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ABSTRACT CRISPR-Cas? is a powerful genome editing technology in which a single guide RNA (sgRNA)
confers target site specificity to achieve Cas9-mediated genome editing. Numerous sgRNA design tools
have been developed based on reference genomes for humans and model organisms. However, existing
resources are not optimal as genetic mutations or single nucleotide polymorphisms (SNPs) within the
targeting region affect the efficiency of CRISPR-based approaches by interfering with guide-target
complementarity. To facilitate identification of sgRNAs (1) in non-reference genomes, (2) across varying
genetic backgrounds, or (3) for specific targeting of SNP-containing alleles, for example, disease relevant
mutations, we developed a web tool, SNP-CRISPR (https://www.flyrnai.org/tools/snp_crispr/). SNP-CRISPR
can be used to design sgRNAs based on public variant data sets or user-identified variants. In addition, the
tool computes efficiency and specificity scores for sgRNA designs targeting both the variant and the
reference. Moreover, SNP-CRISPR provides the option to upload multiple SNPs and target single or mul-
tiple nearby base changes simultaneously with a single sgRNA design. Given these capabilities, SNP-
CRISPR has a wide range of potential research applications in model systems and for design of sgRNAs
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for disease-associated variant correction.

The CRISPR-Cas9 system, a repurposed bacterial adaptive immune
system, is a powerful programmable genome editing tool for re-
search, including in eukaryotic systems, that also has potential for
gene therapy (Pickar-Oliver and Gersbach 2019). With this system,
Streptococcus pyogenes Cas9 nuclease is directed to a target site or
sites in the genome that have a unique 20 nt sequence followed by a
3 bp sequence conforming to NGG known as the protospacer adja-
cent motif (PAM). A double-strand break (DSB) induced by Cas9
nuclease recruits the cellular machinery, which can repair the break
either through the error-prone non-homologous end-joining (NHE])
pathway or through homology directed repair (HDR). NHE] often
results in insertions and/or deletions (indels), which can result in
frameshift mutations. HDR allows researchers to introduce or ‘knock
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in’ specific DNA sequences, such as precise nucleotide changes or
reporter cassettes.

In addition, catalytically dead forms of Cas9 have been fused with
different effector proteins to manipulate DNA or gene expression
(Pickar-Oliver and Gersbach 2019). For example, to correct disease-
causative point mutations, CRISPR-Cas9 mediated DNA base editing
has been developed as a promising method to convert undesired spon-
taneous point mutations to the wild-type nucleotide (Gaudelli et al.
2017; Komor et al. 2016; Pickar-Oliver and Gersbach 2019). DNA base
editing can be achieved by fusing a Cas9 nickase with a cytidine de-
aminase enzyme and uracil glycosylate inhibitor to achieve a C->T
(or G->A) substitution. Similarly, a transfer RNA adenosine deam-
inase is fused to a catalytically dead Cas9 to generate A->G (or
T->C) conversion. Notably, unlike for knock-in, DNA editing-
induced changes occur without a DSB and without the need for intro-
duction of a donor template. Disease-relevant mutations in mammalian
cells can be corrected with base editing strategies (Dandage et al. 2019).
Prime Editing based on the fusion of Cas9 and reverse transcriptase, is
another recently published technique that could add more precision
and flexibility to CRISPR editing (Anzalone et al. 2019). Thus, pro-
grammable editing of a target base in genomic DNA provides a po-
tential therapy for genetic diseases that arise from point mutations.
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Single-nucleotide polymorphisms (SNPs) can be defined as single-
nucleotide differences from reference genomes. The targeting efficiency
of Cas9 has been examined using data from genome-wide studies
combined with machine learning (Chuai et al. 2018; Doench et al.
2014; Listgarten et al. 2018; Najm et al. 2018; Tycko et al. 2019). The
position of specific nucleotides in the target sequences has been shown
to affect targeting efficiency, which is the major determinant of
CRISPR-Cas9 dependent genetic modification (Doench et al. 2014;
Housden et al. 2015). Therefore, the presence of a SNP (or of an indel)
can cause inefficient binding of the Cas9-sgRNA ribonucleoprotein
(RNP) complex, resulting in inefficient genome editing.

Many rules for sgRNA design are generalizable and many web tools
have been developed to predict sgRN A sequences for the human genome
and genomes of numerous model organisms. There are two types of
input that sgRNA design tools typically accept: (1) gene symbols or
genome coordinates and (2) sequences. Resources that support the
former typically precompute sgRNAs based on annotated reference
genome information. Moreover, these sgRNA sequences are designed
based on a single wild-type reference sequence without considering
variants (e.g., CHOPCHOP, GuideScan; Table 1). With the second type
of input, some tools BLAST user input sequence against a reference
genome and correct any differences introduced by the user, thus mak-
ing it impossible to design sgRNAs against a variant allele (this is the
case for example for CRISPR-ERA and CRISPR-DT; Table 1). With
others, it is possible to design a sgRNA to target variant allele (e.g.,
E-CRISPR, CRISPOR and CRISPRscan; Table 1). However, these tools
require that the user retrieve the genomic sequences surrounding the
variant and select designs that specifically target the variant region after
the program sends back all the results. For a bench scientist, this is a
time-consuming and error-prone process. For example, when the cod-
ing variant is near an exon-intron boundary, the user needs to retrieve
the exon sequence as well as the intron sequence and enter these into
the program. In addition, the user cannot do batch entries with most
of the online tools that take sequence as an input (e.g., E-CRISPR,
CRISPOR and CRISPRscan; Table 1). A few command line programs
that take sequence as the input were developed for batch design; how-
ever, based on our experience, these tools or specific features either do
not work or are not easily configured by bench scientists without pro-
graming experience (Table 1). In addition, researchers might need
features that are missing from current tools, such as an option to target
SNPs either together or independently of one another when the SNPs
are nearby one another. Moreover, the ability to compare sgRNA de-
signs targeting the same locus in the wild-type and the variant allele
in terms of efficiency and specificity would also be very useful when
targeting a heterozygous variant.

To broaden the application of sgRNA design tools to better accom-
modate SNPs and small indels, we developed SNP-CRISPR. SNP-
CRISPR is a web-based tool that accepts variant annotations as the
input and uses rigorous off-target search algorithms to predict the
specificity of each target site in the genome for wild-type and variant
sequences. SNP-CRISPR offers customized options and allows users to
easily and rapidly select optimal variant-specific CRISPR-Cas9 target
sequences in genes from a variety of organisms.

METHODS

Pipeline development

The SNP-CRISPR pipeline environment is managed using the Conda
package and environment management system (Anaconda 2016). This
allows for convenient reproduction of the necessary software de-
pendencies and versions on different machines. The majority of the
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pipeline logic at SNP-CRISPR is written in Python using Biopython,
with some Perl used for the BLAST and efficiency score analysis (Cock
et al. 2009). Potential off-target loci are evaluated by performing a
BLAST search of each design against the species reference genome.
An off-target score is assigned based on both the number of hits found
in the BLAST results and the number of mismatched nucleotides
per off-target hit. Designs are also assigned an efficiency score that
was computed using a position matrix; detailed information about
the input dataset and algorithm can be found in (Housden et al.
2015). GNU Parallel is used to allow for parallelized computation
of designs on different chromosomes and with different parameters
for improved performance on multi-core systems (Tange 2018). The
full source code of the pipeline, including instructions for installation
and use, is available at https://github.com/jrodiger/snp_crispr.

Implementation of the web-based tool

The SNP-CRISPR web tool (https://www.flyrnai.org/tools/snp_crispr/)
is located at the web site of the Drosophila RNAi Screening Center
(DRSC). The back-end is written in PHP using the Symfony framework
and the front end HTML pages take advantage of the Twig template
engine. The JQuery JavaScript library with the DataTables plugin is
used for handling Ajax calls and displaying table views. The Bootstrap
framework and some custom CSS is also used on the user interface.
Hosting by Harvard Medical School Research Computing makes it
possible to provide a web-facing user interface to run the SNP-CRISPR
core pipeline on Harvard Medical School’s “O2” high-performance
computing cluster. When jobs are submitted from the website, the form
parameters and uploaded input file path are passed to a bash script
controlling the pipeline, which is then run as a cluster job. When the
job is complete, an E-mail is sent to the user with a URL that contains
a unique ID used to retrieve the corresponding results.

Data availability
SNP-CRISPR is available for online use without any restrictions at
https://www.flyrnai.org/tools/snp_crispr.

The source code for the pipeline, including instructions for in-
stallation and use, is available at https://github.com/jrodiger/snp_crispr

RESULTS

SNP-CRISPR web tool

The web-based version of SNP-CRISPR provides the functionality of the
design pipeline with an easy-to-use interface and interactive results view.
Users can select up to 2,000 variants of interest in Variant Call Format
(VCF) oracsv file in the provided format, and then upload this file on the
SNP-CRISPR homepage. The acceptable variants include single nucle-
otide changes, small insertions and small deletions. The user then
chooses the species and whether to create designs that target each input
variant individually or to target all SNPs within each potential sgRNA
sequence. When a user submits input, the web logic starts a job on the
Harvard Medical School “O2” high-performance computing cluster,
using the uploaded file and parameters as input for the pipeline. After
the pipeline finishes running, an automated E-mail is sent to the user
with a link to a webpage at which the user can view and export results.
For a couple of variants, the design pipeline usually takes up to a
few minutes and with an input of 2,000 human SNP variants, it takes
about half an hour for users to receive the results by E-mail. The result
page shows the wild-type and variant designs with corresponding
scores in a tabular view that can be sorted by one or more columns.
The output table also lists the genome targeting position of each sgRNA
and the position of the variant within the sgRNA sequence relevant

-=.G3:Genes| Genomes | Genetics


https://github.com/jrodiger/snp_crispr
https://www.flyrnai.org/tools/snp_crispr/
https://www.flyrnai.org/tools/snp_crispr
https://github.com/jrodiger/snp_crispr

"PaUILICO 10U B19M S}|Nsal Ing parduwiene sem el
"a|qe|ieAe OS|e S| UOISI9A SUl| PUBWIWIOD /)

‘suBisep 1ueAs|aLI 1IN0 1)) pue aduanbas Bunjuely spirocid o1 pasu siesn

q

‘uiBoj uasn Jo uonessiBal ainbas Jou op 1.yl 5|00) UBISEP ¥JSIYD OF AoAINS UNO PalIWI| SN :BI0N

adsuo~dus/sj001/B10 1ok}
(6102 'Je 32 yBnoay)
Jazhjeuys|a|v/yredybnoay/wod gnyub
(r10z
B39 NYZ) WY {2OSYdSD/|WAY/201q
/asea|al/sabesoed/Bio 1010npuodolq
(6102 e 12
ZIMOUICRY) WedsD/ul|ist/wod gnuyB
wooJadedsoyoid
(S10Z sosinobry pue
exisiel|d) Jenods-yO/npa uosiaysl-wo
(9102 ‘[e 3@ soen|O)
seoBuieslq/s|001/s9°21sdquddBojuiolq
(v10Z ‘e 3o ZAeID)
npa umolq oinau-idsLAlyuspulpiebiel
(5102
‘e 18 >ed) Joubisap-sednauauwousbl
(SLoz e 3@
Jawwiag) ap-Biagaplay-lun-sodidsiio
(8L0z "B 12
uosues) ubisap-eulbs/s|00)-sishjeue
/211qnd/dd6 /6.0 e3nsuipeociqsjepod
(910Z ‘[e 18 SOIBAI|Q) /Ne’0lIsd Ueds-16
(8102 ‘| 12 tenyD) 1ou-idsuodasp
(610z Buer pue
NYz) 13-4dSI¥D/NPS Yolwelw-gejojulolq
(S10Z ‘[e 1@ nI) npa’pJojuels ela-idsuo
(5102 "[e 3 oyeN) dfspgpudsuo
(5102
‘|e 19 sos)e|N-ousIo|A) Bio uedsidsud
(910Z "Je 12 Js|ssnaeH) 19U Ioja} JodsLd
(#7102 ‘e 12 JomBiap) Bio-dsud-a
(5102 ‘[e 12 uspsnoH) tdsio/Bio"1eulAj}
(£10Z ‘| 1@ zaiad) WOod uedsspinb
(6102 e 1@
unge) npaplenteyseyordoyddoyd

VN

aweg

FETIELS

SUON

PETEIS

PETEIN

2oWeg

PETEIS

2oWeg

TS
Lowes

suoN
auoN
TS

elomay
Loweg
eloma4
SUON
SUON

suoN

SOA

SO

o[qssod

spaulwIsIapuUn
ON

a|qissog
a|qissog
a|qissog
a|qissog
a|qissod
2|qissog
a|qissod
Spauluwepun
oN

oN
a|qissog
a|qissog
a|qissog
a|qissog
oN

oN

ON

SoA

VN

VN

VN
VN

ON
SOA
ON

SoA

SOA

SoA
ON
ON

ON
ON
ON

ON
(ouab) sa A (bas) oN
ON
ON
SoA

ON

(3114 4DA "6°8) srueuep

VN

VN

VN
VN

aousnbag

aousnbag

aousnbag

aousnbag

aousnbag

aousnbag ‘ausn)

aousnbag

aousnbeg

aousnbag

$9]eUIPI00D dWoUaD) ‘@dusnbag ‘susn
aousnbag ‘ausn)

aousnbag ‘aus0)

aouanbag ‘susn)

aousnbag ‘ausn)
S$81BUIPIO0D BUIOUSL) 'ausn)

S9}RUIPI00D BUIOUSK) ‘8udr)

S8)JeUIPIO0D BWOUIL) ‘auan)

qPaseq-qam

aul| puewWod

aul| puewwod

aul| puewWOd
(Aluo Xs0) IND

qPeseq-qem
gPeseg-qem
paseqg-gqom
paseqd-gqom
paseqg-gqom
paseq-gom
paseq-gom
paseq-gom
paseq-gom
paseq-gom
paseq-gom
qPaseq-qom
paseq-gom
paseq-gom
paseqg-gom

paseq-gam

paseq-gom

4dSI4DO-dNS

PEFAN VATV

A99SYdSIHD

wedsid
Jo0edsololy

Jenods-4o

seD-bupjeaig
Japul 1961e]
fewndo ¥dSRD

Jsubiseg-seD

do12D

Jaubisaq YNYBSs ddD
Cmumun_.mv
¥dsiyodeaq

1d-d4dSID
\4EREN 0]
13UIPYJSIID

ueasydsidd
JOISIdO
4dSI¥O3

[001 ¥dSIMD PUy DSYd

uesgepIND

dOHDdOHD

sjooy ubisap YdSIMD jo Aening v | ajqel m

491

SNP-CRISPR |

Volume 10 February 2020

G3:Genes | Genomes | Genetics




These scores were computed using a position matrix, Detailed information about the
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Figure 1 Features of the SNP-CRISPR user interface (Ul). Users select the species of interest, enter an E-mail address, upload variant information
including the genome coordinates and sequence changes, choose to target nearby variants individually or together, and then submit the
job. Usually within half an hour, an E-mail is sent automatically to the user with a link to a results page that displays the designs for wild
type as well as mutant alleles, side by side with calculated scores. The mutant base(s) are shown in lower case and the wild type sequence

in upper case.

to the PAM sequence. The variant is shown in lowercase, which can be
easily spotted by users. Using the checkboxes in the left-most column,
users can opt to export all or only selected rows to an Excel or csv file.
Currently, SNP-CRISPR supports reference genomes from human,
mouse, rat, fly and zebrafish (Figure 1).

Computation of potential variant-targeting sgRNAs

Users are required to upload variant information in one of the supported
formats including the genome coordinates, the sequence of the reference
alleles and the sequence of the variant alleles. First, SNP-CRISPR
validates the input reference sequences and will warn users if the
submitted reference sequences does not match, which might reflect a
different version of the genome assembly being used in the user input vs.
SNP-CRISPR. After validation, SNP-CRISPR then re-constructs the
template sequence, swapping the reference nucleotide with the variant
nucleotide for SNPs, while inserting or deleting the corresponding
fragment for indel type variants. Second, SNP-CRISPR computes
potential variant-targeting sgRNAs based on availability of PAM
sequences in the neighboring region since the presence of a PAM
sequence (NGG or NAG) is one of the few requirements for binding.
Third, sgRNA designs that contain four or more consecutive thymine
residues, which can result in termination of RNA transcription by
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RNA polymerase I1I, are filtered out (Gao et al. 2018). Cas9 can have
off-target activity across the genome and tolerance to mismatches
shows significant variance depending on the position within the
sgRNA (Fu et al. 2013; Hsu et al. 2013). Therefore, for each sgRNA
design, SNP-CRISPR computes an efficiency score (Housden et al.
2015) and a specificity score calculated based on BLAST results
against the reference genome. All possible sgRNAs are provided
to the user along with specificity and efficiency scores, without
further filtering; filtering options are available for custom applica-
tions based on user needs (Figure 2). With the command line ver-
sion of the program, it is possible to calculate specificity scores based
on non-reference genomes if users also provide the non-reference
genome as additional input. Users can generate the non-reference
genome by modifying the reference based on genome-scale variant
information or via de novo assembly. However, supporting this with
the online version is not practical.

To facilitate identification of the best variant-specific sgRNAs,
we provide information about both sgRNAs targeting specific variants
and sgRNAs targeting the reference sequence in the same region. The
efficiency score and an off-target score are provided, and the positions
of relevant SNPs or indels in the sgRNA are included so that users can
select the most suitable sgRNA or filter out less optimal ones.

-=.G3:Genes| Genomes | Genetics
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Figure 2 SNP-CRISPR sgRNA design pipeline. Graphic display of the

major steps of sgRNA design (blue), and input files and output files for
the command line version of the pipeline (red).

Calculate efficiency score &
BLAST for off-target score

The web tool supports up to 2,000 variants per batch while the
command line version has no limit with the number of variants and
can be used for any annotated genome. The command line version also
provides better performance on large inputs when run multi-threaded. For
example, a multi-threaded test run was able to process over 1,000 human
SNPs per minute on Harvard Medical School’s “O2” high-performance
computing cluster. We pre-computed sgRNA designs (NGG-PAM) for
all clinically associated SNPs annotated at the Ensembl genome browser
(ftp://ftp.ensembl.org/pub/release-97/variation/gvf/homo_sapiens/
homo_sapiens_clinically_associated.gvf.gz) using the command
line version of the pipeline and the designs can be found at https://
github.com/jrodiger/snp_crispr/tree/master/results.

CONCLUSION

SNP-CRISPR is a unique web tool that designs sgRN As targeting specific
SNPs or indels. SNP-CRISPR is user-friendly and provides all possible
CRISPR-Cas9 target sites in a given genomic region with required
parameters, allowing users to select an optimal sgRNA. SNP-CRISPR
provides not only efficiency scores but also off-target information for
sgRNAs targeting sequences with and without SNPs and/or indels of
interest in the same genomic region. SNP-CRISPR supports the human
reference genome and genomes from major model organisms; namely,
mouse, rat, fly and zebrafish. Conveniently, SNP-CRISPR displays the
positions of variant nucleotides in each sgRNA region as part of the
design output. Moreover, SNP-CRIPSR accepts up to 2,000 inputs per
batch for design of large-scale experiments at the website. The command
line version has no limit as to the number of variants and can be used for
any genome that has been properly annotated. Altogether, SNP-CRISPR
improves the ability of researchers to edit SNP or indel-containingloci by
facilitating the design of sgRNAs that target specific variants. As such,
SNP-CRISPR provides a valuable new resource to the genome editing
technology field.

More and more variant data has becomeavailable in recent years, and
much current research focuses on the biological impact of variants
(Amberger and Hamosh 2017; Bragin et al. 2014; Landrum et al. 2014;
Song et al. 2016), motivating us to develop a variant-centered tool. For
instance, a CRISPR/Cas9-based targeting approach has been used to
specifically correct heterozygous missense mutations associated with
dominantly inherited conditions by including the mutated base in the
sgRNA sequence (Courtney et al. 2016). CRISPR/Cas9-based therapeu-
tic approaches show great promise for permanent correction of genetic

-=.G3:Genes| Genomes | Genetics

disorders in somatic cells. In addition, to facilitate direct research
in gene therapy of human diseases, SNP-CRISPR will be valuable
for modeling human disease using model organisms. With a vast and
growing amount of sequences from different strains of model organ-
isms such as Drosophila melanogaster, millions of novel sequence var-
iants have been identified (Huang et al. 2014; Wang et al. 2015).
However, the biological significance of most of these sequence variants
is still unclear. By facilitating design of sgRNAs targeting variant-specific
alleles, including at a large scale, SNP-CRISPR makes it more feasible to
study these variants systematically.
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