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The CRISPR/Cas9 system has
attracted significant attention for
its potential to transform genome engi-
neering. We and others have recently
shown that the RNA-guided Cas9
nuclease can be employed to engineer
the Drosophila genome, and that these
modifications are efficiently transmit-
ted through the germline. A single tar-
geting RNA can guide Cas9 to a specific
genomic sequence where it induces dou-
ble-strand breaks that, when imperfectly
repaired, yield mutations. We have also
demonstrated that 2 targeting RNAs can
be used to generate large defined dele-
tions and that Cas9 can catalyze gene
replacement by homologous recombi-
nation. Zinc-finger nucleases (ZFNs)
and transcription activator-like effector
nucleases (TALENSs) have shown simi-
lar promise in Drosophila. However,
the ease of producing targeting RNAs
over the generation of unique sequence-
directed nucleases to guide site-specific
modifications makes the CRISPR/Cas9
system an appealingly accessible method
for genome editing. From the initial
planning stages, engineered flies can be
obtained within a month. Here we high-
light the variety of genome modifications
facilitated by the CRISPR/Cas9 system
along with key considerations for start-
ing your own CRISPR genome engineer-
ing project.

Fly

Introduction

An efficient, reliable means for pre-
cisely modifying the genome in living cells
is a long-standing goal of biomedical sci-
ence. In the clinic, such a tool will enable
gene therapies to repair damaged genes,
while in the lab it will be used to selec-
tively manipulate genomic elements to
study their function. In Drosophila, mul-
tiple approaches for precise genome edit-
ing have been successfully developed.”
However, their significant time and labor
requirements have limited the widespread
adoption of genome engineering tech-
niques in Drosophila. The CRISPR/Cas9
system is poised to change this. We and
others have recently demonstrated that
within 1 month CRISPR/Cas9-mediated
genome modifications can be efficiently
generated in Drosophila and transmitted
through the germline.®°

Endogenous CRISPR RNA/Cas9 sys-
tems comprise a single polypeptide nucle-
ase, Cas9, that is guided to target sites by
a complex of 2 small RNAs—the CRISPR
RNA (crRNA), which contains the tar-
geting sequence, and a common trans-
activating CRISPR RNA (tractRNA).!"*?
For use in genome engineering, the .
pyogenes system was simplified to 2 com-
ponents through the generation of a chi-
meric RNA (chiRNA or guide RNA
[gRNA]) comprising all critical ctRNA
and tractRNA sequences'? (Fig. 1). The
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Figure 1. Schematic of the 2-component CRISPR/Cas9 system. A target site in the yellow locus is
shown as an example. Cas9 is guided to a cleavage site by a chimeric RNA containing critical crRNA
and tracrRNA sequences, including 20-nt of homology to a target site. This RNA has alternately
been referred to as a guide RNA (gRNA), a single-guide RNA (sgRNA) or a chimeric RNA (chiRNA).
Cas9 (gray) contains 2 distinct endonuclease domains, a HNH domain and a RuvC-like domain, that
independently cleave both stands at the target site to generate a DSB (red arrowheads). Cleavage
of target sites requires a high degree of homology to the gRNA and a 3-bp PAM (NGG) immediately

2-component system requires only a sin-
gle gRNA that recognizes a 20-nt target
sequence next to a trinucleotide NGG pro-
tospacer adjacent motif (PAM) to direct
Cas9-dependent cleavage of both DNA
strands within the target sequence.”? This
elegantly simple system has recently been
shown to efficiently generate mutations in
mammalian cell lines, human stem cells,
yeast, bacteria, mice, zebrafish, worms,
and flies.®'1324 The fact that this has all
been accomplished over a period of months
illustrates the adaptability of the CRISPR/
Cas9 system.

Engineering Diverse Genome
Modifications with CRISPR

In the short time since it was adapted
for use in flies, the CRISPR/Cas9 system
has already been used to successfully gen-
erate a variety of complex genome modifi-
cations, and the possibilities for expanding
its application are nearly limitless.®!
Here, we focus on the applications likely
to be of broadest interest to the Drosophila
community.

Knockouts/deletions

The induction of site-specific double-
strand breaks (DSBs) in chromosomal
DNA can yield mutations when breaks
are inaccurately repaired by non-homol-
ogous end joining (NHE]). This error-
prone repair process can generate small
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insertions and deletions (indels) at the
cleavage site that disrupt gene function
(Fig. 2A). Separately, we used 4 different
gRNAs to target Cas9 to the yellow and
rosy loci, and observed germline transmis-
sion of frame-shifting indels at each tar-
geted site” (Table 1). Bassett et al. (2013)
and Yu et al. (2013) expanded the number
of sites targeted for mutation by Cas9-
induced NHEJ, and observed efficient
germline transmission of indels at 9 of 12
targeted sites in 8 genes.

While the generation of random indels
can disrupt function, the precise deletion
of genes or other genomic sequences pro-
vides a powerful tool for unambiguously
elucidating their role (Fig. 2B). To pre-
cisely delete the yellow gene, we simultane-
ously targeted the locus with 2 gRNAs, 1
directed to the 5" end and the other at the
3" end. Using this strategy we generated
stable transformants harboring precise
deletions of the 4.6-kb yellow locus as well
as flies with partial deletions of the locus
that abolished yellow function.” We have
also successfully deleted the 6.1-kb rosy
locus (Table 1). Thus, multiple gRNAs
can be simultaneously employed to delete
entire open-reading frames.

Knock-ins/insertions

In addition to NHE], targeted DSBs in
chromosomal DNA can catalyze homolo-
gous recombination (HR) using a donor
template for repair. The replacement
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of a gene with an attP ®C31 phage
recombination site has been successfully
combined with traditional ends-in and
ends-out HR approaches in Drosophila to
provide ongoing genetic access to a locus
26 Using 2 gRNAs targeting
sequences flanking yellow and a single-
stranded oligodeoxynucleotide (ssODN)
donor template, we were able to replace

of interest.

the endogenous yellow locus with an attP
recombination site’ (Fig. 2C). This result
demonstrates that the CRISPR/Cas9 sys-
tem can be employed for homology-based
genome engineering in Drosophila.

The finding that targeted insertion of
exogenous sequences into the Drosophila
genome can be accomplished using the
readily programmable CRISPR/Cas9 sys-
tem opens the door to a wide variety of
genome modifications. This approach can
potentially be used to introduce specific
point mutations, tag endogenous loci, or
flank genes with recombination sites for
conditional knockout alleles, to cite just a
few of the possibilities (Fig. 2D and E).

Starting a CRISPR Genome
Engineering Project

The CRISPR/Cas9 system is a straight-
forward genome engineering technique
that can be employed by any laboratory to
generate targeted modifications. Here we
address 3 key considerations for starting
your own CRISPR/Cas9 genome engi-
neering project: (1) options for identifying
targeted events, (2) strategies for maximiz-
ing targeting specificity, and (3) methods
for delivering system components. We also
direct you to the flyCRISPR discussion
board, accessible through our website (fly-
CRISPR.molbio.wisc.edu/news),
members of the Drosophila community are

where

sharing their ideas and strategies.

Screening for targeted events

The initial experiments employing
the CRISPR/Cas9 system in Drosophila
were facilitated by the fact that muta-
tions in yellow, rosy, and white yield eas-
ily scored visible phenotypes.®'® In most
cases, however, phenotypic screening will
not be an option, necessitating alterna-
tive approaches for recognizing targeted
events. Here we discuss 3 options to
consider as you design your engineer-
ing strategy: (1) molecular screening, (2)
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targeting a marked locus, and (3) supply-
ing a marked donor template.

Molecular screening

PCR-based methods are a universal
option, but the associated generation and
maintenance of candidate fly stocks can
be labor intensive. Thus, to be broadly
feasible, molecular screening requires a
high rate of targeted events. Using a plas-
mid-based injection paradigm to generate
indels at 4 targets in 2 genes, we observed
mutant progeny at rates ranging from 0.25
to 22%”° (Table 1). Injection of CRISPR
components as RNAs yielded mutant
progeny at a rate of 2 to 35% in experi-
ments targeting 5 genes with 8 different
gRNAs.#? Although 2 gRNAs yielded no
progeny due to lethality or sterility, and
there were no mutants among the progeny
of flies injected with 1 of 2 gRNAs target-
ing white, a gRNA targeting the K81 gene
generated mutations that were transmitted
t0 99% of characterized progeny'®—indi-
cating that, while highly variable, indels
can be generated at very high rates. It is
important to note that all the numbers
reported here likely include clonal events.
These rates allowed Yu and colleagues to
screen for mutations in progeny via PCR
followed by either restriction enzyme-
based analysis or direct sequencing of the
products. With continued optimization
and greater understanding of the factors
that influence targeting efficiency, molec-
ular screening of Cas9-induced mutations
is likely to become increasingly feasible.

Negative screening

An alternative to molecular screening is
to generate deletions in fly lines that con-
tain visibly marked elements in the target
locus (Fig. 3A). Because CRISPR compo-
nents can be introduced into any genetic
background via injection, any line carry-
ing a marked element in a locus of inter-
est can be used. One need only design the
deletion or gene replacement experiment
to remove the element with 2 flanking
gRNAs and screen for loss of the visible
marker. A consequence of this approach is
an increase in the size of the deletion that
must be generated, which might adversely
affect efficiency. We previously targeted
the 4.6-kb yellow locus for deletion, and
found that 21% of injected flies (found-
ers) transmitted deletions resulting in the
null yellow phenotype to 1.4% of progeny.

www.landesbioscience.com
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Figure 2. For figure legend, see page 252.

One of 18 founders transmitted the full
4.6-kb deletion, while the remainder of
recovered events represented partial dele-
tions.” A 6.1-kb deletion of the rosy locus
was fortuitously recovered in experiments
designed to replace the locus with an attP
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site. (Table 1). To date, the CRISPR/
Cas9 system has not been used to trans-
mit deletions larger than 6.1 kb through
the Drosophila germline.” Nonetheless,
the simplicity of this negative screening
approach combined with the presence of
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Figure 2 (See previous page). Engineering diverse genome modifications with the CRISPR system. (A) Using a single gRNA, targeted DSBs can be gen-
erated and repaired imperfectly by NHEJ resulting in disruptive mutations.3"'° (B) Through a process that is likely mediated by NHEJ, targeted deletions
can be generated using 2 gRNAs targeting the limits of the region to be removed. This approach has been used to delete yellow and rosy.” (C) Employing
2 gRNAs targeting the limits of the region to be replaced and a donor template for HR, targeted genomic regions can be replaced with exogenous
sequences. In this example, a gene is replaced with an attP ®C31 phage recombination site to allow for subsequent manipulation of the locus. In addi-
tion to the attP sequence, the donor template contains homology arms corresponding to the sequences immediately adjacent to the predicted cleavage
sites(HR 5" and HR 3’). This approach has been used to replace yellow with attP? (D) Cas9-mediated HR can be used to engineer point mutations into a tar-
get locus. In this example, a target site is chosen near the sequence to be mutated, and novel sequence introduced via a donor template containing the
modification flanked by sequences homologous to the target region. This approach has been used to introduce point mutations in mice and zebrafish.
(E) Insertions of exogenous sequence including fluorescent molecules and epitope tags can be incorporated into a target locus via HR. A target site at
or near the intended insertion site is chosen and used in conjunction with a donor template comprising two homology regions flanking the sequence

to be inserted.

23,31

marked elements in most Drosophila genes
makes it an attractive option for many
applications.

Positive screening

A third option is to use a donor tem-
plate for HR that includes a visible marker
(Fig. 3B and C). While ssODN donors
such as the one we utilized to integrate
an attP docking site are useful for small
modifications, larger insertions and the
incorporation of visible markers for screen-
ing will require double-stranded DNA
(dsDNA) donors. Injected dsDNA donor
templates have been successfully utilized
in Drosophila to incorporate up to 13 kb
of exogenous sequence in both P element-
and ZFN-induced HR.?”?® Based on a
comprehensive analysis of ZFN-induced
HR, dsDNA donors containing flanking
homology arms of at least 1 kb in length
serve as effective donors.”” dsDNA donors
have been employed in mammalian cells as
templates for CRISPR/Cas9-induced HR
and there is every reason to expect they
will work as effectively in flies.?! While
this strategy requires generating a donor
template, it will facilitate simple screening
while enabling a broad range of modifica-
tions, from gene deletion and replacement
(Fig. 3B) to the incorporation of fluores-
cent tags (Fig. 3C). Flanking the visible
marker with FRT or loxP recombination
sites will allow for its subsequent removal.

Strategies for maximizing targeting
specificity

Once you've determined your strategy
for recognizing targeted events, you will
need to select the sequences to be targeted.
Specificity and efficiency of cleavage are
critical parameters for genome engineer-
ing methods that rely on sequence-specific
DSB generation in chromosomal DNA.
Although little is known about the fac-
tors affecting Cas9 efficiency, significant
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attention has already been devoted to
identifying parameters that maximize
specificity.'#1>?>% Based on these studies,
we expect that careful target selection and
optimization of injection conditions will
enable high specificity when employing
the CRISPR/Cas9 system.

Initial CRISPR/Cas9 genome engi-
neering studies identified a 12-nt ‘seed’
region adjacent to the PAM that was
necessary for gRNA-guided cleavage by
Cas9.25 The detrimental effects of seed-
region mismatches on cleavage efficiency
suggested that targets lacking perfect
matches to the 12-nt seed sequence adja-
cent to an NGG PAM sequence elsewhere
in the genome would be highly specific.
More recently, 2 studies in mammalian
cell lines indicate that somewhat more
stringent criteria should be applied when
selecting target sequences to minimize off-
target cleavage.””?° Importantly, Hsu et al.
(2013) also found that NAG can serve as
a PAM in mammalian cell lines, mediat-
ing cleavage with approximately 1/5 the
efficiency of NGG. Together these find-
ings suggest that targeting specificity can
be maximized by selecting targets with the
fewest potential off-target cleavage sites as
defined by the rules below:

(1) PAM-adjacent sites with > 11/12
matches to the target seed sequence. (2)
PAM-adjacent sites with = 18/20 matches
to the full target sequence. (3) Sites meet-
ing the above criteria adjacent to a diver-
gent PAM of the form NAG as well as
NGG.

An online CRISPR target identifica-
tion tool is available from Feng Zhang’s
laboratory at www.genome-engineering.
org/crispr. This tool identifies CRISPR
target sites lacking perfect matches to the
seed sequence elsewhere in the genome;
an updated version incorporating the
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more conservative rules outlined above is
currently not available for the Drosophila
genome.

In addition to careful selection of tar-
get sites, the concentration of CRISPR
components can be titrated to maximize
specificity by taking advantage of cleavage
efficiency differences between on- and off-
target sites.®® This has not yet been directly
investigated in Drosophila. Finally, to
further reduce the potential for generat-
ing mutations at off-target cleavage sites,
Cas9 can be mutated and supplied as a
nickase that will generate targeted single-
strand breaks capable of catalyzing HR
but unlikely to be repaired by the NHE]
pathway unless targeted as pairs.”?!

Encouragingly, neither we (Gratz et al.
2013) nor Bassett et al. (2013) uncovered
evidence of cleavage at potential off-target
sites identified by sequence similarity. In
both studies, targets were selected to avoid
perfect matches to the seed sequence adja-
cent to a PAM elsewhere in the genome,
suggesting that even using looser criteria
than above, strategic target selection can
limit off-target cleavage in Drosophila. 1t
is also possible that differences in DNA
repair between germ cells and transformed
cell lines result in lower apparent rates of
off-target cleavage in Drosophila since only
those cleavage events that are improperly
repaired yield mutations. However, com-
prehensive analyses have not yet been per-
formed, so further work will be required
to determine the potential for off-target
effects in Drosophila.

Deciding on a delivery system

The final decision to make is how you
will introduce CRISPR components into
Drosophila embryos. In this section, we
discuss 3 alternatives: (1) injection of DNA
plasmids encoding Cas9 and gRNA(s)

for in vivo transcription/translation, (2)
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Table 1. Germline transmission rates of targeted mutations in rosy.

Male crosses Female crosses
gRNA(s) | ssODN % (#) % (#) % (#) % (#) % (#) founders % (#) overall germline | % (#) overall
donor | founders progeny founders progeny yielding targeted event transmission progeny
R1 - 10(1/10) 1.2 (6/508) 20 (2/10) 2.5(5/201) 100 (3/3) 15 (3/20) 1.6 (11/709)
R2 - 27 (3/11) 22 (88/404) NA NA 100 (3/3) 27 (3/11) 22 (88/404)
R3 - 9.7 (3/31) | 1.7(27/1621) | 5.3(1/19) | 0.49 (2/406) 100 (4/4) 8 (4/50) 1.4 (29/2027)
R5',R3’ + 33(4/12) | 5.8(35/603) 0(0/6) 0 (0/549) 0(0/4) 0(0/18)* 3.0(35/1152)

Flies injected with plasmids for expression of Cas9 and the indicated gRNAs with or without an ssODN donor template for the HR-mediated replacement
of rosy with an attP ®C31 phage recombination site were outcrossed and progeny screened for rosy eye color. The percentage of injected flies produc-
ing 1 or more rosy progeny (founders) is indicated along with the percentage of total progeny exhibiting rosy eyes. At least 1 progeny per founder was
sequenced to determine if the targeted event had occurred. The percentage of founders in which the expected event occurred in 1 or more progeny

is reported, as is the overall germline transmission rate (% injected flies yielding expected event). *We recovered the precise deletion of the 6.1-kb rosy

locus without attP incorporation from 1/18 crosses (5.6%) in 7 progeny (0.6% of total progeny screened).

injection of these components as RNAs,
or (3) injection of modification-specific
components into flies expressing the com-
mon system components, Cas9 and/or
tractrRNA.

DNA injection

To generate indels in the yellow and rosy
loci, we injected DNA plasmids encoding
Cas9, and separately, 4 different gRNAs
into preblastoderm embryos. 6 to 27%
12) of injected embryos that
survived to become fertile adults transmit-
ted targeted mutations to progeny at rates
ranging from 0.25 to 22% (median = 2)°
(Table 1). With our expression plasmid,

unique gRNA-encoding constructs can

(median =

be generated in a couple of days using oli-
gonucleotides. This U6-gRNA plasmid is
available from Addgene and detailed pro-
tocols are available on our website (http://
flycrispr.molbio.wisc.edu).

RNA injection

Two Drosophila groups have observed
efficient germline transmission when
injecting  CRISPR  components  as
RNA.®! Using single gRNAs to induce
indels in 12 targets, mutant progeny were
generated at rates ranging from 0-99%
9). The percentage of found-

ers (injected embryos that yielded mutant

(median =

progeny) ranged from 0-100% (median =
59%) for the 10 targets for which this data
was reported. DNA templates for in vitro
transcription of gRNAs can be generated
as plasmids or PCR products.®!

Flies expressing CRISPR components

www.landesbioscience.com

Germline expression of CRISPR/Cas9
components may increase targeting effi-
ciency. To that end, we have generated
transgenic flies that express Cas9 under
the control of the vasa promoter. In addi-
tion, we have generated stable transgenic
flies that express tractRNA under the
control of the snRNA:U6:96Ab promoter,
and flies that express both Cas9 and
tractRNA. To facilitate rapid and wide-
spread use, we have deposited these flies at
the Bloomington Drosophila Stock Center.
All lines are homozygous viable, suggest-
ing low toxicity of CRISPR/Cas9 com-
ponents in the absence of crRNA. Using
these fly lines, targeted modifications
can in principle be generated by injecting
only the targeting component of the sys-
tem. We do not yet have data on germline
transmission using these lines; however,
analysis of injected embryos indicates suc-
cessful generation of Cas9-induced modi-
fications with this approach.

Choosing a delivery dystem

To date, results have been reported for
the generation of indels using DNA and
RNA injection-based approaches. Initial
reports raise the possibilitcy that RNA
injections may yield fewer surviving flies
than DNA injections while yielding more
affected progeny.®'® However, no direct
comparisons have been made, which will
be important for determining how these
approaches compare in their cleavage
efficiency and toxicity given the signifi-
cant variability between loci and targets
that has been reported. Similarly, future
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experiments will be required to determine
how techniques employing transgenic flies
expressing CRISPR components com-
pare with the injection-only techniques
reported so far. A drawback of the trans-
genic approach is decreased flexibility in
choosing the genetic background in which
to generate modifications. The injection-
based systems, on the other hand, place
constraints on target selection due to the
requirements for 1 or 2 Gs at the start
of the gRNA sequence for efficient tran-
scription from the U6 and T7 promoters,
respectively. These additional require-
ments decrease the frequency of target
sites in the genome from 1/8 to 1/32 for
the plasmid-based system and 1/128 for
an RNA injection approach. However, a
new report suggests that these constraints
may be easily overcome. In zebrafish,
the G nucleotides can simply be added
to the end of the gRNA construct with-
out undue effects on efficiency.” Finally,
higher or lower cleavage rates may be
desirable depending on the particulars of
a given genome modification experiment.
For instance, when targeting an essential
gene, high cleavage rates might frequently
yield bi-allelic breaks that would decrease
the likelihood of recovering a targeted
event. Suggesting this is a significant
concern, Yu et al. (2013) observed 100%
male infertility in the targeting of 2 out
of 3 sex-linked genes and 100% larval
lethality when targeting an essential gene.
These factors will likely combine to make
different approaches ideal for distinct
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example, a locus containing a visibly marked transposable element is targeted for deletion. (B) A
dsDNA donor with a removable positive marker can be used to facilitate screening for targeted
deletions and gene replacements. In this example, a loxP-flanked fluorescent marker driven in
the eye allows for identification of transformants based on eye color. The visible marker can
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served region of an adjacent intron as its subsequent removal will leave a single loxP site behind.
This strategy might be facilitated by the use of 2 target sites—one at the tag insertion site and
another at the insertion site for the positive marker. With this approach, the donor vector would
contain homology arms corresponding to sequences adjacent to each cleavage site, sequences
homologous to the region between the insertion sites, GFP coding sequence, and sequences
encoding a visible marker.
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circumstances. The options already avail-
able suggest the CRISPR/Cas9 system
will be a versatile technique adaptable for
a broad range of applications.

Outlook

The CRISPR/Cas9 system has sparked
extraordinary interest as a tool for genome
engineering due to its simplicity and
adaptability. In the short time since the
development of the 2-component system,
work in Drosophila has already demon-
strated that RNA-guided Cas9 can be
used to generate indels, gene deletions,
and gene replacements—all of which are
efficiently transmitted through the germ-
line.1%12 In the coming months, these
successes are sure to be expanded upon
as targeting efficiency and specificity
are optimally balanced and more com-
plex modifications are attempted. With
Drosophila researchers worldwide eagerly
embracing CRISPR technology, we can
look forward to realizing the promise of
designer flies on demand.

Author’s Note

While this manuscript was in review,
germline transmission of indels and
defined deletions generated in transgenic
flies expressing both Cas9 and a custom
gRNA was reported.”” Fillip Port and
Simon Bullock also report the efficient
generation and transmission of mutations
in yellow and ebony in transgenic flies
expressing Cas9 ubiquitously under the
control of the acz5 promoter, while Hui-
Min Chen and Tzumin Lee report their
successful targeting of yellow in transgenic
flies expressing UAS-Cas9, a germline-
specific Gal4 and a gRNA. These data are
available at htep://www.crisprflydesign.
org.
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