NdeI site in this plasmid with annealed oligos 5′-
TATGgggtgccagggcgtgcccttgggctccccgggcgcgta-3′ and
5′-TAtacgcgcccggggagcccaagggcacgccctggcacccCA-3′

resulting in plasmid pRB14 (expression of myc-cas9).
To generate a vector that allows for expression

of the site-speci�c recombinase FLP from Saccha-
romyces cerevisiae, the gene was PCR ampli�ed from
yeast genomic DNA (strain W303) using primers 5′-
atggatccATGCCACAATTTGGTATATTATGTAAAAC-
3′ and 5′-atgcggccgcTTATATGCGTCTATTTATGTAG
GATGAAAG-3′, then inserted into BamHI/NotI cut
pKF63 yielding plasmid pMH5. The insert was sequence
veri�ed.
To generate sgRNA templates for in vitro transcription

via PCR, the oligonucleotide 5′-GTTTTAGAGCTAGA
AATAGCAAGTTAAAATAAGGCTAGTCCGTTAT
CAACTTGAAAAAGTGGCACCGAGTCGGTGC-3′

served as PCR template with a sense primer contain-
ing the T7 promoter and targeting sequence (e.g. 5′-
taatacgactcactataGCCTAGGGATAACAGGGTAATGg
ttttagagct-3′) and 5′-GCACCGACTCGGTGCCACT-3′

as antisense primer. For the 3′-extended CRISPR’s, oligo
5′-GTGAGCAAGGGCGAGGAGgcaccgactcggtgccact-3′

served as antisense PCR primer. Details on CRISPR target
site oligonucleotides employed are given in Figure 2A
and the supplementary information. In vitro transcription
was performed as previously described for dsRNA (70),
the sgRNA products were puri�ed via a Qiagen PCR
puri�cation kit. PCR ampli�cation of the U6-C promoter
with a T7-extension was achieved with oligonucleotides
5′-GCTCACCTGTGATTGCTCCTAC-3′ and 5′- atagtgag
tcgtattaAACGACGTTAAATTGAAAATAGGTCTA-3′.
The PCR product was cloned into pJet1.2 resulting in
plasmid pRB17 and sequence veri�ed. Overlap-extension
PCR was performed with 1 �l of sgRNA in vitro tran-
scription template (see above) and 1 �l of a 10 ng/�l
dilution of pRB17 per 50 �l PCR. The primers for this
PCR were 5′-GCTCACCTGTGATTGCTCCTAC-3′ and
5′-gcttattctcAAAAAAGCACCGACTCGGTGCCACT-3′

(to introduce a pol-III termination signal at the end).
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Figure 1. I-Sce I and CRISPR-mediated cleavage of chromosomal DNA occur with comparable ef�ciency. (A) Schematic representation of the double-
GFP reporter construct. Note that the �rst copy of GFP is complete and therefore functional, and the second copy only lacks the initiating methionine
(symbolized by the lower case g). The non-rearranged reporter leads to low GFP �uorescence in clonally selected, stable cell lines. Upon cleavage at the
intervening I-SceI recognition sequence, repair may occur either via homologous recombination (HR, left side) or non-homologous end joining (NHEJ,
right side). While HR rearranges the locus and results in high GFP expression, NHEJ leads to short deletions but retains the low level of GFP �uorescence.
(B) Depletion of lig4 (an essential NHEJ factor) and exo1 (an essential HR factor) followed by transfection of an I-SceI nuclease expression vector
demonstrates the preferred outcome of reporter �uorescence when either pathway is suppressed. Knock-down of Renilla luciferase served as a control.
(C) In clonally selected stable cell lines that express a myc-tagged version of the cas9 nuclease protein in addition to the reporter construct, transfection of
an in vitro transcribed, cognate CRISPR RNA (see Figure 2A for sequence details, I-Sce17 refers to the 17-nt-long CRISPR targeting region) leads to a
comparable extent of DNA cleavage as the I-SceI nuclease itself (as judged by the proportion of GFPhigh cells). A control RNA (CRISPR target sequence
5′- GCGGTGGACCAGCTGCAGC-3′) that does not target cas9 to our reporter did not lead to detectable cleavage and rearrangement.
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Figure 2. Quantitative assessment of cas9-mediated cleavage in living cells using variousCRISPRRNAguides. (A) Sequence detail of the I-SceI recognition
site region in our reporter construct. The length variant CRISPRRNAs with anNGG trinucleotide protospacer-associated motif (PAM) are shown in blue
below the reporter sequence and the CRISPR RNA for testing cleavage ef�ciency at the 5’-NAG-3’ trinucleotide PAM is shown in red above the reporter
sequence. (B) Quantitative analysis of CRISPR cleavage activity according to targeting sequence length using our HR reporter system. The proportion of
GFPhigh cells was determined via two-dimensional analysis of �uorescence-activated cell sorting data (side scatter vs. GFP �uorescence) as this enables
more reliable separation of the two populations. Two independent cell clones expressing myc-cas9 and the double-GFP reporter were analyzed; the data are
presented as the mean ±SD of three independent biological replicates. (C) Quantitative analysis of CRISPR cleavage activity with an NAG trinucleotide
PAM. The experiment was performed essentially as described in B, the I-Sce17 NGG CRISPR serves as comparison. Cleavage activity towards an NAG
PAM is detectable but occurs with clearly lower ef�ciency. Two cell clones were tested in two independent biological replicates each. (D) Extending the
CRISPRRNA at its 3′-end does not impair cleavage activity. The experiment was performed and analyzed as in B but a CRISPRRNAwith a 3′-extension
harboring 18 nt of sequence homology downstream of the CRISPR target site was employed. This extension did not impair cleavage activity (compare
with B), but also did not rescue the apparent defect of the I-Sce13GG RNA construct either.
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A copia-Bsd-eGFP fusion gene was con-
structed by amplifying the copia promoter
from pDrBB2 (Addgene) with primers 5′-
GCgaattcCTGTTGGAATATACTATTCAAC-3′ and
5′-GCggtaccTCCTTTCTTAATAAATAAATAAATAG-
3′, the bsd gene from pCMV/Bsd (Invitrogen) with
primers 5′-GCaccggtATGGCCAAGCCTTTGTCTCA-
3 and 5′-GCccatggtGCCCTCCCACACATAACCA-3′

and the eGFP reporter from pEGFP-N1 (Addgene)
with primers 5′-GCccATGGTGAGCAAGGGCGAG-3′

and 5′-GCgctagcTTACTTGTACAGCTCGTCCA-3′,
then inserting them via restriction digest into a pUC19
derivative.
Template plasmids for HR-mediated protein tagging

were generated by amplifying the copia-Bsd portion
of the fusion gene described above with primers 5′-
GATTATAAAGATGATGATGATAAAactagtGAAG
TTCCTATACTTTCTAGAGAATAGGAACTTCAA
ATAAAcatatgCTGTTGGAATATACTATTCAAC-3′

and 5′-atCATATGTTAGAAACAAATTTATTTTTAA
AGTTTTATTTTTAATAATTTctaGCCCTCCCACA
CATAACCAGA-3′ to remove the GFP ORF, add a
5′-FRT sequence, a stop codon and a short 3′-UTR. The
product was re-ampli�ed with the same sense primer
and 5′-GAAGTTCCTATTCTCTAGAAAGTATAGG
AACTTCcatatgttagaaacaaatttatttttaaag-3′ to append
a downstream FRT site, then inserted via blunt-end
cloning into pJet2.1. The orientation was determined
by sequencing. This plasmid served as the basis for
tag insertion between an XhoI and SpeI site. We used
primers 5′-tactcgagATGGTGAGCAAGGGCGAGGAG-
3′ and 5′-taactagtTTACTTGTACAGCTCGTCCATG-3′

to amplify the coding sequences of EGFP resulting
in plasmid pMH3. A double FLAG-tag template was
constructed by ligating the annealed oligonucleotides 5′-
tcgagGATTATAAAGATGATGATGATAAAtccggagcc
GATTATAAAGATGATGATGATAAATGAa-3′ and 5′-
ctagtTCATTTATCATCATCATCTTTATAATCggctccgg
aTTTATCATCATCATCTTTATAATCc-3′ into the base
vector resulting in plasmid pMH4. The TwinStrep-tag se-
quence was inserted via the annealed oligonucleotides 5′-tc
gagAGCGCTTGGAGCCACCCGCAGTTCGAGAAAG
GTGGAGGTTCCGGAGGTGGATCGGGAGGTGGA
TCGTGGAGCCACCCGCAGTTCGAAAAATGAa-3′

and 5′-ctagtTCATTTTTCGAACTGCGGGTGGCTCCA
CGATCCACCTCCCGATCCACCTCCGGAACCTCCA
CCTTTCTCGAACTGCGGGTGGCTCCAAGCGCTc-
3′ resulting in plasmid pIW1.
PCR ampli�cation of targeting constructs (HR donors)

was performed with one of the plasmids described
above as template and the primers annealing with their
3′-end sequences of . . . ggatcttccggatggctcgag-3′ and
. . . gaagttcctattctctagaaagtataggaacttccatatg-3′. Further
details are provided in Figure 3 and the supplemen-
tary information. For PGK targeting, the primers were
5′-CGTCTCCACCGGAGGCGGCGCTTCGCTGGA
GCTCCTGGAGGGCAAGACACTGCCAGGCGT
GGCTGCATTGACCAGCGCCggatcttccggatggctcgag-
3′ and 5′-TGGTTTGTGCTTACAAGGTAAACGAT
GCGATTAACATTAATATACCGTATATATGTAC
GCgaagttcctattctctagaaagtataggaacttccatatg-3′ (80 and

60 nt homology) or 5′-TGCCAGGCGTGGCTGCAT
TGACCAGCGCCGgatcttccggatggctcgag-3′ and 5′-
TAACATTAATATACCGTATATATGTACGCgaagt
tcctattctctagaaagtataggaacttccatatg-3′ (29 nt homol-
ogy). PCR products were puri�ed via Qiagen PCR
puri�cation columns before transfection. The sgRNA
template primer for PGK was 5′-taatacgactcactataG
TATATATGTACGCTTAGGCGCgttttagagctag-3′. For
tagging of Tubulin 56D, the HR donor primers were 5′-
ATGAACGATCTGGTGTCCGAGTACCAGCAGTA
CCAGGAGGCCACCGCCGACGAGGACGCCGAGT
TCGAGGAGGAGCAGGAGGCTGAGGTCGACGAG
AACggatcttccggatggctcgag-3′ and 5′-TACAACTGAATT
CATTTGTTCTCGTTTCATTTTTTTTCGCAAAACA
TTGATCGAGAATTCGATTGATTTCCGATTCGAAT
GAAGTTCCTATTCTCTAgaaagtataggaacttccatatg-3′;
the sgRNA template primer was 5′-taatacgactcactataG
ACGAGAACTAAATTCGAATgttttagagctag-3′. For
tagging of the blanks gene, the HR donor primers were
5′-ATCCAAGAAGGCAGCCCGTTACAAACTATC
CGCTTTAGTTTGTAACAAACTATTTGGAACCGAC
TATCCACAAAAAGgatcttccggatggctcgag-3′ and either
5′-GAATGCCGCTAATACGTTTTAAAGTACTACCG
GGTGCCCAGAATCATGTGATGTTTTCGTGAAG
TTCCTATTCTCTAgaaagtataggaacttccatatg-3′ (wild-
type sequence) or 5′-GAATGCCGCTAATACGTTTTAA
AGTACTACCGGGTGCCCAGAGTTATGTGATGTT
TTCGTGAAGTTCCTATTCTCTAgaaagtataggaacttccat
atg-3′ (two point mutations in 3′-UTR located CRISPR
target site underlined); the sgRNA template primer was
5′-taatacgactcactatagACGAAAACATCACATGATTCTg
ttttagagct-3′.

Primers to verify integration at the PGK lo-
cus were 5′-GTGGCCGCCACCAAGAACG-
3′ (PGK-speci�c, sense) and 5′-
GTAGGTTGAATAGTATATTCCAACAGCATATG-
3′ (within the copia-promoter, antisense). To detect
FLP-mediated excision of the resistance cassette, we
used primers 5′-ggatcttccggatggctcgag-3′ (common
linker between target protein and tags, sense) and
5′-CCTCAATGGACAGCAACTTTGCCC-3′ (PGK
speci�c, downstream antisense).
All oligonucleotides for cloning and generation of tar-

geting PCR products were ordered from Euro�ns/MWG
(Ebersberg, Germany) at the appropriate synthesis scale
and only standard puri�cation (high purity salt free or
HPSF).
The relevant plasmids will bemade available throughAd-

dgene.
The dsRNA for knock-down was prepared as previously

described (71) with PCR primers containing a T7 pro-
moter. For lig4 RNAi the primers were 5′-taatacgactcactat
agggCCCAATGATCCAAAGTGTTTTTGCA-3′ and 5′-
taatacgactcactatagGGAAGTAGGATGCCTTCGCGA-
3′, for exo1 RNAi the primers were 5′-taatacgactcactatag
ggCCGAAGTCGCTTCTTCGCCAC-3′ and 5′-taatacga
ctcactatagggGGACAGGTTTCGTCTGGAAGC-3′. The
Renilla luciferase control construct has been described
before (70).
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Figure 3. Using CRISPR-mediated induction of DNA double-strand breaks for genome editing via HR. (A) Schematic representation of the targeting
construct design and transfection; the length of the homology arms appended via the PCR primers was 80 nt upstream and 60 nt downstream. Further
details, including targeting design, are provided in the supplementary information. (B) Assessment of targeting ef�ciency using the integration of a GFP
moiety at the C-terminus of PGK. The three panels represent �ow cytometry analysis 5 days after the transfection (top) and after one and two weeks of
blasticidin selection (middle and bottom, respectively). The quantity of PCR product transfected (indicated below the bottom panel) refers to the amount
applied to one well in a 96-well plate, the amount of sgRNA employed was 100 ng per well. We compared two stable cell clones expressing myc-cas9 that
were independently selected (neomycin and hygromycin resistance) either as untreated cells (red bars) or as cells where the NHEJ factor lig4 had been
depleted before transfection (two sequential dsRNA treatments, blue bars). The slightly higher proportion of cells detected as GFP positive after the �rst
split in blasticidin-containing medium may have been caused by a not yet complete antibiotic selection process; non-integrating but transfected cells will
be transiently resistant to blasticidin. Since the GFP �uorescence is low (endogenous levels), it is challenging to completely discriminate dying cells from
weak GFP positive cells. Note that in the control transfection without any targeting PCR product, no cells could be measured upon selection (nd = none
detected). (C) An independent experiment with the neomycin selected myc-cas9 cell clone yielded comparable results. For this experiment, only one dsRNA
treatment to deplete lig4 was performed; this may explain the slightly lower ef�ciency compared with B.
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Cell culture and transfections

Cells were cultured in standard Schneider’s medium sup-
plemented with 10% fetal bovine serum (both Bio&Sell,
Nürnberg/Germany). Transfections were performed with
Fugene HD (Promega) and selection of hygromycin or
neomycin resistant cells was done as previously described
(72). Selection of blasticidin-resistant cells was achieved at
a concentration of 25 �g/ml blasticidin-S (Life Technolo-
gies). During selection, cells were split between 1:5 and 1:10
once per week. We employed a Becton Dickinson FAC-
SCalibur �ow cytometer equipped with a 96-well plate au-
tosampler for quanti�cation of PGK-GFP expression.Data
analysis was performed using �owing software version 2.5.0
(http://www.�owingsoftware.com/). RNAi was induced by
adding dsRNA to the growth medium at a concentration
of 10 �g/ml. In our experience, serum withdrawal is not re-
quired for ef�cient RNAi in S2-cells. Four days after induc-
tion of RNAi the cells were either transfected or split 1:10
for a second round of RNAi targeting the same gene. Flu-
orescence microscopy was performed on a Leica TCS SP2
confocal microscope.

RESULTS

The Streptococcus pyogenes cas9 nuclease ef�ciently cleaves
chromosomal DNA of cultured Drosophila cells

Our goal was to introduce a protein tag at the C-terminus
with only short regions of homology, therefore selection
of suitable CRISPR target sites was very much restrained.
We thus tested whether variations of CRISPR RNA length
can be tolerated. To this end, we constructed a direct re-
peat of two GFP coding sequences interrupted by one copy
of the I-SceI nuclease recognition sequence (Figure 1A).
The reporter is conceptually equivalent to comparable sys-
tems developed for mammalian cell culture (73). Although
in our case the �rst GFP sequence is complete (while the
second one lacks the original ATG start codon), the com-
plete reporter cassette only yields moderate green �uores-
cence in S2-cells. Upon cleavage by the I-SceI nuclease, re-
pair via HR between the two GFP sequences can occur
(most likely via the single-strand annealing pathway). This
leads to a substantial increase in GFP �uorescence, which
can be quanti�ed by �ow cytometry in stable cell clones. Ap-
parently, in the complete reporter cassette the long 3′-UTR,
comprising the second GFP copy, results in inef�cient pro-
tein expression. PCR analysis of genomic DNA con�rmed
rearrangement of the locus (data not shown). Thus, the con-
version to high GFP expressing cells in our reporter culture
indicatesDNAcleavage.As an alternative toHR, theNHEJ
pathway may also repair the cleaved reporter. In this case,
however, no increase in GFP expression will be observed.
By depleting the cellular pool of either DNA ligase 4 (lig4),
an essential enzyme for NHEJ, or the HR factor exonucle-
ase 1 (exo1) (74) via RNA interference, the corresponding
pathways can be substantially repressed. Subsequent trans-
fection of the I-SceI nuclease and analysis of GFP expres-
sion by �ow cytometry correctly re�ected action of the cor-
responding repair pathway (Figure 1B). According to pre-
liminary PCR analysis (not shown), it is indeed the repair
via HR/single-strand annealing that leads to cells express-

ing high levels of GFP, but a more thorough analysis of the
repair mechanism(s) is required and will be presented else-
where. For the purpose of this manuscript, the important
feature of the reporter is that a rearrangement of the locus is
quanti�able and triggered only upon DNA cleavage. Thus,
our GFP–I-SceI seq.–GFP reporter construct can be used
to indirectly estimate and compare cleavage ef�ciencies.
We introduced an expression construct for cas9 with hu-

manized codon bias (hcas9, (47) with an additional myc-tag
appended) and selected cell clones expressing both, myc-
hcas9 and theGFP–I-SceI seq.–GFP reporter. In these cells,
introduction of an in vitro transcribed CRISPR RNA with
corresponding sequence can direct cas9-mediated cleavage
of the GFP reporter (Figure 1C). The template for in vitro
transcription of the CRISPR RNA can be conveniently
generated by PCR (see supplementary information for de-
tails).

Length variations of the CRISPR sgRNA are tolerated

We used this system to compare cleavage ef�ciencies be-
tween CRISPR RNA sequences with the capacity to form
RNA–DNA hybrids between 13 nt and 25 nt in length.
The minimal target length construct contained two addi-
tional guanosines at the 5′-end to ensure ef�cient transcrip-
tion by T7 RNA polymerase. Among the RNA–DNA hy-
brid lengths tested, we found that sequences between 17 nt
and 25 nt ef�ciently programmed cas9 to cleave the reporter
DNA with no negative effects induced by shortening of the
targeting sequence length to less than 21 nt; in fact, a trend
towards higher cleavage ef�ciencies with 17 nt and 18 nt
targeting length is apparent but should be validated with
an independent sequence. The shortest construct, however,
did not result in detectable cleavage and repair (Figure 2B).
Recent reports have described that an NAG trinucleotide
may also serve as PAM for S. pyogenes cas9, though cleav-
age ef�ciency is only about one-�fth of the one observed
with a GG dinucleotide (75–77). When cleavage of our
GFP–I-SceI seq.–GFP reporter was programmed adjacent
to an NAG PAM (see Figure 2A) we observed indeed that
recombination-mediated repair is induced, albeit withmuch
lower ef�ciency (Figure 2C). The 3′-end of the arti�cial
sgRNA scaffold we employ to program cas9 cleavage speci-
�city has been shortened relative to the naturally occurring
CRISPR/tracr-RNA pair (4,47). We thus reasoned that it
may be extended in order to append further functional se-
quences, e.g. a longer stretch of double-stranded RNA or
chemical modi�cations to enhance cellular uptake, if de-
sired. We �rst prolonged the 3′-end with a short sequence
homologous to the reporter sequence downstream of the I-
SceI cleavage site (we chose the opposite DNA strand). The
rationale was to test whether this addition could restore ef�-
cient cleavage of our shortest CRISPR targeting RNA con-
struct by providing the potential to form additional base-
pairs 3′ to the PAM.While cleavage of our reporter occurred
with the same ef�ciency for the 3′-extended, 17–25 nt target-
ing region CRISPR RNAs, the shortest construct still did
not show any detectable cleavage activity (Figure 2D).

Cleavage by the I-SceI meganuclease is of comparable
ef�ciency and both systems are most likely limited by the
transfection ef�ciency (we routinely obtain 60–70%). The
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RNA–DNA hybrid length can be considerably more vari-
able than what is observed in the original organism S. pyo-
genes; changing its length between 17 nt and 25 nt did not
reduce cleavage ef�ciency. Since both the T7 RNA poly-
merase promoter we exploited for in vitro transcription and
the frequently employed U6 snRNA promoter for in vivo
transcription of the CRISPR RNA initiate most ef�ciently
with a guanosine nucleotide, our observation expands the
repertoire of biochemically accessible CRISPR target sites
within the genome. This is consistent with mutational stud-
ies demonstrating that cleavage speci�city is primarily de-
termined by the �rst 12 nt of the CRIPSR targeting portion
(counting from theNGGPAM) (4,48,51,75–78). Our obser-
vation agrees with previous reports demonstrating that the
CRISPRRNA can be extended at its 3′-end (61,78). A con-
tribution of further guideRNA-target DNA base pairs that
could rescue the activity of an excessively shortened guide
RNA was however not observed with the particular exten-
sion we chose. While our manuscript was in revision, Fu et
al. (55) reported the use of truncated guide RNAs in human
cells. Consistent with our results, guide RNA lengths of 17
and 19 nt showed full cleavage activity while a 15 nt guide
RNA appeared to be inactive in their experiments. Further-
more, variations of CRISPR guide RNA length have been
tolerated to a certain extent when the CRISPR/cas9 system
was repurposed into a tool for gene regulation (61). Exten-
sion of the sgRNA was also tested when Ren et al. used mi-
croinjection of DNA templates for sgRNA transcription in
Drosophila embryos. One of their constructs used the 5′- and
3′-UTR of the nos gene to �ank the sgRNA; this construct
did not yield heritable mutations, though technical aspects
such as the low survival rate may in part be responsible for
this �nding (21).
In summary, our experiments demonstrate that the S.

pyogenes CRISPR/cas9 system ef�ciently cleaves chromo-
somal DNA in culturedDrosophila cells. Our results extend
the �ndings of an independent report (Basset et al. (79)) by
a system that features clonally selected cell lines with sta-
ble cas9 expression and that allows for only transient ac-
tivation of the cas9 nuclease via transfection of an in vitro
transcribed guide RNA.

Integration of PCR-based homologous recombination donors
is ef�cient in Drosophila S2 cells

Chromosomal DNA double-strand breaks stimulate DNA
repair and this can be used for genome editing via HR. A
prominent example of this is the addition of a GFP moi-
ety or other protein tags to the endogenous copy of a given
protein-coding gene. To this end, the protein tag sequence
and a selectable marker are decorated with �anking arms
of homologous sequence, typically in the kilobase range
(12,14,15,39,41,80–82), thus specifying the desired site of
integration. In analogy to elegant approaches used for pro-
tein tagging in budding yeast (64), we tested whether these
homology arms can be appended via simple additions to
PCR primers. This approach is extraordinarily convenient
as no cloning steps are involved; the downside is a poten-
tially much lower ef�ciency of HR due to the length limita-
tions in oligonucleotide synthesis.

We constructed a series of plasmids that serve as tem-
plates during PCR to generate a given HR substrate for
C-terminal protein tags. The resistance marker is the blas-
ticidin deaminase (BSD) gene from Aspergillus terreus al-
lowing for very rapid selection, driven by the copia pro-
moter and �anked by FRT sites to permit removal after
selection. The sequence coding for a given epitope tag is
inserted directly adjacent to the upstream FRT site using
XhoI and SpeI restriction sites. Note that XhoI/SalI and
SpeI/XbaI/NheI have compatible overhangs that can be
used for cloning if one of the original sites is present within
the desired tag. If the sequence used for primer anneal-
ing during PCR is chosen upstream of the XhoI site, a se-
ries of HR substrates for introducing different tags can be
generated with a single set of homology-containing long
oligonucleotides. The general setup and resulting linker se-
quence are detailed in Figure 3A and the supplementary in-
formation. Currently, vectors are available with templates
for GFP, 2x FLAG and a Twin-STREP-tag (83).

We tested the system by tagging the endogenous copy
of PGK with GFP. Since the protein is robustly expressed,
the �uorescence induced upon successful tagging can be de-
tected and thus conveniently quanti�ed in a �ow cytome-
ter. Previous attempts to use HR for genome editing in
Drosophila have revealed that inactivating the NHEJ path-
way via a mutation in the lig4 gene can greatly increase
the proportion of marker insertions at the desired locus.
We therefore compared untreated S2 cells stably express-
ing the cas9 nuclease to the same cells with prior depletion
of lig4 via RNA interference. The CRISPR RNA directing
cleavage 2 nt 5′ to the stop codon in the PGK gene was co-
transfected with decreasing amounts of PCR products con-
taining 80 nt and 60 nt of sequence homology upstream and
downstream, respectively. We quanti�ed the proportion of
GFP positive cells 5 days after transfection, then after one
and two weeks of blasticidin selection. Given the limited ex-
tent of homologous sequence, we were surprised to see that
even in the absence of any selection, up to 2% of the cell
population showed detectable GFP expression. This pop-
ulation increased upon blasticidin selection to up to 35%.
The amount of co-transfected targeting construct did not
appear to be very critical, though a dose of 10 to 30 ng
(per well of a 96-well plate) gave the best results. These val-
ues were obtained with cells that had been pre-treated with
dsRNA to deplete lig4. In untreated cells, no more than
6% of the blasticidin-resistant cells were GFP positive after
two weeks of selection, demonstrating that NHEJmediated
off-target integration is responsible for at least a portion of
the blasticidin-resistant, non-�uorescent cells (Figure 3B).
The reproducibility of this success rate is good as similar
results were obtained in a parallel experiment with an in-
dependent clone of cas9 expressing cells (Figure 3B) and a
fully independent biological replicate (Figure 3C). Correct
and full-length integration was veri�ed by genomic PCR
(Figure 4A), excision of the blasticidin-resistance cassette
upon transfection of a FLP-recombinase expression plas-
mid (Figure 4B) and western blotting to con�rm the pre-
dicted size of GFP-, Flag- and Strep-reactive bands (Figure
4C).

There are two possibilities why we derive a substantial
amount of blasticidin-resistant, GFP-negative cells. Either
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Figure 4. Molecular characterization of epitope tags introduced at the PGK locus. (A) PCR analysis to verify integration at the PGK locus. The primer
locations and expected product sizes are indicated on the left, the speci�c upstream and downstream primers were chosen outside of the homology-region
used for targeting. The PCR products were sequenced to verify their identity. (B) FLP-mediated excision of the resistance cassette. The primer locations
and expected product sizes before and after excision are indicated on the left. FLP-mediated excision was further veri�ed by sequencing the PCR products
obtained for all three tags after introduction of FLP recombinase. (C) Western blot to verify that a de�ned protein of the expected size is tagged using our
protocol. The blots were probed with monoclonal antibodies against GFP (clone B-2 obtained from Santa Cruz), the FLAG-tag (clone M2 obtained from
Sigma) and the Strep-tag (Strep-Mab HRP, obtained from IBA in Göttingen/Germany). Detection of tubulin served as a loading control (below, clone E7
obtained from the Developmental Studies Hybridoma Bank). For each tag, two parallel technical replicates were analyzed ( = parallel transfection and
selection, referred to as A and B).
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Figure 5. Short homology arms can direct site-speci�c integration and increased targeting ef�ciency with U6-promoter based sgRNA expression. (A) We
performed an analogous experiment to Figure 3B using PCR primers with only 29 nt of sequence homology at either end. Although the ef�ciency is clearly
lower than what was observed with longer homology, the short arms are able to direct site-speci�c integration of the PCR product. (B) Transfection of
U6-promoter sgRNA template fusions can further boost the recovery of tag-expressing cells. The amount of sgRNA (obtained by in vitro transcription)
or U6-promoter-sgRNA template (obtained by overlap extension PCR) is indicated below the diagram. Note that for the in vitro transcribed sgRNA, the
maximal amount used (40 ng) is less than in Figure 3 (100 ng). Blue bars depict the results from transient cas9 expression, while red bars depict the results
obtained with a stable cas9 expressing clone (hygromycin-resistance). The bars represent the mean of two fully independent biological replicates, error bars
indicate the range of the individual values.
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the PCR cassette spontaneously integrated elsewhere in the
genome in spite of our lig4 depletion, or small mistakes dur-
ing HR or oligonucleotide synthesis have introduced a shift
in the reading frame and thus preventedGFP expression. To
distinguish these possibilities, we sequenced the PCR prod-
ucts from Figure 2A directly (i.e. without cloning and selec-
tion of individual colonies). The sequencing traces showed
only minor signs of sequence heterogeneity, indicating that
frameshiftmutations are unlikely to account formany of the
GFP-negative cells. Off-target integration of the tagging-
cassette is therefore a frequent event in the selected popu-
lation and could––at least in theory––lead to expression of
the protein tag on unintended proteins. So far, we have not
detected any corresponding signal in our Western blots or
in the �uorescence microscopy results (see below, Figure 6).
Furthermore, transfection of the GFP tagging cassette in
the absence of a corresponding DNA break does not yield
signi�cant amounts ofGFP-positive cells (see below, Figure
5). The non-expressing cells may have suffered from themu-
tagenic insertion of the tagging cassette into off-target loca-
tions. However, since these cells do not appear to express
the tag, this should not compromise conclusions based on
detection of the tag.
Is it possible to further shorten the homology arms con-

tributed by the PCR primers? We performed the same ex-
periment with only 29 nt of upstream and downstream ho-
mology. Without selection, we only detected background
levels of GFP �uorescence, but upon blasticidin treatment
up to 15% of the selected cell population became GFP pos-
itive. Again, the depletion of lig4 resulted in a clear in-
crease in GFP-positive cells. The success of this experi-
ment demonstrates that �anking homology as short as 29
nt can suf�ce to direct site-speci�c integration at an engi-
neeredDNAdouble-strand break (Figure 5A).We nonethe-
less recommend using longer stretches of homology as this
increases the frequency of targeted integration.

Improved ef�ciency using U6-promoter based sgRNA expres-
sion

Since 5′-extensions of the guide RNA did not impair cleav-
age ef�ciency (Figure 2), we testedwhether the T7-promoter
sequence contained in our sgRNA in vitro transcription
templates can be used to append a U6 promoter via over-
lap extension PCR. To this end, we ampli�ed theDrosophila
U6-C promoter with the T7 RNA polymerase promoter se-
quence as an extension after the annotated transcription
start site. Upon overlap-extension PCR, an U6-promoter-
sgRNA template fusion product of ∼600 nt can be ob-
tained (not shown). We then transfected this construct
along with our PGK-GFP targeting PCR product (harbor-
ing the longer homology arms) into lig4-depleted cells sta-
bly expressing the cas9 nuclease. For a side-by-side com-
parison, we also included in vitro transcribed RNA. In
this experiment, we varied the amount of CRISPR guide
RNA (or U6-promoter fusion) while keeping the amount
of tagging construct constant. Even without cas9 program-
ming, surviving cells could be recovered after two rounds
of blasticidin selection. However, essentially none of these
cells showed green �uorescence, further substantiating that
the �uorescence we observed is due to on-target integra-

tion. Upon activation of DNA cleavage at the PGK lo-
cus, we saw that theU6-promoter fusion constructs resulted
in even higher proportions of cells with PGK-GFP fu-
sions than transfection of in vitro transcribed RNA (Figure
5B). We also combined transient transfection of a cas9 ex-
pression plasmid, the U6-promoter-gRNA template fusion
PCR and the PGK-GFP tagging PCR product into lig4-
depleted, normal S2-cells. This combination also produced
PGK-GFP expressing cells albeit with a slightly reduced ef-
�ciency. Co-transfection of in vitro transcribed gRNA in-
stead of the U6-promoter fusions was clearly less ef�cient
when combined with transient cas9 expression, presumably
because much of the gRNA template is degraded before the
cas9 protein becomes expressed (Figure 5B).

Application to other genes and introduction of point muta-
tions in HR donors

To con�rm the general applicability of our technique, we
also designed gRNA and HR donor primers to tag the
β-tubulin 56D gene. Successful integration of the tagging
cassette was con�rmed by PCR and western blotting (not
shown). Upon introduction of a GFP-tag, cytoskeletal
structures could be observed by �uorescence microscopy
in interphase cells (Figure 6A, upper row) and the spindle
was clearly GFP-labeled in mitotic cells (Figure 6A, bot-
tom row). In contrast, microscopic analysis of PGK-GFP
expressing cells revealed a diffuse cytoplasmic and nuclear
distribution of GFP �uorescence (Figure 6B). This local-
ization pattern is consistent with results obtained in mam-
malian cells, where cytoplasmic and nuclear localization
of glycolytic enzymes––including PKG––has been observed
(reviewed in (84)).
Serial dilution of the blasticidin-resistant cells can be per-

formed to derive cell populations that show uniform expres-
sion of the tag. We found this to be straightforward from a
starting population where 30% of the cells have the tag inte-
grated at the correct position (see Supplementary Figure S1
for an example clone). This may even yield cells where all
chromosomal alleles have been modi�ed (i.e. no untagged
protein remains), provided that the protein remains func-
tional or is non-essential.
Stimulation of HR by cas9-mediated DNA cleavage de-

pends on the availability of a correspondingly located GG
PAM. Ideally, the cas9/CRISPR target site is disrupted by
integration of the tagging cassette such that neither the HR
donor nor the modi�ed genomic locus can be cleaved (see
Supplementary Figure S2A for targeting design ofPGK and
Tub56D locus). If this ideal design is not possible, cleav-
age of the donor and modi�ed locus can be prevented by
including point mutations (translationally silent if located
within the coding sequence) in the �anking homology arms
of the PCR primers. On the other hand, this may have ad-
verse effects on the ef�ciency of HR, in particular because
our approach provides only short homology arms. Using
the nuclear RNAi-factor blanks as target protein, we com-
pared the tagging ef�ciency for point mutant and wild-type
HR donor PCR products for a non-disrupted CRISPR tar-
get site. Western Blot Analysis demonstrated that integra-
tion of a FLAG-tag was clearly more ef�cient if the HR
donor contained the point mutations (Supplementary Fig-
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Figure 6. Fluorescence microscopy of Tub56D-GFP and PGK-GFP. (A) Tub56D-GFP tagging reveals cytoskeletal structures in interphase cells (top
row) and the spindle in mitotic cells (bottom row). (B) The GFP-tagged PGK protein is localized to both nucleus and cytoplasm. Live cells were stained
with Hoechst 33342, a cell-permeable DNA stain with DAPI-like �uorescence, and imaged on a Leica SP2 confocal microscope. We acquired z-stacks
covering the entire thickness of the cells, then calculated the corresponding 2D average projections that are displayed in this �gure with the Leica software
accompanying the microscope. These high magni�cation images are representative of the GFP-expressing cells in our cultures. In particular, we did not
observe any cells with tubulin-like GFP distribution in the PGK-GFP cultures and vice versa.
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ure S2B). Thus, the cas9/CRISPR mediated cleavage may
occur a short distance away from the desired integration
site, provided that point mutations can be introduced in the
HR donor. Further experiments are required to delimit the
maximal distance of DNA cleavage from the desired inte-
gration site that still results in highly ef�cient tagging.

DISCUSSION

Limitations and further applications of the chromosomal tag-
ging approach

The system we are describing here allows for straightfor-
ward generation of tagged proteins at their chromosomal
locus. This circumvents well-known problems that are in-
herent to approaches based on plasmid cloning and tran-
sient transfection, such as overexpression at heterogeneous
levels and the presence of untagged, endogenous protein.
However, some general limitations of protein tags remain.
First of all, addition of a tag may interfere with the func-
tion of the host protein. With plasmid transfections, this
can sometimes be masked by the remaining pool of un-
tagged endogenous protein; functionality of the chromo-
somally tagged protein should therefore be assessed in cell
cloneswhere all chromosomal alleles have been tagged. Fur-
thermore, appending a relatively stable protein such as GFP
may in�uence the host protein’s stability, leading to altered
expression levels despite an unaltered gene dose.
Some �y genes show heterogeneity at the 3′-end due to

splice variants that involve the region coding for the pro-
tein C-terminus. Fortunately, these cases are the exception
rather than the rule. Here, introduction of a C-terminal tag
is not only impractical but in addition could in�uence the
outcome of alternative splicing decisions. It may be possible
to introduce tags also internally with our method; however,
the current templatemodules all contain a stop codon at the
end of the tag and the FRT sequence, which remains after
removal of the resistance cassette, will also introduce stop
codons depending on the reading frame.
Off-target cleavage by the cas9 nuclease must be a con-

cern. We have thus far employed CRISPR target sites that
are very close to the stop codon of the host protein. Due
to the limited sequence space available for DNA cleavage,
the choice of CRISPR sites withminimal off-target cleavage
potential is essentially impossible in this situation. Further
experiments should test whether the DNA cut may be set at
a certain distance to the desired integration site, allowing for
at least a minimal choice among potential CRISPR target
sites. Finally, the use of truncated guide RNAs is not only
ef�cient (see Figure 2) but has also reduced the off-target
cleavage rates in cultured human cells (55).
It is also important to consider when delivery of the guide

RNA as a transcript or as a U6-promoter-based DNA tem-
plate is more appropriate. Recent structural analysis has
revealed that RNA-binding is required for conformational
activation of the cas9 nuclease (85,86). This likely explains
why expression of apo-cas9 is non-toxic in cells and trans-
genic �ies; delivery of an in vitro transcribed guide RNA
therefore only produces a transient pulse of CRISPR/cas9
cleavage activity. If DNA-based guide RNA templates are
employed, the potential for spontaneous integration of this

cassette into the genome may lead to permanent cas9 acti-
vation and thus a high rate of off-target cleavage events. We
suggest using in vitro transcribed guide RNAs and clonal
selection of tagged cells if these will represent the basis
for a larger set of detailed analyses. In contrast, the U6-
promoter-guide RNA template fusions are valuable tools
for automated high throughput screening approaches.
The combination of lig4 RNAi, cas9-mediated DNA

cleavage, introduction of a PCR-generated HR donor and
blasticidin selection can routinely yield cell populations
where more than 30% of the cells have a correctly targeted
insertion at the desired genomic locus. This is almost within
the range of what can be achieved by transient transfections,
yet it has the advantage that the endogenous promoter and
gene dose are conserved thus avoiding overexpression arti-
facts. It may be possible to improve the yield of correctly
inserted fragments further by optimizing the lig4 knock-
down procedure and/or combining it with knockdown of
other NHEJ factors, in particular those responsible for a
lig4-independent NHEJ-like pathway (87–91).

The tagging at endogenous expression levels evidently
limits the scope of our technique to the set of proteins nor-
mally present in the S2 cells. Analogous template modules
for N-terminal tagging can be devised; they should provide
a promoter to force expression of the fusion protein un-
til the selection marker is removed by FLP recombinase.
Before marker excision, expression of the targeted genes
will thus be constitutive or––depending on the promoter–
–conditional. Although e.g. interactome studies with a pro-
tein that is normally absent from the cellular context are
likely of limited value, mis-expression strategies have been
successful to identify novel components of e.g. theWnt sig-
nalling pathway in �ies (92). With a properly engineered
readout, genome-scale overexpression may thus represent
a valid and feasible screening approach in S2-cells. Our sys-
tem is also well suited for knock-in of e.g. a luciferase re-
porter either fused to or in place of the host gene. This
permits convenient measurement of gene regulation within
the chromosomal context, including the 3′-UTR if FLP-
mediated excision of the resistance cassette has been ap-
plied. Combining these reporters with genome-wide RNAi
screens is then straightforward. In particular, since transient
cas9 expression can suf�ce to introduce the tags (see Figure
5B), it should be possible to extend the application to other
Drosophila cell lines, which can also be derived de novo from
�ies with a desired genotype (93).
Are PCR-based HR donors less ef�cient than the es-

tablished, plasmid-based approaches using long homolo-
gies? We have not attempted a side-by-side evaluation and
quantitative comparisons between �ies and S2-cells are not
reasonable. An earlier attempt to detect genome modi�ca-
tion of KC167/M3 cells via HR by the Cherbas lab em-
ployed long homology arms, but could not induce a site-
speci�c DNA break (94). It is thus not suitable for direct
comparison with our data. The independent work of Bas-
set et al. (79) in S2-cells demonstrated tagging ef�ciencies
for the Ago1 gene of around 1% without selection using
a 1 kb homology arm. This is in fact roughly comparable
with the ef�ciencies we observed at the PGK locus prior
to selection and without depletion of lig4 (see Figure 3B).
Subsequently, the approach by Bassett et al. only removes
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the non-transfected cells, increasing the tagging frequency
to 4–5% of the selected cells. Our protocol selects for sta-
ble integration of a marker and we thus obtained a much
higher proportion of cells expressing tagged proteins. Sev-
eral publications have demonstrated that linear HR donors
(66) or circular HR donors with homology arms of less
than 200 nt in length are inef�cient when micro-injected
into �y embryos (63). In contrast, work in cultured mam-
malian cells demonstrated comparableintegration ef�ciency
for long, cloned and short, PCR-based homology arms (95).
It therefore remains to be tested whether our PCR-based
HR donors can be used ef�ciently in vivo as well.

In addition to the two supplementary �gures mentioned
in the text, the manuscript is accompanied by a detailed
step-by-step protocol for our procedure that includes a col-
lection of several �gures giving technical detail on the con-
structs presented and information for primer design.
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