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Structure-optimized ssRNA selection with
PlatinumCRISPr for efficient Cas? generation
of knockouts

Irmgard U. Haussmann,'? Thomas C. Dix," David W.). McQuarrie," Veronica Dezi,’
Abdullah I. Hans," Roland Arnold,*>* and Matthias Soller'~

"School of Biosciences, College of Life and Environmental Sciences, University of Birmingham, Edgbaston, Birmingham B15 2TT,
United Kingdom; College of Life Science, Birmingham City University, Birmingham B15 3TN, United Kingdom; >Department of
Cancer and Genomic Sciences, School of Medical Sciences, College of Medicine and Health, University of Birmingham, Edgbaston,
Birmingham B15 2TT, United Kingdom; *Birmingham Centre for Genome Biology, University of Birmingham, Edgbaston, Birmingham
B15 2TT, United Kingdom; *Division of Molecular and Cellular Function, School of Biological Sciences, Faculty of Biology, Medicine and
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A single guide RNA (sgRNA) directs Cas? nuclease for gene-specific scission of double-stranded DNA. High Cas? activity is
essential for efficient gene editing to generate gene deletions and gene replacements by homologous recombination.
However, cleavage efficiency is below 50% for more than half of randomly selected sgRNA sequences in human cell culture
screens or model organisms. We used in vitro assays to determine intrinsic molecular parameters for maximal sgRNA ac-
tivity including correct folding of sgRNAs and Cas? structural information. From the comparison of over 10 data sets, we
find major constraints in sSgRNA design originating from defective secondary structure of the sgRNA, sequence context of
the seed region, GC context, and detrimental motifs, but we also find considerable variation among different prediction
tools when applied to different data sets. To aid selection of efficient sgRNAs, we developed web-based PlatinumCRISPr,
an sgRNA design tool to evaluate base-pairing and sequence composition parameters for optimal design of highly efficient
sgRNAs for Cas? genome editing. We applied this tool to select sgRNAs to efficiently generate gene deletions in Drosophila
Ythdc! and Ythdf, that bind to N® methylated adenosines (m®A) in mRNA. However, we discovered that generating small
deletions with sgRNAs and Cas? leads to ectopic reinsertion of the deleted DNA fragment elsewhere in the genome.
These insertions can be removed by standard genetic recombination and chromosome exchange. These new insights
into sgRNA design and the mechanisms of CRISPR-Cas$ genome editing advance the efficient use of this technique for safer

applications in humans.
[Supplemental material is available for this article.]

Bacterially derived clustered regularly interspaced short palin-
dromic repeats (CRISPR)-associated protein 9 (Cas9) from Strepto-
coccus pyogenes provides a powerful tool for precise genome
editing (Garcia-Doval and Jinek 2017; Jiang and Doudna 2017;
Hille et al. 2018; Doudna 2020). To induce double stand-breaks
in DNA at desired locations, the DNA scission enzyme Cas9 uses
a guide RNA (gRNA) containing a 20 nt complementary sequence
to the genomic target site (protospacer), which also requires the
protospacer adjacent motif (PAM) at the 3’end, comprised of an
NGG sequence (whereby N is any nucleotide and G is guanine).
In addition to the target complementary sequence (spacer), the
gRNA also contains a constant CRISPR RNA (crRNA) sequence
that base pairs with trans-activating crRNA (tractRNA). Alternative-
ly, a single gRNA (sgRNA) can be used whereby the crRNA is fused
to the tractRNA through an artificial loop (Jinek et al. 2012; Cong
et al. 2013).

High-efficiency CRISPR-Cas9-mediated DNA scission is es-
sential to generate mutants at high frequency in genetic screens
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and to provide the resource for efficient homologous recombina-
tion directed gene replacements. Large-scale analysis of sgRNA
efficiencies revealed the whole spectrum of on-target cleavage ac-
tivities ranging from 0% to 100% arguing for a number of param-
eters that need to be correct for high-efficiency cleavage leading to
models incorporating weighing of features and/or thermodynam-
ics of secondary structures (Hsu et al. 2013; Doench et al. 2014,
2016; Gagnon et al. 2014; Ren et al. 2014; Wang et al. 2014;
Chari et al. 2015; Farboud and Meyer 2015; Hart et al. 2015;
Housden et al. 2015; Moreno-Mateos et al. 2015; Varshney et al.
2015; Xu et al. 2015; Liu et al. 2016; Abadi et al. 2017; Gandhi
et al. 2017; Chuai et al. 2018; Labuhn et al. 2018; Graf et al.
2019; Zhang et al. 2019; Michlits et al. 2020; Sledzinski et al.
2020; Trivedi et al. 2020; Xiang et al. 2021; Riesenberg et al.
2023). These studies identified that sequences with very low
(£35%) or very high (>80%) guanine-cytosine (GC) overall con-
tent were less effective indicating a critical aspect for binding ener-
gy in target scission. In addition, purines in the 6 nt 5’ to the
PAM substantially increased Cas9 cleavage efficiency, while py-
rimidines and in particular uridine resulted in a lower efficiency

© 2024 Haussmann etal. This article, published in Genome Research, is available
under a Creative Commons License (Attribution-NonCommercial 4.0 Interna-
tional), as described at http://creativecommons.org/licenses/by-nc/4.0/.
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(Ren et al. 2014; Wang et al. 2014; Housden et al. 2015; Graf et al.
2019). The lower efficiency of two uridines preceding the PAM site
was further associated with premature termination of RNA Pol III
(Graf et al. 2019), which can terminate after a stretch of four to
six uridines (Gao et al. 2018). Moreover, changes in the internal
structure of sgRNA have been found associated with low activity
(Moreno-Mateos et al. 2015; Thyme et al. 2016; Jensen et al.
2017). Recently, also bioinformatic approaches employing ma-
chine learning have been used to improve the prediction of
sgRNA cleavage efficiencies (Xiang et al. 2021). These observations
have helped to improve the design of sgRNAs to yield higher effi-
ciencies and were incorporated into sgRNA design tools, but corre-
lations between predictions and guide activity vary considerably
(Haeussler et al. 2016; Labun et al. 2016; Sledzinski et al. 2020).
Accordingly, available rules to predict sgRNAs are currently not
sufficient to guarantee high cleavage efficiency, and many sgRNA
candidates scoring high fail to cleave efficiently (Haeussler et al.
2016; Labun et al. 2016; Labuhn et al. 2018; Sledzinski et al.
2020). In particular, the impact of sgRNA folding has not yet
been analyzed in detail and incorporated in web tools for sgRNA
design.

The X-ray crystal structure of Cas9 bound to sgRNA has been
determined and indicates four regions of base-pairing termed
tetraloop (tetraloop forms due to the fusion of crRNA and
tractRNA) and stem-loops 1-3 that might be important for its
function (Anders et al. 2014; Nishimasu et al. 2014). This structure
revealed many points of close interactions of the folded sgRNA
with Cas9, but whether disruptions in the sgRNA structure would
impact on Cas9 cleavage efficiency has not systematically been an-
alyzed (Riesenberg et al. 2023). In particular, highly GC-rich
gRNAs could disrupt the rather weak secondary structure of the
sgRNA bound by Cas9.

The CRISPR-Cas9 genome editing tool is widely used to gen-
erate knockout mutants by introducing frameshifts. It has been
recognized that introducing premature termination codons
(PTCs) can induce the use of alternative translation initiation sites
(Tuladhar et al. 2019). In addition, in CRISPR-Cas9 engineered
“knockouts” of the N° methylated adenosines (m°A) in mRNA of
the methyltransferase METTL3, it has been found that a functional
OREF can be restored by altered splicing leaving considerable levels
of m°A in mRNA (Poh et al. 2022). Likewise, compensatory re-
sponses have been observed involving upregulating genes and as
a consequence causing stronger phenotypes than compared to re-
moving a gene entirely (El-Brolosy et al. 2019; Ma et al. 2019). In
addition, some genes have dual functions as protein and RNA
(Hachet and Ephrussi 2004). Hence, introducing a frameshift
will only remove the protein function. Likewise, many noncoding
RNAs are present in introns suggesting that their expression is con-
nected to the expression of the host gene (Boivin et al. 2018), but
such relationships have not yet been explored comprehensively as
they require more sophisticated genome editing (Deveson et al.
2017). Thus, for generating gene knockouts, removing the tran-
scription start site or the entire gene should be considered.

The sequence complementary guided targeting of the gRNA/
Cas9 complex makes this an ideal tool for genome editing, but its
use is currently limited by the low predictability to cut its target in
the genome (Haeussler et al. 2016; Labuhn et al. 2018; Sledzinski
et al. 2020). In particular, the role of the RNA secondary structure
of sgRNA has not been thoroughly evaluated and there is no
sgRNA prediction tool that comprehensively takes the RNA sec-
ondary structure of sgRNAs into account. To facilitate the design
of optimal sgRNAs, we developed an online tool incorporating

all currently known parameters for sgRNA design including correct
sgRNA folding (https://platinum-crispr.bham.ac.uk/predict.pl).
Moreover, we provide guidelines to generate complete gene knock-
outs by generating deletions using dual sgRNAs. Taken together,
these new sgRNA design and gene editing tools will help to
develop CRISPR-Cas9 genome editing for safe application in
humans.

Results

RNA secondary structure constraints limit sgRNA/Cas? activity

Although sgRNA/Cas9 can cleave DNA efficiently, the first sgRNAs
(L11GC and R13GC) we designed according to previously pub-
lished guidelines did not cut the pUC 3GLA Dscam 3-5 reporter
that we designed to study Dscam alternative splicing from intro-
ducing mutations by gap repair recombineering (Fig. 1A,B;
Supplemental Fig. S1A; Supplemental Table S1A; Hemani and
Soller 2012; Haussmann et al. 2019). Similarly, the first sgRNAs
flanking the Drosophila Ythdf gene, a reader for m°A mRNA meth-
ylation did not result in a deletion of the locus based on screening
for loss of an RFP-marked transposon, even though we had validat-
ed that the target sequence in this strain does not contain sequence
polymorphisms (n=103) (Supplemental Fig. S2; Supplemental
Table S1B; Balacco and Soller 2019). To determine the intrinsic mo-
lecular parameters for maximal sgRNA activity, we devised an in vi-
tro assay to test the DNA scission efficiency of these two sgRNA
based on in vitro transcribed sgRNAs and commercially available
Cas9 using oligonucleotide and plasmid substrates containing
matching protospacer sequences followed by a PAM.

It has previously been shown that extending the tetraloop in
the constitutive component of sgRNAs constituted by tracrRNA
and crRNA enhances cleavage efficiency in vitro using oligonucle-
otide substrates (Fig. 1C; Jinek et al. 2012). Introducing the extend-
ed sequence present in tracrRNA and crRNA into sgRNA (L7GCext)
did not increase the efficiency of cleaving a plasmid at 37°C, but
increasing the temperature to 42°C enhanced cleavage by
L7GCext (Fig. 1B). Increasing the salt concentration to 200 mM
also did not result in enhanced cleavage by L7GC/R3G (Fig. 1D).
In contrast, both L7GC and L7GCext could cleave an oligonucleo-
tide, while R13GC did not (Fig. 1E). Using this assay also confirms
the previous observation that sgRNAs of shorter length will lead to
cleavage. In addition, three guanosines introduced at the 5’ end of
sgRNAs required for efficient in vitro transcription are tolerated
(Fig. 1F,G; Jinek et al. 2012).

The sgRNA scaffold adopts a typical fold when bound to Cas9
consisting of the bulged tetraloop, followed by small loop 1 and
the more extended loops 2 and 3, which form a protective 3'end
structure (Fig. 1C; Nishimasu et al. 2014). The loop2/3 structure
does not involve the uridines incorporated for termination of
RNA Pol III driven expression from plasmids (Fig. 1C). When com-
paring the secondary structures of the four sgRNAs, we noticed
that the 2 well-cutting sgRNAs L7GC or R3G maintained the sec-
ondary structure of the constitutive RNA part, while the noncut-
ting sgRNA L11GC disrupted the structure of the tetraloop (Fig.
1H-K). The effect of R13GC seems more subtle as it could cut in
the oligonucleotide assay suggesting that the repeated bulge struc-
ture is the cause for its inefficiency, which is supported by the X-
ray crystal structure of the Cas9-sgRNA-DNA complex. Here, the
bulge structure is recognized by Cas9 where Tyr;s9 base-stacks
with Gyz, that also forms hydrogen bonds with Aspses and
Phess;, and Phess; forms a hydrogen bond with A4, (Nishimasu
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Figure 1. Sequence-dependent in vitro cleavage of oligonucleotides and plasmid DNA by the sgRNA/
Cas9 complex. (A) Sequences of sgRNAs with observed cleavage sites indicated by arrow heads. Small
letter guanosines used for in vitro transcription are not present in the target DNA sequence. The seed
sequence is indicated by a line at the bottom. (B) Agarose gel showing Cas9-mediated cleavage of the
11.3 kb Dscam 3-5 plasmid for 24 h with indicated sgRNAs. Plasmids were cut with either Acc65I (lanes
2, 3, 6,and 7) or BspEl (lanes 4, 5, 8, and 9) after Cas9 cleavage. The line at the bottom shows a map of the
plasmid with restriction sites indicated. Size markers are EcoRI/Hindlll digested A DNA of 20 kb, 3.6 kb,
1.9 kb, and 0.8 kb. (C) Structure of the sgRNA scaffold from cocrystallization with Cas9 (Nishimasu et al.
2014). Vertical or horizontal lines indicate Watson-Crick base-pairing, and dots or dashed lines indicate
non-Watson-Crick base-pairing. Nucleotides base-pairing in loop 1 are bold. Additional base-pairing
found in the tracrRNA-crRNA heterodimer is indicated in the extended scaffold (Jinek et al. 2012). (D)
Agarose gel showing Cas9-mediated cleavage of the 11.3 kb Dscam 3-5 plasmid for 24 h with indicated
sgRNAs L7GC and R3G. Plasmids were cut with Pstl and Notl. The star denotes incomplete cleavage by
Notl and the line at the bottom shows a map of the plasmid with restriction sites indicated. Size markers
are EcoRI/Hindlll digested A DNA of 20 kb, 3.6 kb, 1.9 kb, and 0.8 kb. (E) Denaturing acrylamide gel
showing Cas9-mediated cleavage of synthetic oligonucleotides with indicated sgRNAs. (F) Sequences
of sgRNAs with variable length. Small letter guanosines used for in vitro transcription are not present
in the target DNA sequence. (G) Denaturing acrylamide gel showing Cas9-mediated cleavage for 1 h
of synthetic oligonucleotides with indicated sgRNAs of variable length. (H-K) Structure of sgRNAs.
Nucleotides base-pairing in loop 1 are bold. Red lines in / and K indicate potential base-pairing with
nucleotides in loop 2. The red arrow in J indicates the sequence complementarity leading to a bulge
in the tetraloop. The red arrows in K indicate a duplication of the bulge structure present in the
tetraloop.

et al. 2014). In addition, the sgRNAs ini-
tially used for deleting the Ythdf gene
have a severely disrupted secondary
structure (Supplemental Fig. S2).

When we systematically analyzed
genome sequences from Drosophila or
humans for correct folding and activity
of sgRNAs using the above parameters,
~50% of sgRNAs (241 from 481 and 503
from 973, respectively) did not fold prop-
erly. Also, only ~10%-20% of randomly
selected sgRNAs exert high cleavage effi-
ciency suggesting that correct folding
could essentially contribute to high cleav-
age efficiency (Hsu et al. 2013; Doench
et al. 2014, 2016; Gagnon et al. 2014;
Ren et al. 2014; Wang et al. 2014; Chari
et al. 2015; Farboud and Meyer 2015;
Moreno-Mateos et al. 2015; Liu et al.
2016; Abadi et al. 2017; Chuai et al.
2018; Labuhn et al. 2018; Graf
et al. 2019; Zhang et al. 2019; Michlits
et al. 2020; Sledzinski et al. 2020).

When comparing the sequences of
the cutting sgRNAs L7GC or R3G with
the noncutting L11GC and R13GC
sgRNAs, we further noticed that L11GC
and R13GC sgRNAs contained more gua-
nosines, which in RNA can base pair with
C and U. To test if guanosines in the
sgRNA limit Cas9 activity, we increased
their number in R3G to 13 to make
sgRNA 13G (Fig. 2A). For the design of
the R13 sgRNA, care was taken not to dis-
rupt the tetraloop, but we noticed the po-
tential to interfere with loop 2 (Fig. 2B,
see below). We noticed, that sgRNA
13G is not capable of directing Cas9
cleavage if the target sequence is present
in a 3 kb plasmid, but is active with a
short oligonucleotide substrate (Fig. 2A—
D). Likewise, adding a restriction enzyme
together with sgRNA/Cas9 inhibited
Cas9 in cleaving plasmid DNA suggest-
ing that Cas9’s ability to scan DNA can
be impaired separately from its ability
to cleave DNA.

Since the increased number of Gs in
sgRNA R13G lead to enhanced base-pair-
ing, we exchanged the Gs with Cs leading
to an open structure in the seed region.
This sgRNA R13C cleaved the test-plas-
mid efficiently (Fig. 2C,E). Introducing
Cs in the left or right half of sgRNA
R13G leads to short stem-loops and inef-
ficient cleavage of the test-plasmid (Fig.
2CF,G).

To further test to what extent base-
pairing impacts on Cas9 activity, we gen-
erated sgRNAs L10ds6G and R10ds6GC,
where the proximal or the distal half
leads to complementary base-pairing of

Genome Research 2281
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279479.124/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on May 3, 2026 . Published by Cold Spring Harbor Laboratory Press

Haussmann et al.

A E Rr13C UCUCACA
sgRNA length sequence c c
CCA C Cc A
R3G 20 gggAAATAATGTAGTGTAAAATA 9gGA GUUUUAG GCUAG
R13G 20 ggGAGGGAGGTGGTGTGAGAGG T \ \ \ \ T 1 \ \ 2
R13C 20  ggGACCCACCTCCTCTCACACC pGUUCAACUAUUGCCUG GGA UAAAAUU CGi
R13CL 20 Relllle AU A
ggGACCCACCTCCTCTGAGAGG AAAGUGGCACCGA
R13CR 20  ggGAGGGAGGTGGTGTCACACC [11]11] &
UUUUUUCGUGGCU
B > v &
& AR I R Y F rizcL
S N
M & £ & & & & u’a
U-A
c-G
CCA C-G A
AC CCU GUUUUAG GCUA
IIH L LT \IH 2B
GUUCAACUAUUGCCUG GGA UAAAAU
A,
aclll]e c A
AAAGUGGCACCGA
[l &
UUUUUUCGUGGCU
G R13CR B
U A
G-C
U-A
D G-C
G-C
R13G ggGAGGGAGGU GUUUUAG GC
U GA A 11 \HIHHHHH
99EAGGG AGGUGGUG GA GG GUUUUAG GCUAG, AGUUCAACUAUUGCCUGAUCG
FOE LV T L T & Relllle AA GAA
CAACUAUUGC CU UC UAAAAUU CGAUA AAAGUGGCACCGA
aelllle GA GGAA GaA e
AAAGUGGCACCGA UUUUUUCGUGGCU
11111 e
UUUUUUCGUGGCU

1 2345

Figure 2. The secondary structure of sgRNAs affects Cas9-mediated cleavage efficiency. (A) Sequences
of sgRNAs. Small letter guanosines used for in vitro transcription are not present in the target DNA se-
quence. (B) Agarose gel showing Cas9-mediated cleavage after 6 h of 3 kb pBS SK+ test-plasmids con-
taining the target sequence with indicated sgRNAs. Plasmids were linearized with Scal as in the
control after Cas9 heat inactivation. Size markers are EcoRI/Hindlll digested 2 DNA of 20 kb, 3.6 kb,
1.9 kb, and 0.8 kb. (C) Denaturing acrylamide gel showing synthetic oligonucleotides before and after
sgRNA/Cas9-mediated cleavage for 1 h. (D-G) Structure of sgRNAs. Nucleotides base-pairing in loop 1
are bold. Red lines in D indicate potential base-pairing with nucleotides in loop 2. Green nucleotides in-

Figs. S3, S4; Supplemental Table S1C;
Ren et al. 2014). Similarly, from 22
sgRNAs designed for use in mammalian
cells, 13 had a cleavage efficiency be-
low 35% associated with disturbances
of the sgRNA secondary structure
(Supplemental Fig. S5; Supplemental
Table S1D; Graf et al. 2019). Similar re-
sults were also observed for the efficiency
of sgRNAs in honeybees (Roth et al.
2019).

Given the requirement for correct
folding of the sgRNA for efficient Cas9-
mediated DNA scission, we further
examined the X-ray crystal structure of
the Cas9-sgRNA-DNA complex to see
whether this would provide additional
instructions to design sgRNAs (Nishi-
masu et al. 2014). Indeed, the first 2 nt,
adenosine 51 and 52 (As; and Asp)
(Supplemental Figs. S6, S7) after the tet-
raloop form an aromatic base-stacking
interaction with phenylalanine 1105
(Pheq19s) of Cas9. Furthermore, these
interactions are stabilized by guanosine
62 (Ggz) forming non-Watson-Crick hy-
drogen bonds with As; As; and Pheqos,
and uracil 63 (Ugs) forms a base-stacking
interaction with As,. These interactions

dicate mutations compared to sgRNA R13G.

the gRNA with the constant part, respec-
tively (Fig. 3A,B). Although both sgRNAs
supported Cas9 cleavage of oligonucleo-
tide substrate, the R10ds6GC sgRNA
base-pairing with the proximal part was
mostly inactive in cleaving the plasmid
indicating an impaired ability of Cas9
to scan DNA (Fig. 3C,D).

Taken together, these results dem-
onstrate that the structure of the sgRNA
is important for efficient Cas9-mediated
DNA scission in vitro. Furthermore,
high G content and base-pairing in the
distal part of the gRNA also impair DNA
scission, while base-pairing in the proxi-
mal part is tolerated.

To further substantiate these find-
ings, we analyzed the structures of
sgRNAs from previous studies in mam-
malian cells and Drosophila with regard
to their cleavage efficiency of previous
attempts to define rules for sgRNA cleav-
age efficiency in vivo (Ren et al. 2014;
Graf et al. 2019). Indeed, in 39 sgRNAs
designed for use in Drosophila reduced
cleavage efficiency in nine sgRNAs is as-
sociated with disturbances of the sgRNA
secondary structure resulting in a cleav-
age efficiency below 35% (Supplemental

indicate that base-pairing of the gRNA
with these nucleotides of the constant
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Figure 3. Base-pairing of sgRNAs in the seed-region blocks Cas9-mediated cleavage of a test-plasmid.

(A, B) Structure of sgRNAs. Horizontal red lines in Aand Bindicate artificially introduced base-pairing with
the sgRNA scaffold, and vertical red lines in a indicate potential base-pairing with nucleotides in loop
2. Nucleotides base-pairing in loop 1 are bold. (C) Denaturing acrylamide gel showing synthetic oligo-
nucleotides before and after sgRNA/Cas9-mediated cleavage for 1 h. Note that Cas9 cleavage is hetero-
geneous. (D) Agarose gel showing Cas9-mediated cleavage after 6 h of 3 kb pBS SK+ test-plasmids
containing the target sequence with indicated sgRNAs. Plasmids were linearized with Scal as in the con-
trol after Cas9 heat inactivation. Size markers are EcoRI/Hindlll digested A DNA of 20 kb, 3.6 kb, 1.9 kb,
and 0.8 kb.
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part of the sgRNA reduces Cas9 activity in Cas9 cleavage assays in
vitro and mutagenesis in vivo.

Large-scale evaluation of novel sgRNA design parameters

Next, we incorporated features previously published and from this
study into a bioinformatic sgRNA design tool, https://platinum-
crispr.bham.ac.uk/predict.pl (Supplemental Code; Hsu et al.
2013; Doench et al. 2014, 2016; Gagnon et al. 2014; Ren et al.
2014; Wang et al. 2014; Chari et al. 2015; Farboud and Meyer
2015; Moreno-Mateos et al. 2015; Liu et al. 2016; Abadi et al.
2017; Chuai et al. 2018; Labuhn et al. 2018; Graf et al. 2019;
Zhang et al. 2019; Michlits et al. 2020; Sledzinski et al. 2020).
The included features include validation of intact secondary struc-
tures (tetraloop, loops 2 and 3) (Figs. 1-3), presence of a tetraloop
bulge mimic (Fig. 1K), self-complementarity of the gRNA (nucleo-
tides 1-20) (Fig. 2F,G; Moreno-Mateos et al. 2015; Thyme et al.
2016; Jensen et al. 2017), GC content in the 6 nt seed region of
the gRNA (nucleotides 15-20) (Supplemental Table S1A,C,D; Ren
et al. 2014; Wang et al. 2014; Graf et al. 2019), GC content of the
gRNA (nucleotides 1-20) (Supplemental Table S1A,C,D; Ren et al.
2014; Wang et al. 2014; Graf et al. 2019), the UUYY motif (nucleo-
tides 16-20), which results in complete base-pairing (Fig. 3) and
can act as a Pol III termination signal (Gao et al. 2018), the
UCYG and CYGR motifs (nucleotides 16-20) associated with lower
cleavage efficiency (Graf et al. 2019) and lack of base-pairing of nu-
cleotides 40, 41, 51, and 52 that are engaged in contacts with Cas9
(Supplemental Figs. S6, S7).

PlatinumCRISPr operates at a cutoff prediction for either low
or high efficiency, which is based on whether sgRNA folding
is correct or whether certain detrimental motifs are present, but
also on sequence composition. Although a score could be imple-
mented for sequence composition, in practice, cleavage efficiency
increases within a narrow range making a score at this point not
feasible.

The genome sequence of any organism can be used with the
PlatinumCRISPr server. For the most common model organisms,
the PlatinumCRISPr server allows to choose the organism and
will calculate off-targets (additional hits in the genome) as a com-
plete match for the 16 nt before the tracrRNA as this is the minimal
sequence for DNA scission (Fig. 1G). For other organisms off-target
effects need to be determined manually by BLAST, e.g., using the
NCBI webserver.

Although DNA scission is completely abrogated by a single
mismatch to the target gene in Drosophila (Ren et al. 2014), off-tar-
get scission has been reported in tissue culture cells (Fu et al. 2013;
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Hsuetal. 2013). To compare off-target effects with sgRNA cleavage
efficiencies predicted by either PlatinumCRISPr, DeepSpCas9, or
Azimuth (standard scoring in CHOPCHOP), we used a large-scale
double-strand break analysis from Cas9 expression across 59 targets
using tagmentation-based tag integration site sequencing (TTISS)
(Schmid-Burgk et al. 2020). In this analysis comparing off-target
effects predicted by PlatinumCRISPr or CHOPCHOP, we find that
off-target effects measured in tissue culture cells increase with
predicted cleavage efficiency for PlatinumCRISPr (one-sided
Wilcoxon rank-sum test, P=0.009) and DeepSpCas9 (Spearman’s
rho, P=0.0016), but not for CHOPCHOP (rho 0.1, P=0.41).

To identify additional parameters affecting sgRNA cleavage
efficiency, we performed a motif analysis among the 35% low-scor-
ing sgRNAs for a number of different data sets (Doench et al. 2014,
2016; Gagnon et al. 2014; Ren et al. 2014; Wang et al. 2014; Chari
et al. 2015; Farboud and Meyer 2015; Hart et al. 2015; Moreno-
Mateos et al. 2015; Varshney et al. 2015; Xu et al. 2015; Gandhi
etal. 2017; Xiang et al. 2021), but we did not find motifs associated
with low performance in individual data sets. In particular, we
found no evidence for 4 T’s to be enriched, that could act as a ter-
mination signal for RNA Pol III (Gao et al. 2018; Graf et al. 2019).

We then analyzed the performance of a Drosophila sgRNA
data set (Ren et al. 2014) according to the sgRNA design parameters
described above. Our design tool PlatinumCRISPr selected 12 from
39 sgRNAs and those showed a cleavage efficiency of 58% or more
(Fig. 4A). We then analyzed a number of sgRNA prediction tools for
this data set including Chari score (Chari et al. 2015), CRISPRon
(Xiang et al. 2021), DeepSpCas9 (Kim et al. 2019), Doench score
(Doench et al. 2014), Azimuth (implemented in CHOPCHOP)
(Doench et al. 2016), Moreno-Mateos score (Moreno-Mateos
et al. 2015), Wang score (Wang et al. 2014), Wong score (Wong
etal. 2015), and Xu score (Xu et al. 2015). PlatinumCRISPr signifi-
cantly outperformed all of these prediction tools with the
Drosophila data set (Fig. 4B; Ren et al. 2014).

Next, we analyzed 14 data sets from various organisms
(Drosophila, zebrafish, sea squirt, worms, and cell culture cells),
which determined sgRNA cleavage efficiency for their performance
using the PlatinumCRISPr design tool (Doench et al. 2014, 2016;
Gagnon et al. 2014; Ren et al. 2014; Wang et al. 2014; Chari et al.
2015; Farboud and Meyer 2015; Hart et al. 2015; Moreno-Mateos
et al. 2015; Varshney et al. 2015; Xu et al. 2015; Gandhi et al.
2017; Xiang et al. 2021). For overall performance (Fig. 5), six data
sets yielded significant (P <0.05) enrichment of high-efficiency
performing sgRNAs (Ren et al. 2014; Wang et al. 2014; Chari
et al. 2015; Moreno-Mateos et al. 2015; Xiang et al. 2021), and
five showed enrichment (P <0.25) (Gagnon et al. 2014; Farboud

PlatinumCRISPr
Chari Score

[ CRISPRon

[ DeepSpCas9

[ Doench Score

B Azimuth

I Moreno-Mateos Score
Wang Score
Wong Score

Xu Score

Figure 4. PlatinumCRISPr selects high-efficiency sgRNAs and outperforms other sgRNA selection tools for a Drosophila data set. (A) Comparison of the in
vivo efficiency of all sgRNAs from Ren et al. (2014) data set with PlatinumCRISPr selected sgRNAs. (B) Comparison of the sgRNA selection performance of

PlatinumCRISPr with other sgRNA selection tools.
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Figure 5. Comparison of individual sgRNA selection criteria for performance with different data sets.
The different data sets with the number of sgRNAs tested are indicated on the left. The different selection
criteria are shown on top. Significant and enriched performances are indicated in red and orange, respec-
tively (P<0.05 and P<0.25). Criteria with numbers below 5% are indicated in beige, and criteria already

0 and 1, the median efficacy in the com-
plete data set is 0.974) (DepMap 24Q2
Public; https://doi.org/10.25452/figshare
.plus.25880521.v1), of which ~25% are
predicted as cutting by PlatinumCRISPr.
A comparison of DepMap gRNAs result-
ed in a minimally better performance
(0.006%, median efficacy: 0.975) of
guides predicted as noncutting by
PlatinumCRISPr, but the biological signi-
ficance of this observation remains un-
clear since the overall performance
substantially exceeded the gRNA per-
formance of other cell-line based
experiments with chronic exposure (Sup-
plemental Fig. S8), possibly because
gRNAs were preselected (DepMap 24Q2
Public; https://doi.org/10.25452/figshare
.plus.25880521.v1).

As part of this analysis, we noticed
that the average cleavage efficiency in
the analyzed data sets varied substan-
tially (from 20% to 75% average cleavage
efficiency) (Supplemental Fig. 8A-L),
pointing toward a bias in outcome

applied to the data set are shown in gray.

and Meyer 2015; Hart et al. 2015; Varshney et al. 2015; Xu et al.
2015), while two failed to show enrichment for most of the param-
eters (Doench et al. 2014, 2016). In this analysis, we noticed that
structural constraints were significantly more important in cold-
blooded organisms, where sgRNAs delivery is by injection in the
absence of selection in contrast to cell culture cells, where delivery
is by transfection and selection for chronic exposure to sgRNAs for
up to 10 days before analysis.

When we analyzed the performance of PlatinumCRISPr,
Chari score (Chari et al. 2015), CRISPRon (Xiang et al. 2021),
DeepSpCas9 (Kim et al. 2019), Doench score (Doench et al.
2014), Azimuth (implemented in CHOPCHOP) (Doench et al.
2016), Moreno-Mateos score (Moreno-Mateos et al. 2015), Wang
score (Wang et al. 2014), Wong score (Wong et al. 2015), Xu score
(Xuetal. 2015), and CRISPick (Sanson et al. 2018) prediction tools
(Supplemental Fig. 8A-L) with the different data sets determining
sgRNA cleavage efficiency we found that Wang score performed
best on the Doench data set and that PlatinumCRISPr and
Moreno-Mateos performed best with Drosophila and zebrafish gen-
erated data sets, respectively, but we found no single prediction
tool that stood out. In addition, in 5 out of 6 cell culture-generated
data sets none of the prediction tools outperformed the others or
substantially increased prediction efficiency (Supplemental Fig.
8A-L).

In addition, we have also analyzed data sets for the perfor-
mance of sgRNA libraries in different cell lines (HeLa, HCT 116,
and GBM) (Hart et al. 2015) and find very high correlations for
all comparisons (Spearman’s correlation between 0.71 and 0.77)
indicative of minimal differences of the cleavage efficiency of
sgRNAs in these cell lines. In addition, sgRNAs selected by
PlatinumCRISPr or CHOPCHOP show a significantly higher cleav-
age efficiency than discarded sgRNAs in all 3 cell lines (P <0.03).

The Cancer Dependency Map (DepMap) project (https://
depmap.org) provides efficacy scores for 193476 gRNAs (between

when testing various prediction tools
with different data sets. To identify com-
mon patterns among the different pre-
diction tools applied to different data sets in the following
analysis we, therefore, excluded data sets with cleavage efficiencies
below 30% for further analysis (Gagnon et al. 2014; Chari et al.
2015; Farboud and Meyer 2015; Doench et al. 2016).

The default element of CHOPCHOP is Azimuth (Labun et al.
2019), but also implements elements from Doench score, Chari
score, Xu score, and Moreno-Mateos score. We, therefore, reasoned
that a combination of two prediction tools could result in more re-
liable selection of high-efficiency cleaving sgRNAs. When we com-
bined two prediction tools the highest scoring combination was
PlatinumCRISPr together with Wong score with an average cleav-
age prediction of 61% (Fig. 6A) and this combination also outper-
formed in all the remaining data sets (Fig. 6B), but this increased
the stringency and only very few sgRNAs were selected.

A Drosophila transformation vector for expression of two sgRNAs

Next, we applied these novel sgRNA design rules to generate
Drosophila gene deletions. For this purpose, we generated a new
fly transformation vector with a GFP marker (Solomon et al.
2018), that is easier to select than previously generated vermillion
marked vectors that require a vermillion mutant background for
transgene identification (Port et al. 2014; Trivedi et al. 2020).
This vector expresses two 20 nt sgRNAs from U6.1 and U6.3 pro-
moters (Supplemental Fig. SOA-C), harboring a G as the first nucle-
otide as a requirement for expression from the U6 promoter (Paule
and White 2000; Ren et al. 2013). This plasmid can be generated by
incorporating the two sgRNA sequences in PCR primers for single-
step cloning into the plasmid, while previously published vectors
require two cloning steps or plasmid recombination (Port et al.
2014; Trivedi et al. 2020). This sgRNA vector can then be injected
into Drosophila expressing Cas9 in the germline for CRISPR to in-
duce mutations. Alternatively, this vector can be used to generate
a transgenic line via the attB site using phiC31 integrase-mediated
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Figure 6. Combinations of two sgRNA selection tools select high-efficiency cleaving sgRNAs for several sgRNA efficiency screen data sets. Combinations
of sgRNA selection tools in A are listed according to the overall cleavage efficiency of selected sgRNA significant (P<0.05) for both methods (red) or one
method (dark gray). Black indicates events with <5% of sgRNAs selected by at least one method. Comparison of sgRNA selection by different sgRNA se-
lection tools shown as the median of the cleavage efficiency for individual data sets (B). The distribution of cleavage efficiencies for all sgRNAs is shown on
the left (white box) and for PlatinumCRISPr—-Wong score in red, Moreno-Mateos-Wong score in blue, and Azimuth—Xu score in green.
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transformation. This fly strain is then crossed to a line expressing
Cas9 in the germline for the generation of the desired genetic le-
sion. Transgenically provided sgRNA/Cas9 generally results in a
higher efficiency, because the sgRNAs are provided maternally.
Moreover, excision efficiency can be further increased by muta-
genesis over a chromosomal deficiency which will remove the re-
pair template for homologous recombination.

Efficient generation of gene deletions by sgRNA /Cas? using
transposon markers

We then applied the PlatinumCRISPr tool to identify high-effi-
ciency sgRNAs to generate gene deletions in Drosophila Ythdcl
and Ythdf, that bind to m®A in mRNA important in development
(Dezi et al. 2016; Haussmann et al. 2016; Roignant and Soller
2017; Balacco and Soller 2019; Anreiter et al. 2021). Ythdcl and

Ythdfare located on the third chromosome, and transposon inserts
Mi{MIC}YT521-BM02905 and  PBac{SAstopDsRed}*?4%81 marked
with GFP or RFP, respectively, are available from stock centers.
They were combined with an X-linked vasCas9 or nosCas9 for
germline expression of Cas9. To allow for detection of transposon
loss in the YTH protein genes the GFP and RFP markers of the
vasCas9 insert had been removed. These flies were then crossed
to the GFP-marked sgRNA construct inserted on the third chromo-
some (Fig. 7A,F). The sgRNA insert has a weak GFP marker and can
generally be distinguished from Mi{MIC}YT521-BM%2%% inserts.
Females from this cross were mated with males containing TM3
Sb/TM6 Tbh double-balancers in single crosses to recover sgRNA-in-
duced individual deletions and avoid analysis of clonal events. The
male progeny was then screened for loss of the GFP or RFP marker.
Males which had lost the marker were detected in 100% (n=9) of
the crosses for Ythdcl and in 88% (n=9) for Ythdf, respectively.
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Figure 7. Generation of gene deletions in Drosophila YTH protein genes using two sgRNAs/Cas9 and transposon markers. (A) Schematic to the Ythdc1
locus indicating transcripts (white boxes) and the ORF (black boxes) below the chromosome. Primers used are indicated on top and below the transcripts.
The w+ marked transposon used for detecting deletions in the locus is indicated by a triangle and the deletion generated is indicated by a line. (B) Agarose
gels showing PCR products amplified from genomic DNA of control or YthdcT transposon excision lines using primers flanking the deletion. The presence of
a PCR product indicates the expected gene deletion. DNA markers are indicated on the left. (C) Agarose gels showing RT-PCR products amplified from
cDNA of control or Ythdcl transposon excision lines using internal primers flanking an intron. Ectopic insertion in the opposite orientation is indicated
by an asterisk (lane 4) as in this instance the transcript is not spliced. DNA markers are indicated on the left. (D) Agarose gels showing PCR products amplified
from genomic DNA of control or Ythdc14” flies using internal primers and grimers flanking the deletion. DNA markers are indicated on the left. (E) Agarose
gels showing RT-PCR products amplified from cDNA of control or Ythdc14/ flies using internal primers in Ythdfand ewg genes. The PCR product of the ewg
gene was used as a loading control. DNA markers are indicated on the left. (F) Schematic to the Ythdflocus indicating transcripts (white boxes) and the ORF
(black boxes) below the chromosome. Primers used are indicated on top and below the transcripts. The RFP-marked transposon used for detecting deletions
in the locus is indicated by a triangle and the deletion generated is indicated by a line. (G) Agarose gels showing PCR products amplified from genomic DNA
of control or Ythdftransposon excision lines using primers flanking the deletion. The presence of a PCR product indicates the expected gene deletion. DNA
markers are indicated on the left. (H) Agarose gels showing PCR products amplified from genomic DNA of control or Ythdf transposon excision lines using
primers flanking an intron. DNA markers are indicated on the left. (/) Agarose gels showing PCR products amplified from genomic DNA of control or
Ythdf*®" flies using internal primers and primers flanking the deletion. DNA markers are indicated on the left. (/) Agarose gels showing RT-PCR products
amplified from cDNA of control or Ythdf*?" flies using internal primers in Ythdf and ewg genes. The PCR product of the ewg gene was used as a loading
control. DNA markers are indicated on the /eft.
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This is a substantial increase of efficiency over imprecise P-element
excision with a frequency of 0.01%-1% (Soller et al. 2006;
Haussmann et al. 2016, 2022). In those crosses with loss of mark-
ers, all males for Ythdcl had lost the GFP marker, while for Ythdf
the average frequency of marker loss was 42% (n=8). In the reverse
cross for Ythdf, where sgRNA/Cas9-mediated excision is induced in
males, the frequency was 0% (n=>35) indicating that the low fre-
quency in males is linked to the absence of recombination in
males. The identified single marker-less males were then crossed
to TM3 Sb/TM6 Tb double-balancers to establish a line and ana-
lyzed with PCR using primers next to the deletion breakpoints
yielding a short PCR product (Fig. 7B,G). A PCR product had
been obtained in all lines were the marker had been lost indicating
that the expected deletion had indeed been generated. To generate
Ythdc1 excision lines, nosCas9 was used for germlines, expression
of Cas9, as vasCas9 together with sgRNAs targeting Ythdc1 resulted
in female sterility.

sgRNA /Cas9 scissioned fragments insert elsewhere in the genome

After establishing the lines, we noticed that all lines (= 10) estab-
lished for the Ythdc1 deletion did not show the flightless pheno-
type previously reported (Haussmann et al. 2016). Therefore, we
selected four lines for further analysis by RT-PCR from RNA
(Ythdc1 excision lines) (Fig. 7C) or of genomic DNA (Ythdfexcision
lines) (Fig. 7H) of homozygous flies with primers that were within
the deletion and also flanked an intron. Unexpectedly, a copy of
the gene was still present in all Ythdcl and Ythdf excision lines an-
alyzed suggesting that the deleted fragment had been inserted else-
where in the genome.

To remove this ectopic insert(s), positive lines were crossed to
w+marked deficiencies and out-crossed for two generations. The X
and second chromosomes were then exchanged to establish null-
mutant lines from single chromosomes for Ythdcl and Ythdf that
were confirmed by RT-PCR to be free of any ectopic inserts (Fig.
7D,E,L]). To avoid such complications in the future we generated
a PBac w+ containing vector which can be efficiently inserted
into a locus by cloning left and right homology arms either to in-
duce a partial deletion upon insertion or to introduce mutations.
Alternatively, mutations in sgRNA cleavage sites can be introduced
into the homology arms to insert point mutations. Afterward, the
PBac w+ is removed scarless by a transposase.

Discussion

sgRNA structure and sequence composition contribute to
sgRNA /Cas? DNA scission efficiency

DNA scission by the sgRNA/Cas9 complex is highly specific and re-
quires complete base-pairing between the sgRNA and the target
DNA generally not tolerating single missmatches (Ren et al.
2014; Farboud and Meyer 2015). This feature makes the sgRNA/
Cas9 complex an ideal tool for genome editing, but its use is cur-
rently limited by the low predictability to cut its target in the ge-
nome (Haeussler et al. 2016; Labuhn et al. 2018; Sledzinski et al.
2020).

Here, we discovered that the structure of the sgRNA is a key
determinant for the scission efficiency of the sgRNA/Cas9 com-
plex in Drosophila. However, only ~50% of sequences adjacent to
PAM sites constitute sgRNAs that fold properly and are not com-
promised by unfavorable base-pairing. In support of these two lev-
els of interference, sgRNA R13GC correctly folds the tetraloop and
loop2/3, but did not cleave a short oligonucleotide substrate. This

indicates that the structure of this sgRNA blocks the catalytic activ-
ity of the sgRNA/Cas9 complex, likely by mimicking the bulge
structure of the tetraloop. Second, some sgRNAs allowed cleavage
of short oligonucleotide substrates (e.g., L7GC and R10ds6GC),
but did not support efficient DNA scission of the target sequence
in the context of a 3 kb test-plasmid. Likely, these sgRNAs interfere
with the ability of the sgRNA/Cas9 complex to scan the DNA for
target sites.

When we analyzed the cleavage efficiencies of sgRNAs used in
Drosophila (Ren et al. 2014), we observed a good overlap with the
ability of those sgRNAs to adopt the correct structure and having
a high cleavage efficiency. Further refinement to the design of
sgRNAs comes from the recognition that the GC content in the
seed region is a major determinant to cleavage efficiency in addi-
tion to general GC content. Analysis of the X-ray crystal structure
of the Cas9-sgRNA-DNA complex also revealed that the two As in
the tracrRNA before the tetraloop engage with Cas9 through base
stacking and hydrogen bonds (Nishimasu et al. 2014). Base-pairing
of these two As with Us at the end of the sgRNA (N9 and Nyg) be-
fore the start of the tracrRNA impacts sgRNA/Cas9 complex func-
tion and reduces cleavage efficiency (Graf et al. 2019). Likewise, if
sgRNAs are made by RNA Pol III, termination occurs at the boun-
dary of the tracrRNA if two UU precede the GUUUU of the start
of the tracrRNA (Arimbasseri and Maraia 2015; Graf et al. 2019).
Folding of the sgRNA is not anticipated to impact on transcription
as it occurs afterward. Motif searches in various data sets to deter-
mine sgRNA cleavage efficiencies did not reveal any further motifs
that impact on cleavage efficiency. If such bias exists, this would
likely have been exploited by parasites of prokaryotic hosts.

Structural constraints of sgRNAs are more pronounced
in cold-blooded animals

The bacterial CRISPR-Cas9 system consists of two RNAs (crRNA
and tractrRNA) that assemble with Cas9 to form the active com-
plex. crRNA and tractRNA base pair through sequence comple-
mentarity to form the tetra loop in the active Cas9 complex
(Garcia-Doval and Jinek 2017; Jiang and Doudna 2017; Hille
et al. 2018). In type II systems, the tracrRNA is required for
crRNA maturation suggesting that base-pairing takes place while
being assembled with Cas9. After the crRNA is trimmed, the entire
CRISPR-Cas9 complex can scan genomic DNA for DNA scission
sites. Alternatively, the crRNA could hybridize first to genomic
DNA and recruit tracrRNA and Cas9 to form a complex for DNA
scission on site. In this scenario, the ctRNA would not be able to
interfere with tractRNA/Cas9 complex activity by forming an aber-
rant RNA secondary structure, but whether this second scenario
could be applied to more efficient genome editing with reduced
off-target cleavage needs to be tested. Of note, the effect of struc-
tural constraints is stronger in cold-blooded animals likely reflect-
ing that the optimal temperature for Escherichia coliis 37°C. In this
context, it would be worth exploring how much longer the sgRNA
can be to still support Cas9 DNA scission as longer RNAs would
more stably hybridize to DNA. In either case, however, under-
standing sgRNA/Cas9 complex assembly will inform how to pre-
vent off-target DNA scission.

Evaluation of different sgRNA prediction tools

In this study, we also compared various sgRNA cleavage efficiency
prediction tools with 12 data sets that have determined sgRNA
cleavage efficiencies in human cells and various model organisms
including Drosophila, zebrafish, Caenorhabditis elegans, honeybees,
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and seasquirt (Doench et al. 2014, 2016; Gagnon et al. 2014; Ren
etal. 2014; Wang et al. 2014; Chari et al. 2015; Farboud and Meyer
2015; Hart et al. 2015; Moreno-Mateos et al. 2015; Varshney et al.
2015; Wong et al. 2015; Xu et al. 2015; Gandhi et al. 2017; Kim
et al. 2019; Roth et al. 2019; Xiang et al. 2021). Here, the
PlatinumCRISPr tool is deemed best for Drosophila, Moreno-
Mateos score for zebra fish, and Wang score for one human cell cul-
ture screen, but all prediction tools failed to convince for the other
5 cell culture screens. Possibly, chronic exposure over several days
in cell culture systems could lead to a bias in determining sgRNA
cleavage, compared to short exposure when injected into early
stage embryos like in insects and zebra fish.

Taken together, optimizing sequence composition and struc-
tural constraints in sgRNA design essentially contributes to high
DNA cleavage efficiency. Accordingly, optimized sgRNAs show
very little base-pairing with sequences adjacent to the loop 1 re-
gion, or are not complementary to the tetraloop structure and/or
the loop2/3 structure. In addition, avoiding base-pairing in the
10 nt seed region before the PAM site predicts high efficiency of
sgRNAs for DNA scission. Furthermore, avoiding two Us before
the PAM site prevents interference with the sgRNA/Cas9 structure.

In any case, introducing the target sequence into a plasmid al-
lows a reliable determination of the cleavage efficiency of a partic-
ular sgRNA in an vitro assay. However, cellular features such as
chromatin state can also impact on Cas9-mediated DNA scission
(Singh et al. 2015). These limitations of CRISPR-Cas9 genome ed-
iting from biological parameters, including the impact of cellular
environment by RNA-binding proteins or chromatin structure, re-
main to be adequately quantified. In this context, whether genes
are expressed at the time of sgRNA cleavage likely also plays a
role in the observed cleavage efficiency as expression is associated
with less compacted DNA. Accordingly, expressed genes seem to
be more efficiently mutagenized than developmentally silenced
genes (Port et al. 2014; Trivedi et al. 2020).

Initial concerns about CRISPR-Cas9 specificity were about
off-target cleavage, but changing 1 nt in the spacer sequence com-
plementary to the target efficiently abrogates cleavage activity
(Ren et al. 2014). PlatinumCRISPr takes off-targets into account
by screening the genome for the 16 nt distal of the PAM site, which
require an exact match for cleavage, and all four possible PAM sites.

Limitations for generating gene knockouts

Generating deletions of entire genes, or essential parts of them is
the preferred way to generate a null allele. This approach will avoid
complications arising from introducing frameshifts at the begin-
ning of the OREF, as translation could reinitiate from later AUG or
CUG start codons (Koushika et al. 1999). In addition, in some
genes, the RNA has functions on its own, as shown for oscar RNA
that forms a large RNP particle with Oscar and other RNA-binding
proteins at the posterior pole of a Drosophila oocyte (Hachet and
Ephrussi 2004; Haussmann et al. 2011). Thus, deletion of the en-
tire gene region will discover such additional functions harbored
in gene transcripts.

When generating deletions of entire genes, we discovered
that the deleted DNA fragment was inserted into the genome
and transcribed, resulting in the expression of protein that rescued
the flightless phenotype in Ythdcl deletion allele. Although the
mechanism for the generation of these new inserts is not known,
it seemed not to have led to complex chromosomal aberrations,
because the inserts could be removed by standard recombination
and/or exchange of chromosomes. Retro-transposition has been

observed in the elav gene, which led to the loss of all introns in
Drosophila (Samson 2008). Likewise, holometabolous insects gen-
erally have three elav genes, but honeybees have only one elav
gene. The honeybee elav gene, however, carries features of the oth-
er two genes present in Drosophila. Hence, elav in honeybees could
have collapsed in an ancestor from three to one gene by some form
of recombination to include parts specific to the other two elav
genes (Ustaoglu et al. 2021). Likewise, the amyloid-8 precursor pro-
tein (APP) gene displays copy number variation in the human
brain, which is increased by retro-transposition in sporadic forms
of Alzheimer’s disease suggesting evolutionary conserved mecha-
nisms for reinsertion of genomic information (Lee et al. 2018).
Reinsertion of fragments cut out by the CRISPR-Cas9 system
seems not to be specific to Drosophila as it has also been observed
in human cells (Geng et al. 2022). Since intron loss and gain occur
during evolution, the mechanism underlying the insertion of
DNA fragments from sgRNA-induced deletions might be responsi-
ble for these changes. Thus, when generating sgRNA-induced gene
deletions, it is essential to test for the absence of any transcripts by
RT-PCR, but also to validate a deletion at the DNA level by PCR us-
ing flanking primers or Southern blots.

For a more reliable way to generate gene knockouts, CRISPR-
Cas9 induced deletion of only a part of a gene seems more feasible
and aligns with previous mutagenesis approaches using marked P-
element transposons (Supplemental Information and Discussion;
Supplemental Fig. 10A; Soller et al. 2006; Haussmann et al. 2016,
2022; Bawankar et al. 2021). Such targeted deletions to the &
part of the gene can remove the core promoter consisting of the
TATA box and extend into a functional domain (e.g., catalytic
domain, DNA-binding domain, RNA recognition motif, etc.)
(Supplemental Fig. 10B).

Since human genes are much larger and often have alternative
transcription start sites (Soller 2006), deletion of an exon such that
splicing of the remaining exons generates a frameshift is a valuable
option (Supplemental Fig. 10C). Alternatively, a GFP cassette with
a poly(A) site can be inserted to terminate the ORF in the begin-
ning, but it needs to be evaluated whether the poly(A) site in the
beginning of the gene is used or whether the exon containing
the GFP cassette is skipped (Soller 2006; Wierson et al. 2020).

For a more reliable way to generate gene knockouts in
Drosophila, we have now developed a PBac w+ marker that can be
inserted when generating a deletion (Dix 2022). In any case, how-
ever, a marked locus will allow for rigorous cleaning of the genetic
background.

In essence, we have established the rules for designing highly
efficient sgRNAs and established a methodology to efficiently gen-
erate gene deletions. These findings have implications for other
RNA-based methodologies including prime editing (Anzalone
et al. 2019; Bosch et al. 2021).

Methods
sgRNA /Cas? directed DNA cleavage

DNA templates for in vitro transcription were reconstituted from
synthetic oligonucleotides. As only the T7 promoter needs to be
double-stranded for in vitro transcription, a T7 promoter oligonu-
cleotide (CCTGGCTAATACGACTCACTATAG) was annealed to an
antisense Ultramer (IDT DNA) encoding the entire sgRNA in addi-
tion to the T7 promoter. Alternatively, a 60 nt T7 promoter oligo-
nucleotide with a partial sgRNA was annealed to an antisense
oligonucleotide encoding the tracrRNA (AAAAAAAGCACCGACT
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CGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAA
CTTGCTATTTCTAGCTCTAAAAC) for 15 min at 40°C (2 pM) and
made double-stranded by extension with the Klenow fragment of
DNA polymerase I according to the manufacturer’s instructions
(NEB). Klenow was then heat-inactivated 10 min at 85°C and oli-
gonucleotides were desalted with a G-50 Autoseq Sephadex spin
column (GE) before using them for in vitro transcription.

Then, sgRNAs were generated by in vitro transcription with
T7 polymerase (T7 MEGAscript, Ambion) from synthetic oligonu-
cleotides (0.2 uM) and trace-labeled with 32P alpha-ATP (800 Ci/
mmol, 12.5 pM, PerkinElmer) in a 20 pL reaction according to
the manufacturer’s instructions. After DNase I digestion, free nu-
cleotides were removed with a G-50 Probequant Sephadex spin
column (GE). Then, sgRNAs were heated for 2 min to 95°C and
left at room temperature to adopt folding. Then, sgRNAs were
quantified by scintillation counting and analyzed on 8%-20%
denaturing polyacrylamide gels as described (Dix et al. 2022).

For synthetic substrate DNAs the sense oligonucleotide (1
uM, sgRNA flanking sequences are: TCGAGCATTATATGAAC-
sgRNA-GGGTATTGGGGAATTCATTATGC) was labeled with **P
gamma-ATP (6000 Ci/mmol, 25 pM, PerkinElmer) with PNK
(NEB). After heat inactivation of PNK for 2 min at 95°C, sense
and antisense (antisense sgRNA flanking sequences are:
GGCCGCATAATGAATTCCCCAATACCC-as  sgRNA-GTTCATAT
AATGC) oligonucleotides were annealed by letting them cool
down to room temperature and used in sgRNA-Cas9 cleavage as-
says. For plasmid sgRNA-Cas9 cleavage assays, these annealed oli-
gonucleotides were cloned into a modified pBS SK+ using an Xho I
and Not I cut vector to assay sgRNA/Cas9 activity.

For sgRNA/Cas9 cleavage assays, DNA/sgRNA/Cas9 ratios of
1/10/10 were used in a 10 pL reaction using the buffer supplied
(NEB) and DEPC-treated water (Haussmann et al. 2019).
Typically Cas9 (100 nM final) was incubated with sgRNA (100
nM) for 10 min at 25°C before adding oligonucleotides (10 nM fi-
nal) or plasmid DNA (10 nM, corresponds to ~25 ng/pL final con-
centration of a 3 kb plasmid). Plasmids were linearized after Cas9
digestion by first heat inactivating Cas9 for 2 min at 95°C, and
then adding 10 pL of a restriction enzyme (5 U) in NEB buffer
3. Adding a restriction enzyme together with Cas9 inhibited
DNA scission by Cas9. Cleavage of oligonucleotides was analyzed
on 8% denaturing polyacrylamide gels and plasmid DNA was ana-
lyzed on ethidium bromide-stained agarose gels.

RNA secondary structure was analyzed with RNAfold at
http://rna.tbi.univie.ac.at (Gruber et al. 2008) using the following
tractRNA sequence: GUUUUAGAGCUAGAAAUAGCAAGUUAAA
AUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAG
UCGGUGCUUUUUU.

Criteria for optimal sgRNA design and Cas? structural analysis

Criteria to select sgRNAs that maintain the structure required for
efficient Cas9 DNA scission were implemented in the server acces-
sible at https://platinum-crispr.bham.ac.uk/predict.pl and are as
follows. The first nucleotide of the sgRNA needs to be a G for effi-
cient transcription initiation by RNA Pol III (Paule and White
2000). For T7-mediated in vitro transcription, three Gs need to
be added to sgRNAs of 23 nt. Disruption of the tetraloop or loops
2 and 3 structures, and the sequence U A/G G C/U A/G of nucleo-
tides 16-20, which will result in a tetraloop bulge mimic, were clas-
sified as low-efficiency sgRNAs as these parts are recognized by
Cas9 (Nishimasu et al. 2014). Similarly, a hairpin loop in the
gRNA consisting of four or more base-pairing nucleotides, or
base-pairing of nucleotides 17-20 of the gRNA (U/C U/C U U),
or base-pairing of 8 nt within the seed region with looped-out nu-
cleotides spaced by three base-pairing nucleotides (N11-N20), or a

GC content below 15% (1 or 2 nt) or above 50% (11 or more nucle-
otides) were also considered low efficiency. Medium efficiency was
assigned for gRNAs with a GC content of 15%-25% (3-5 nt) or
40%-50% (8-10 nt), or a low CG content in the seed region (<5
nt in nucleotides 11-20). In addition, two U’s at position 19/20
of the gRNA reduce efficiency because of premature transcription
termination (Gao et al. 2018; Graf et al. 2019). Further, we assigned
a medium impact if both of the 2 nt As; Asz and Ge; Uss in the
three-way junction of loop 1 were base-paired or 7 nt within the
seed region (N11-N20) base-paired with looped-out nucleotides
spaced by three base-pairing nucleotides. Thus, we deemed a
sgRNA optimal to allow Cas9 to cleave DNA with high efficiency,
if the GC content is 30%-35% (6-7 nt) and none of the above cri-
teria applied.

Cas9/sgRNA structural complex analysis was done using
Chimera as described (Dix et al. 2022).

RNA extraction, RT-PCR, and PCR on genomic DNA

Total RNA was extracted using TRI Reagent (Sigma-Aldrich) and re-
verse transcribed with Superscript II (Invitrogen) according to the
manufacturer’s instructions using an Oligo(dT) primer. PCR was
done for 40 cycles with 1 pL of cDNA, with 1 pg of genomic
DNA, or from a single fly after freezing and drying in 200 pL of iso-
propanol. Primers to detect the sgRNA/Cas9 induced deletion in
Ythdcl were YT F1 (GCCGCTGTGACGCAGAATTTGTGTG) and
YT R1 (GGCCGTGCATGTTGCGCATGTAGTCC), and in Ythdf
were 64F1 (GCCGAGAAAGTGCACAAGGATACGGAG) and 64R1
(CAAGGAATGGCTGAAGCAGACTCCTTG). Primers to amplify
parts of the body of the RNA also flanking an intron were for
Ythdcl YT F2 (CCACGCTGCCGCAGAACGACGCCAATC) and YT
R2 (GCGGCAGATCCAGTCAAGCTCGATGAC), and in Ythdf were
64F2 (GAGCTGCCTGTCGATTCCCAACTCGTG) and 64R2 (CCG
CCCTCTTCGTGTCGCTCCTTGAAG). Primers to amplify parts of
the ewg gene have been described elsewhere (Koushika et al. 1999).

Cloning of sgRNAs into pUC 3GLA Ué.1 Bbsl

To clone two sgRNAs expressed by U6 promoters, the “tracrRNA
U6.3 promoter” fragment was amplified with left (AAGATATCC
GGGTGAACTTCGN;oGTTTTAGAGCTAGAAATAGC) and right
(GCTATTTCTAGCTCTAAAACN;yCGACGTTAAATTGAAAATAGG)
sgRNA primers from pUC 3GLA U6.1/3 sgRNA using Pwo polymer-
ase (Roche) with initial 30 sec denaturation at 94°C followed by
two cycles 94°C/30 sec, 49°C/40 sec, 72°C/45 sec, then two cycles
94°C/30 sec, 51°C/40 sec, 72°C/4S sec, and 22 cycles 94°C/30 sec,
56°C/40 sec, 72°C/45 sec using a slow ramp (1°C/min) for increasing
from 56°C to 72°C. Transcription from the U6 promoter initiates
with a G (bold, underlined). Although this G does not need to
be present in the targeting sequence, it needs to be included
for the folding of the sgRNA. The sequences for the sgRNAs in
Ythdcl were gACAGGTATTCCCAAACTCAC and GACATGTAGCG
TTCCCATGA, and for Ythdf were GTCCTGAAATACGAGCACAA
and gATAACGAACATGTGGGATCT. The pUC 3GLA U6.1 Bbsl vec-
tor was cut by Bbsl and the “sgRNA1 tractRNA U6.3 promoter
sgRNA2” fragment was cloned by Gibson assembly according to
the manufacturer’s instructions (NEB). For sequencing, primer
U6.1 Fseq (GCGCGTACGTCCTTCGCATCCTTATG) was used.
The sequences for pUC 3GLA HAi Dscam 3-5, pUC 3GLA U6.1
Bbsl, and the pUC 3GLA U6.1/3 Ythdf sgRNA have been deposited
(MK908409, MK908408, and MK908407).

Drosophila genetics and phiC3l integrase-mediated transgenesis

All Drosophila melanogaster strains were reared at 25°C and 40%-
60% humidity on standard cornmeal-agar food in 12:12 h light:
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dark cycle as described (Haussmann et al. 2013). CantonS was used
as a wild-type control. For the Ythdcl, the GFP-marked Mi{MIC}
YT521-BMI02006 transposon insert and the w+ marked Df(3L)
Exel6094 deficiency were used, and for Ythdf, the RFP-marked
PBac{SAstopDsRed}*"?4%81 insert and the w+ marked deficiency Df
(3R)ED6220 were used. For phiC31 mediated transformation, con-
structs were injected into y’ w* M{vas-int.Dm}ZH-2A; PBac{y+attP-
3B}VK00013 with the landing site inserted at 76A as previously de-
scribed (Haussmann et al. 2013). Before insertion of GFP marked
constructs, the GFP and RFP markers had been removed from the
y1 w* M{vas-int. Dm}ZH-2A landing site by Cre-mediated recombi-
nation (Bischof et al. 2007; Zaharieva et al. 2015).

Implementation of PlatinumCRISPr

PlatinumCRISPr is implemented as a Perl script-based webserver it-
eratively evaluating the rule set described in the main text. A guide
is classified as “compromised” if any of the rules is violated. For
analysis of a sgRNA consisting of the target complementary se-
quence (spacer) and the constant crRNA fused to the tractRNA
through an artificial loop is used whereby the first nucleotide of
the 20 nt spacer sequence is a G, because a G is needed for tran-
scription (Jinek et al. 2012; Cong et al. 2013). Folding of the
sgRNA is computed using RNAfold (Version 2.4.17) and further
processed using bpRNA for subsequent interpretation of the dot-
bracket code describing the secondary structure by a custom-
made Perl script. Notably, the sequence position is calculated
from the 3’ end of the tracrRNA to allow for a variable length of
the spacer (between 18 and 23 nt) for custom applications using
synthesized RNA consisting of the spacer fused to the ctRNA and
hybridized to the tracrRNA.

PlatinumCRISPr classifies guides by a binary outcome
and typically reports ~70% of sgRNAs as “compromised.”
Accordingly, only the top 30% were analyzed for the distribution
of their reported cleavage efficiency in a given data set for each
scoring application (Supplemental Fig. S8). Statistical significance
was calculated using a one-sided Wilcoxon signed-rank test. We
are grateful to M. Haeussler for providing published guide sequenc-
ing and cleavage efficiency scores (Haeussler et al. 2016).

CRISPRon and DeepSpCas9 guide sequencing and cleavage
efficiency scores were calculated using published web-interfaces
(Wong et al. 2015; Xiang et al. 2021).

For CRISpick analysis, we downloaded precalculated on-tar-
get score data (options: KO screen, CRISPR mechanism SpyCas9,
Hsu tractrRNA, and On Target Scoring Rule Set was RS3seq-
Chen2013 +RS3target) which are available for Mouse, Fly, and
Human (Sanson et al. 2018). DepMap inferred guide efficiency
data have been downloaded from DepMap (DepMap 24Q2
Public; https://doi.org/10.25452/figshare.plus.25880521.v1). For
the analysis of sgRNA efficiency in different cell lines (HeLa,
HCT 116, and GBM), genes essential in all cells were selected
and the calculated cleavage efficiencies were compared by
Spearman’s correlation (Hart et al. 2015).

For the analysis of off-target effects, guides from the TTISS
data set with their number of genome-wide off-target sites were
used (Schmid-Burgk et al. 2020; Chen et al. 2023). For each guide,
the number of expected off-targets was computed using Cas-
Offinder3 (selecting targets with no bulge, and a minimum of one
and a maximum of five mismatches) (Hwang et al. 2021). The ratio
of measured to expected numbers of off-target sites was then com-
pared between guides predicted to cut by PlatinumCRISPr
(Wilcoxon rank-sum test) and correlated (Spearman’s correlation)
to DeepSpCas9 and CHOPCHOP (Azimuth 2.0 scores) using the
crisprScore R-package (Hoberecht et al. 2022).

Data access

All data used for sgRNA cleavage efficiency analysis to analyze data
and the source code for PlatinumCRISPr have been deposited in
GitHub (https://github.com/rolandA1234/PlatinumCRISPr) and
are also provided as Supplemental Code. Sequences for plasmid
vectors generated in this study have been submitted to NCBI
GenBank (https://www.ncbi.nlm.nih.gov/genbank/about/) with
the following accession numbers: MK908409 (pUC 3GLA HAi
Dscam 3-5), MK908408 (pUC 3GLA U6.1 Bbsl), and MK908407
(pUC 3GLA U6.1/3 YTHDF53 sgRNA).
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