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Abstract

Mucopolysaccharidosis type | (MPS |) is caused by alpha-L-iduronidase deficiency encoded
by the IDUA gene. Therapy with CRISPR/Cas9 is being developed for treatment, however a
detailed investigation of off-target effects must be performed. This study aims to evaluate
possible off-targets for a sgRNA aiming to correct the most common variant found in MPS |
patients (p.Trp402*). A total of 272 potential off-target sequences was obtained and 84 poly-
morphic sites were identified in these sequences with a frequency equal to or greater than
1% in at least one of the populations. In the majority of cases, polymorphic sites decrease
the chance of off-target cleavage and a new PAM was created, which indicates the impor-
tance of such analysis. This study highlights the importance of screening off-targets in a
population-specific context using Mucopolysaccharidosis type | as an example of a problem
that concerns all therapeutic treatments. Our results can have broader applications for other
targets already clinically in use, as they could affect CRISPR/Cas9 safety and efficiency.

Introduction

Mucopolysaccharidosis type I (MPS I) is an autosomal recessive disease caused by the defi-
ciency of alpha-L-iduronidase (IDUA; EC 3.2.1.76), an enzyme coded by the IDUA gene. The
intra lysosomal accumulation of heparan and dermatan sulfate affects cellular homeostasis and
triggers a multisystem dysfunction [1]. Three syndromes are associated with the clinical spec-
trum from severe to attenuate: Hurler (OMIM #67014), Hurler-Scheie (OMIM #607015),
Scheie (OMIM # 67016). Several pathogenic mutations were identified in the IDUA gene and
p-Trp402* is the most common variant in MPS I patients in Western countries [2—4]. This null
allele results in the absence of the gene product [5] and is present in all three disease forms.
Therefore, it is an interesting target for gene editing [6]. Therapy with Clustered Regularly
Interspaced Short Palindromic Repeats associated with Cas9 proteins (CRISPR/Cas9) is under

PLOS ONE | https://doi.org/10.1371/journal.pone.0262299  January 24, 2022

1/13



PLOS ONE

In silico analysis of potential off-target sites to gene editing for Mucopolysaccharidosis type |

development to treat MPS I, with promising results both in human cells [7] and in an animal
model of the disease [8].

Genome editing technologies have grown as an alternative to treat monogenic disorders.
Among these, CRISPR/Cas9 won the field’s preference when compared with Transcription
Activator-like Effector Nucleases (TALEN) and ZINC Finger. This preference relies on the
more straightforward and less expensive construction, with no need for structural validation
[9]. CRISPR/Cas9 is derived from prokaryotes’ immune mechanism and promotes the cleav-
age of specific regions adjacent upstream or downstream to a protospacer adjacent motif
sequence (PAM) NGG for Streptococcus pyogenes guided by RNA (sgRNA) that contains the
20 nt complementary to the on-target site. Several features influence cleavage efficiency: GC
content, having a G in the 20" position in the sgRNA, number and position of mismatches,
and the presence of PAM [10]. The number of mismatches is essential, and Tsai et al. showed
that sequences with up to 3 mismatches are more likely to be cut during the editing [11]. Con-
servation of the first nucleotides adjacent to PAM (SEED) is also an important aspect [12, 13].
There is no consensus about the SEED’s length; however, some experimental assays showed
that sequences with the conservation of the first five nucleotides adjacent to PAM could be
cleaved [13]. Nevertheless, the possibility that other similar sites could be cleaved imposes a
detailed investigation on these potential off-targets that must be performed before CRISPR/
Cas9 reaches clinical application [14].

Many in silico tools were developed to investigate possible off-target regions during the on-
target site editing using CRISPR/Cas9. However, results differ among them due to the different
algorithms and criteria used by the predictors. Moreover, there is a need to consider the vari-
ability among the individuals in search for off-target sites. It has been shown that genetic vari-
ability can affect the cleavage process in the on-target region and similar sites [15, 16]. It s,
therefore, likely that this variability can interfere with the prediction provided by the software.

This work aims to evaluate possible off-target regions for a sgRNA designed to correct the
most common variant found in MPS I patients using the five most used i silico predictors for
the CRISPR/Cas9 system [17]. Besides, we analyzed how polymorphic variants in different
populations may affect the predicted off-target sites.

Material and methods

The sgRNA for the target region was designed using CHOPCHOP [18], and is located inside
the IDUA gene (996530-996552, Ghc37/hg19). The sgRNA sequence is 20 nucleotides long
and 65% GC content (Fig 1). A full description can be found in De Carvalho et al. [7].

The five most employed i silico tools for off-target prediction, according to Freitas et al.
[17], were used: CHOPCHOP [18], COSMID [21], Cas-OFFinder [22], CCTop [23] and CRIS-
POR [24]. The choice of potential off-target sequences was based on the software’s score or the
conservation of 5 nucleotides upstream PAM. We defined that off-target sequences could have
up to 6 mismatches and up to 2 indels, following GUIDE-seq experimental evidence of cleaved
sequences with 6 mismatches [11] and up to 2 insertions [25].

Then, sequences were aligned with the human genome Ghc37/hgl19 version to confirm the
region localization, as some tools only return the cutting position. After, the sequences with
mismatches only were submitted to the CFD score [26] to evaluate the probability of that off-
target being cut during gene editing. To evaluate this same probability for sequences with mis-
matches and indels, we used the CFD indel score, which was created by us and is available as
supplementary files, based on Doench et al.’s results to calculate indels and CFD score for mis-
matches. Then, we proceed with the CFD final score to evaluate the cleavage probability by
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Fig 1. Schematic illustration of CRISPR/Cas9 system and the design of sgRNA with PAM sequence. The
illustration shows the system’s components sgRNA linked to DNA (blue), PAM sequence (underline) and Cas9
(purple) (PDB ID 4008) [19], with a detailed view of the sgRNA above, with target variant p.Trp402*(red) and PAM
sequence (underlined at the end of the sequence). Illustration of system components made using 3D Protein Imaging
[20].

https://doi.org/10.1371/journal.pone.0262299.g001

multiplying the probabilities of each event. The evaluation of the CFD final score considers the
Doench et. al’s threshold (0.2) and that of Haeussler et al. (0.023) as probability of cleavage.
Then, the presence of polymorphic sites within the possible off-target sequences was evalu-
ated for three populations (Europe, Africa, and Latin America) and the worldwide population.
This evaluation was made using the population database 1000 Genomes phase 3 with the hg19
genomic version [27]. Until March 2020, the platform contained 2,504 individuals from
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different populations and 5,008 available alleles not related to sex chromosomes. To sexual
chromosomes, the database contains 3,775 and 1,233 alleles provided for X and Y evaluation,
respectively. An additional evaluation of variants present in Latin America was made using
ABraOM-SABE609 [28] and LOVD version 3.0—Argentina DNA Variant Database with the
Ghc37/hgl19 genomic version. Only variants with allele frequencies equal to or greater than 1%
in at least one of the three populations were considered polymorphic sites.

To investigate if polymorphic sites would create new PAM sequences, the sgRNA was
aligned with the human genome by Burrows-Wheeler Aligner (BWA) version 0.7.17 [29]. For
each possible PAM (NNG or NGN), the presence of a polymorphic site creating a new PAM
(NGG) was searched on the databases mentioned above. For this evaluation, we considered
only off-target sequences with six mismatches without indels and conserved SEED regions.

The evaluation of repetitive elements in the off-target sequences was made using Repeat-
Masker version 4.0.7 in the command line interface by DFAM [30] and Repbase [31] data-
bases. The off-target sequences were downloaded from NCBI with 200 bp upstream and
downstream flanking regions.

Results

A total of 13,422 off-target sequences with canonical PAM was obtained for the target p.
Trp402* sgRNA using the five predictors against the reference human genome. CHOPCHOP
and COSMID recognized fewer off-target sites (1 and 15, respectively), whereas CCTop and
CRISPOR returned 30 and 24 sequences. Moreover, Cas-OFFinder brought the highest num-
ber of sequences with 13,352 predicted off-target sites. In general, the agreement between pre-
dictors was very low. Cas-OFFinder and CCTop were the two that showed the highest
agreement (26 sequences in common), followed by CRISPOR, Cas-OFFinder, and CCTop,
with two (S1 Fig). After filtering for sequences with up to 6 mismatches and up to 2 indels, 272
sequences were obtained as potential off-target sites for this sgRNA, besides the on-target
region. Of these sequences, 74 contained only mismatches, and the rest showed both mis-
matches and indels (Fig 2). Predicted off-target sequences include genic (161) and intergenic

OFF-TARGETS SEQUENCES IN NUMBERS

[ Fuene 2

CcosmID CCTop CRISPOR Cas-OFFinder Total Total filtered  Only mismatchesMlismatches/Indels

Fig 2. Off-target prediction to p.Trp402* sgRNA by predictors and filter criterias. Graphic illustration of the off-target
prediction to p.Trp402* sgRNA before and after the filtering steps. The image shows the number of sequences returned for each of
the five predictors and the number of sequences after the filtering step following the methodology’s criteria.

https://doi.org/10.1371/journal.pone.0262299.g002
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Table 1. Potential off-target regions found by the predictors.
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regions (111), and a pseudogene. Table 1 shows the top 20 sequences with fewer mismatches
or indels, and the complete results can be found in S1 Table. Both tables contain a sequence
identification tag used to navigate all other tables in the manuscript.

The probability of cleavage for these off-target sequences was determined according to
CFD score. A total of 15 of these sequences, disregarding the on-target sequence, had a cleav-
age probability equal or greater than 0.2, which is Doench et al. cut-off values based on experi-
mental observations. These sequences are both in genic (11) and intergenic regions (4).
Among these sequences, no one with an indel was recognized with a probability of 0.2 to cleav-
age. On the other hand, if the cleavage probability threshold of 0.023 is considered, then there
are 48 genic and 39 intergenic regions (Table 2 and S2 Table). And in this case, 32 off-target
sequences containing indels were included in the list, some of them with CFD scores close to
0.2.

Fig 3 shows the number and distribution of mismatches and indels in off-target sequences.

Note that, for sequences with mismatches only, PAM is located at positions 21 to 23. In

sequences with mismatches and indels, PAM may be located anywhere between positions 19
to 25. Any off-target sequences with only 2 or 3 mismatches were found. The non-random dis-
tribution of mismatch and indel positions can be observed, as most of them are concentrated
at positions 1 to 16. In part, this is due to the conservation criteria of SEED and PAM
sequences. We cannot discard the possibility that similar off-target sequences found in differ-

ent genomic regions are responsible for this result. Indeed, twenty-seven identical off-target

sequences appeared more than once in different genomic positions.

SEQUENCES
GCTCTAGGCCGAAGTGTCGCAGG
GCTCTGGGCCGAAGTGTCGCAGG
GCTCTGGGCTGGGGTGTCGCTGG
TCTCTAGGCAGAAGTGATGCTGG
GCTCTAGGCTGAAGTGCTTCTGG
CCACTAGGCCAAAGTGTAGCTGG
GCTCCAGGAGGAAGTGTCACAGG
GTTCTAGGTGGAAGTGTTGCTGG
GGTCTAGGCCAAGCTGTCGCTGG
GCTC-AGGCTGAAGGGTCGCAGG
GCTCTGGGAC—GAGTGTCGCTGG
GCTCTG-GCCGAAGTGACTCAGG
ACTCTATGCTGA-GTGTCGCTGG
GAACTAGGCCGTA-TGTCGCTGG
GCGCTG-GCCGCAGAGTCGCCGG
ACT-GAGGTCGAAGTGTCGCTGG
CCCCTAGGCCTAAG-GTCGCGGG
GCGCT-GGCCGCAGAGTCGCCGG
GCGCT-GGCCGCAGAGTCGCCGG
GCTTTAGGGCCAAG-GTCGCTGG

M/1 GENOMIC LOCALIZATION ANNOTATION
0/0 chr4:996530-996552 IDUA

1/0 chr4:996530-996552 IDUA

4/0 chr10:118919279-118919301 MIR366HG
4/0 chr4:148041025-148041047 Intergenic
4/0 chr8:130569489-130569511 CCDC26
4/0 chr19:8456438-8456460 RABI1B
4/0 chr3:51437682-51437704 DCAF1
4/0 chr8:13103641-13103663 DLCI

4/0 chr17:31707604-31707626 ASIC2

2/1 chr4:89584514-89584535 HERC3
2/1 chr19:7294879-7294900 Intergenic
2/1 chr8:47028210-47028231 Intergenic
3/1 chr12:111599505-111599526 CUX2

3/1 chr9:90693036-90693057 Intergenic
3/1 chrX:153618565-153618586 Intergenic
3/1 chr9:125383152-125383173 Intergenic
3/1 chr9:95886033-95886054 NINJ1

3/1 chrX:153618565-153618586 Intergenic
3/1 chrX:153570256-153570277 Intergenic
3/1 chr18:58811051-58811072 Intergenic

The table shows sequence identification tag (ID) following Table 1, sequence, mismatches (bold) and deletions represented by traverse signal, number of mismatches or

insertions (M/I), genomic localization, and off-target annotation to a gene or intergenic region (Annotation).

*Sequence ID follows S1 Table.

https://doi.org/10.1371/journal.pone.0262299.t001
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Table 2. Probability cleavage of off-target sequences with mismatches and indels.

ID SEQUENCE ANNOTATION CFD CFD INDEL CFD FINAL
9 AATCCAGGTTGAAGTGTCGCCGG Intergenic 0.539 - 0.539 **
2 GCTCTGGGCTGGGGTGTCGCTGG MIR366HG 0.317 - 0.317**
3 TCTCTAGGCAGAAGTGATGCTGG Intergenic 0.297 - 0.297 **
4 GCTCTAGGCTGAAGTGCTTCTGG CCDC26 0.285 - 0.285 **
5 CCACTAGGCCAAAGTGTAGCTGG RABI1B 0.275 - 0.275 **
90 ACTCTGAGGCCAAGGTGTCGCAGG Intergenic 0.419 0.328 0.138 *
132 GCTGCGGACTCCAAGTGTCGCCGG LNCOCI 0.153 0.651 0.100 *
116 GCTCTCAGACCATGGTGTCGCTGG ANKRDI11 0.217 0.438 0.095 *
81 ACT-GAGGTCGAAGTGTCGCTGG Intergenic 0.504 0.176 0.089 *
117 GCTGCAGACACGATGTGTCGCGGG Intergenic 0.150 0.569 0.085 *

The table shows sequence identification tag (ID) following Table 1, sequence, off-target annotation to genic or intergenic region, CFD to compute mismatches, CFD

INDEL to compute indels and CFD FINAL to compute the occurrence of both independent events. CFD INDEL with a dash sign (-) means no score is provided for
sequences without indel. The CFD FINAL with ** and * are according to CFD > = 0.2 and CFD > = 0.023, respectively. CFD values are rounded for three decimal

places.

https://doi.org/10.1371/journal.pone.0262299.t002

elements (Table 3 and S3 Table).

>

Mismatch number

To investigate if these identical sequences belong to repetitive elements, we used Repeat-
Masker. Potential off-target sequences were located inside (n = 17) or around (n = 4) repetitive

Next, we searched for polymorphic sites in the 271 predicted off-target sequences using
population databases. A total of 84 polymorphic sites were recognized in 73 off-target
sequences. Most polymorphic sites were found in 1000 Genomes, and only six were exclusive
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Fig 3. Mismatches and indels positions in off-target sequences. Heatmap of mismatches only (A), deletions plus mismatches (B) and
insertions plus mismatches (C) in off-target sequences. Note that, for sequences with mismatches only, PAM is located at positions 21 to 23. In
sequences with mismatches and indels, PAM may be located anywhere between positions 19 to 25. The color intensity bar shows the number
of sequences with mismatches and/or indels at each given position.

https://doi.org/10.1371/journal.pone.0262299.9003
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Table 3. Off-target sequences inside repetitive elements.

ID SEQUENCE GENOME LOCALIZATION REPETITIVE ELEMENT
15 AATCCAGGTCGAAGGGTCGCCGG chr16:3131030-3131052 ERV_classII
16 AATCCAGGTCGAAGGGTCGCCGG chr10:81735284-81735306 ERV_classII
17 AATCCAGGTCGAAGGGTCGCTGG chr11:59691555-59691577 ERV_classIl
18 AATCCAGGTCGAAGGGTCGCCGG chr6:67041123-67041145 LINE1/ERV_classII
19 AATCCAGGCTGAAGGGTCGCTGG chrY:21455475-21455497 ERV_classII

Example of five identical off-target sequences located in different genomic locations inside repetitive elements. The table shows sequence identification tag (ID)

following Table 1, genomic localization and repetitive element found by using RepeatMasker.

*Sequence ID follows S1 Table.

https://doi.org/10.1371/journal.pone.0262299.t003

to Latin America, found in ABraOM. LOVD 3.0 Argentina returned no polymorphic sites
within these off-target sequences (Fig 4). Although the cut-off value was frequency equal to or
greater than 1% in any population, it is worth noticing that some of these variants show a high
frequency in many populations (Table 4). A complete list of polymorphic sites and their vari-
ant frequencies can be found in S4 and S5 Tables to 1000 Genomes Database and ABraOM,

respectively.

Data from the 1000 Genomes database showed that Africa and Latin America have 11 and
1 private polymorphic sites, respectively, not shared with other populations. Europe has no
private polymorphic site with a frequency equal to or more than 1% (Fig 4).

We then verified if these polymorphic sites increase or decrease the probability of off-target
cleavage by changing the number of mismatches and indels. In most cases, for this sgRNA, the

Number of off-target sequences

40 -

35 4

30 1

25 1

20 1

15 1

10 1

=

Europe Latin America Africa

1000 Genomes populations

Common Variants
B Private Variants

Fig 4. Amount of common and private polymorphic sites for each population. Number of polymorphic sites in off-
target sequences in the three populations. The graphic shows the private and shared polymorphic sites with allele
frequencies equal to or greater than 1% by using the 1000 Genomes database.

https://doi.org/10.1371/journal.pone.0262299.9004
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Table 4. Polymorphic sites in off-target sequences and different allele frequencies among populations.

ID SEQUENCE

5 CCACTAGGCCAAAGTGTAGCTGG
75 GCTC-AGGCTGAAGGGTCGCAGG
75 GCTC-AGGCTGAAGGGTCGCAGG
82 CCCCTAGGCCTAAG-GTCGCGGG

REF ALT E LA A w
TAC T 4.3 3.7 11.3 7.0
C T 0 0.6 3.1 0.9
G C 0 0 1.4 0.4
C T 81.0 87.8 62.9 79.0

Allele frequency of variants in predicted off-target sites shown in Table 1. Allele frequency is shown for three populations (Europe-E, Latin America-LA, Africa-A) and

worldwide frequency (-W) according to the 1000 Genomes database. Position of the alternative allele in bold.

https://doi.org/10.1371/journal.pone.0262299.t004

variants decrease the probability of off-target cleavage by increasing the number of mismatches
and/or indels. Only six polymorphic variants decrease the number of mismatches in potential
off-target sequences (Table 5 and S6 Table).

Furthermore, six other polymorphic sites disrupt the PAM sequence, hence decreasing the
probability of off-target cleavage. However, such variants’ frequency is different among popu-
lations, and their impact must be considered in a population-specific context (Table 6). Also,
only one polymorphic site with a frequency greater than 1% created a new PAM for this
sgRNA (Table 6).

Discussion

Software developed to predict CRISPR editing tools’ effects, include the design of sgRNA, the
calculated efficiency, and potential off-target sites. In silico prediction of off-target sites
requires parameters that were shown to be important in experimental assays. The canonical
PAM sequence (NGG) from Streptococcus pyogenes and the number and position of mis-
matches are some default criteria that are always considered in the search. Even so, tools
diverge in other parameters and hence provide different results according to the used
algorithm.

In this investigation of off-target sites for a sgRNA for a monogenic disease, we chose the
five most used in silico predictors in the literature [17]. The Cas-OFFinder was the tool that

Table 5. Effect of polymorphic sites in off-target sequences in mismatches and indels amount.

ID SEQUENCE REF ALT NO VARIANT VARIANT PAM
INCREASE MISMATCHES
5 CCACTAGGCCAAAGTGTAGCTGG TAC T 4/0 5/2 -
75 GCTC-AGGCTGAAGGGTCGCAGG C T 2/1 3/1 -
75 GCTC-AGGCTGAAGGGTCGCAGG G C 2/1 3/1 -
82 CCCCTAGGCCTAAG-GTCGCGGG C T 3/1 4/1 -
DECREASE MISMATCHES
44 AATCCAGGTTGAAGGGTCGCTGG T C 6/0 5/0 -
73 TTTCTAGCCAGGACTGTCGCTGG A G 6/0 5/0 -
146 GCTCATAAGCAGGGCTGTCGCTGG G A 5/1 4/1 -
223 GCTCCAGGCCCTGCCTTGTCGCTGG C A 4/2 3/2 -
227 GCTCCCGGGCCC—TGTCGCTGG G A 5/2 4/2 -
265 GTACCAGTTC—AGGGTCGCAGG T A 6/2 5/2 -

The table shows sequence identification tag (ID) following Table 1, the sequence with the alternative allele in bold, reference and alternative alleles, and the number of

mismatches and indels without (no variant) or with the variant (variant). Off-target sequences are shown in Table 1, and the six other off-target sequences with a

decrease in the number of mismatches are depicted.

https://doi.org/10.1371/journal.pone.0262299.t005
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Table 6. Polymorphic sites disrupt existing canonical PAMs and create new ones.

ID SEQUENCE REF ALT PAM E LA A w
DISRUPTED PAM
9 AATCCAGGTTGAAGTGTCGCCGG C T CAG 22.3 17.7 2.7 11.6
18 AATCCAGGTCGAAGGGTCGCCGG C T CAG 0.1 0.4 6.1 1.7
59 GCTCTGCCCTGAGGGGTCGCAGG C A AGT 0 1.0 9.2 2.6
97 CCTCTAGACC-AGGGGTCGCAGG G A AAG 0 1.1 0 0.7
123 GTTCTTAGTCCAATGTGTCGCCGG C T CAG 0 0.3 2.9 0.8
173 GCTGTTTGCC—AGTGTCGCTGG G A TAG 0 0.6 3.9 1.1
CREATED PAM
273 GCTTATGCCAGTAGTGTCGCAGT T G AGG 16.0 16 42.3 24.8

The table shows sequence identification tag (ID) following Table 1, the sequence with the alternative allele in bold, reference and alternative alleles, new PAM sequence

formed, and frequency of the alternative allele in each of the three populations (Europeans-E, Latin Americans—LA, Africans-A) and worldwide frequency (-W)

according to the 1000 Genomes database.
*Sequence ID follows S1 Table.

https://doi.org/10.1371/journal.pone.0262299.t006

brought more off-target sequences, but together only 272 sequences were selected as potential
off-target sites, limited by the preservation of the 5 PAM adjacent nucleotides and up to 6 and
2 mismatches and indels, respectively. Out of these, 112 potential off-target sequences, includ-
ing the one sequence with new PAM, are in intergenic regions. Following the CFD score, we
showed that for some off-targets our sgRNA has a considerable probability of cleavage for at
least 15 off-target sequences. In addition, sequences with indel had a CFD final score equal or
greater than 0.023 but none passed the 0.2 threshold. The sequence with indel that has a maxi-
mum CFD final score is approximately 0.14. As expected, the indels inside these sequences
were located at least 7 nt distal to PAM, but these may be due to SEED selection. Nevertheless,
these results indicate that sequences with less or greater length than 23 nt and indels distal to
PAM could be cut by the sgRNA during gene editing.

Some similar sequences in different genomic regions are localized inside repeat elements as
transposable elements (TE). Although counter-intuitive, given the TE’s mobile nature,
recently, it was shown that they are involved in maintaining 3D genome architecture [32]. The
deleterious effect of disrupting non-coding regions, regulatory elements, and TEs involved in
3D genome structure integrity must be considered. The evaluation of the biological context to
which these sequences belong will help assess their possible off-target effects in the human
genome. None of the software used considers chromatin level information, despite acknowl-
edging its importance. Experimental assays showed that nucleosomes interfere with CRISPR/
Cas9 cleavage in fungi strains [33]. In that sense, cell type may also be an essential factor, as it
affects chromatin architecture and the relative abundance of repair mechanisms.

This evaluation investigated if the tool’s output could be altered by genetic variability
between different populations. We found that approximately 27% (n = 73) of the 272 potential
off-target sequences, including the one with new PAM, have polymorphic sites with a fre-
quency greater than 1% in at least one of the three considered populations (Europe, Africa,
and Latin America) according to the 1000 Genomes database and ABraOM databases. In some
of these sequences, more than one polymorphic site was found. These polymorphic sites may
interfere in the number of mismatches, especially in SEED and PAM, and influence the actual
cleavage. Approximately 15% of variants (n = 40) in the 272 predicted potential off-target sites
disrupt PAM and/or SEED. Also, six variants decrease the number of mismatches, and one
can create a new PAM for the sgRNA. Moreover, the variant creating this new PAM sequence
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has a frequency of 42% in populations from Africa and 16% in populations from Europe and
Latin America. Altogether, we found six polymorphic sites in 5 sequences that were only iden-
tified by the ABraOM database, which highlights the importance of population diversity in
databases. Furthermore, the genetic variability evaluation showed that some alternative alleles
in specific populations or worldwide are more frequent than the reference allele (S4 and S5
Tables). This analysis shows the importance of population variability in off-target analyses.
Despite that, all the five most used tools do not take into account this variability in their off-
target evaluation. As an indication that this is indeed a relevant question, some recently devel-
oped bioinformatic tools include genetic variability [34, 35]. However, these tools have limita-
tions. For instance, CrisPam needs the nucleotide variant identifier to detect the new PAM,
which is limited compared to our approach of screening for any possible variant creating a
new PAM and polymorphic sites within the off-target sequences that could influence cleavage
probability. Also, both tools rely on dbSNP as the sole database, whereas we used different
population-based databases to find information about variant frequency and private variants
in some populations.

The improvement of genome editing methods raises other therapeutic alternatives by using
base editing techniques for treatment of diseases that are a consequence of a single variant. In
this view, the most common variant found in MPS type Iis a G to A transition that could bene-
fit from the adenine base editor genome editing technique as treatment [36]. Although this
technique also presents off-target concerns and efficiency differences according to the modifi-
cations [37, 38], it could benefit patients’ treatments. Even so, the presence of polymorphic
sites within sequences could still compromise the safety of patients from particular popula-
tions, although to a lesser extent.

In this work, we used as a model the sgRNA designed to correct the most common patho-
genic variant found in MPS I patients across different populations. We developed a compre-
hensive approach to identify potential off-target sites considering the standard output of in
silico predictors combined with analysis of frequent polymorphic sites in different populations
by using three different human variation databases. In general, the recognition of polymorphic
sites leads to a decrease in the chance of off-target cleavage by CRISPR-Cas9. In this sense, this
analysis contributes to a better evaluation of gene editing safety aspects, and relevant differ-
ences are found among populations for MPS I patients’ treatment, which to the extent of our
knowledge, is the first attempt to address this question. Therefore, we recommend that such
an approach be implemented in off-target prediction for each disease, considering the specific
population for which it is designed, complemented by experimental validation. As CRISPR
system therapies enter the clinical arena, we must ensure their safe use in different world
regions.

Supporting information

S1 Fig. Venn diagram for potential off-target sites returned by each of the five predictors
used. All predictors detected the wild-type target sequence as an off-target site. Venn diagram
made using InteractiVenn.

(PNG)

S1 Table. Potential off-target regions found by the five predictors. The table shows
sequence identification tag (ID), sequence, mismatches (bold) and indels (insertions in italic
and deletions represented by traverse signal), number of mismatches or insertions (M/I),
genomic localization, and off-target annotation to a gene or intergenic region (Annotation).
(DOCX)
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S2 Table. The full CFD final score evaluation for off-target sequences. The table shows the
cleavage probability for each off-target sequence (with identification tag (ID) following

Table 1), off-target annotation, CFD, CFD INDEL and CFD FINAL for all possible off-target
sequences returned by the predictors and BWA alignment sequence (ID 273). CFD INDEL
with a dash sign means no score was provided for sequences without indel. The CFD FINAL
with ** and * are according to CFD > = 0.2 and CFD > = 0.023, respectively.

(DOCX)

S3 Table. Off-target sequences located in different genomic locations inside repetitive ele-
ments. The table shows sequence identification tag (ID), sequence, genomic localization and
the repeat element where signal (-) and signal (*) denote no repeat element found or sequences
close to repeat elements in the region evaluated, respectively.

(DOCX)

$4 Table. Allele frequency of variants in predicted off-target sites shown in Table 1. Allele
frequency is shown for three populations (Europe-E, Latin America-LA, Africa-A) and
worldwide frequency (-W) according to the 1000 Genomes database. Position of the alterna-
tive allele in bold.

(DOCX)

S5 Table. Allele frequency of variants in predicted off-target sites shown in Table 1. Allele
frequency is shown for the Brazilian population according to the ABraOM database. Position
of the alternative allele in bold. The star signal (*) denotes variants not found in the 1000
Genomes database.

(DOCX)

S6 Table. Effect of polymorphic sites in off-target sequences. The table shows sequence
identification tag (ID) following Table 1, the sequence with the alternative allele in bold, refer-
ence and alternative alleles, and the number of mismatches and indels without (no variant) or
with the variant (variant).

(DOCX)

S1 File. CFD indel score program. This program accounts only indels in a specific sequence
by giving the cRNA with insertion and oft-target with deletions positions for sequences greater
or less than 23 nt, respectively, denoted by dash sign (-). The first parameter is the cRNA and
the second is off-target sequence. Besides, it removes only the insertion from a specific

sequence.
(ZIP)

Acknowledgments

The authors thank CNPq, Hospital de Clinicas de Porto Alegre RS/Brazil, Post-Graduation
Program on Genetics and Molecular Biology RS/ Brazil and Federal University from Rio
Grande do Sul RS/ Brazil for the support provided during this investigation.

Author Contributions

Conceptualization: Paola Carneiro, Ursula Matte.

Formal analysis: Paola Carneiro.

Investigation: Paola Carneiro, Martiela Vaz de Freitas, Ursula Matte.

Methodology: Paola Carneiro, Martiela Vaz de Freitas, Ursula Matte.

PLOS ONE | https://doi.org/10.1371/journal.pone.0262299  January 24, 2022 11/13



PLOS ONE

In silico analysis of potential off-target sites to gene editing for Mucopolysaccharidosis type |

Writing - original draft: Paola Carneiro, Martiela Vaz de Freitas, Ursula Matte.

Writing - review & editing: Paola Carneiro, Martiela Vaz de Freitas, Ursula Matte.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

Neufeld E.F. and Muenzer J The mucopolysaccharidosis. The metabolic and molecular basis of inher-
ited disease; 2001. pp.3421-52. https://doi.org/10.1056/NEJM200101183440304 PMID: 11172140

Matte U, Leistner S, Lima L, Schwartz | and Giugliani G (2000) Unique frequency of known mutations in
Brazilian MPS | patients. Am. J. Med. Genet. 90, 108—109. https://doi.org/10.1002/(sici)1096-8628
(20000117)90:2<108::aid-ajmg3>3.0.co;2-y PMID: 10607946

Matte U, Yogalingam G, Brooks D, Leistner S, Schwartz |, et al. (2003). Identification and characteriza-
tion of 13 new mutations in mucopolysaccharidosis type | patients. Mol. Genet. Metab. 78, 37—43.
https://doi.org/10.1016/s1096-7192(02)00200-7 PMID: 12559846

Poletto E, Pasqualim G, Giugliani G, Matte U and Baldo G (2018) Worldwide distribution of common
IDUA pathogenic variants. Clin. Genet. 94, 95-102. https://doi.org/10.1111/cge.13224 PMID:
29393969

Oussoren E, Keulemans J, van Diggelen OP, Oemardien LF, Timmermans R, et al. (2013) Residual a-
l-iduronidase activity in fibroblasts of mild to severe Mucopolysaccharidosis type | patients. Mol. Genet.
Metab. 109, 377-381. https://doi.org/10.1016/j.ymgme.2013.05.016 PMID: 23786846

De Carvalho T, Matte U, Giugliani R and Baldo G (2015) Genome Editing: Potential Treatment for Lyso-
somal Storage Diseases. Current Stem Cell Reports, 1, 9-15.

De Carvalho T, Schuh R, Pasqualim G, Pellenz FM, Filippi-Chiela EC, et al. (2018) CRISPR-Cas9-
mediated gene editing in human MPS | fibroblasts. Gene 678, 33-37. https://doi.org/10.1016/j.gene.
2018.08.004 PMID: 30081189

Schuh RS, Poletto E, Pasqualim G, Tavares AGV, Meyer FS, et al. (2018) In vivo genome editing of
mucopolysaccharidosis | mice using the CRISPR/Cas9 system. J. Control. Release 288, 23-33.
https://doi.org/10.1016/j.jconrel.2018.08.031 PMID: 30170069

Doudna JA and Charpentier E (2014) The new frontier of genome engineering with CRISPR-Cas9. Sci-
ence 346, 1258096-1-1258096. https://doi.org/10.1126/science.1258096 PMID: 25430774

FuY, Foden JA, Khayter C, Maeder ML, Reyon D, et al. (2013) High-frequency off-target mutagenesis
induced by CRISPR-Cas nucleases in human cells. Nat. Biotechnol. 31,822-826. https://doi.org/10.
1038/nbt.2623 PMID: 23792628

Tsai SQ, Zheng Z, Nguyen NT, Liebers M, Topkar VV, et al. (2014) GUIDE-Seq enables genome-wide
profiling of off-target cleavage by CRISPR-Cas nucleases. Nat. Biotechnol. 33, 187—-197. https://doi.
org/10.1038/nbt.3117 PMID: 25513782

Cong L, Ran FA, Cox D, Lin S, Barretto R, et al. (2013) Multiplex Genome Engineering Using CRISPR/
Cas Systems. Science 339, 819-823. https://doi.org/10.1126/science.1231143 PMID: 23287718

Wau X, Scott DA, Kriz AJ, Chiu AC, Hsu PD, et al. (2014) Genome-wide binding of the CRISPR endonu-
clease Cas9 in mammalian cells. Nat. Biotechnol 32, 670-676. https://doi.org/10.1038/nbt.2889 PMID:
24752079

Liang P, Xu X, Zhang Y, Ding C, Huang R, et al. (2015) CRISPR/Cas9-mediated gene editing in human
tripronuclear zygotes. Protein cell 6, 363—372. https://doi.org/10.1007/s13238-015-0153-5 PMID:
25894090

Lessard S, Francioli L, Alfoldic J, Tardiff JC, Ellinor PT, et al. (2017) Human genetic variation alters
CRISPR-Cas9 on- and off-targeting specificity at therapeutically implicated loci. Proc Natl Acad Sci U S
A 114,11257-11266.

Scott DA and Zhang F (2017) Implications of human genetic variation in CRISPR-based therapeutic
genome editing. Nat. Med. 23, 1095—-1101. https://doi.org/10.1038/nm.4377 PMID: 28759051

Freitas MV, Carneiro PB, Matte U (2019) CRISPR/Cas?9 in silico off-targets prediction for Mucopolysac-
charidosis Type | through comparative analysis [version 1; not peer reviewed]. F1000Research
8:2035. https://doi.org/10.7490/f1000research.1117728.1

Montague TG, Cruz JM, Gagnon JA, Church GM and Valen E (2014) CHOPCHOP: a CRISPR/Cas9
and TALEN web tool for genome editing. Nucleic Acids Res. 42, 401-407. https://doi.org/10.1093/nar/
gku410 PMID: 24861617

Nishimasu H, Ran FA, Hsu PD, Konermann S, Shehata SI, et al. (2014) Crystal Structure of Cas9 in
Complex with Guide RNA and Target DNA. Cell 156, 935-949. https://doi.org/10.1016/j.cell.2014.02.
001 PMID: 24529477

PLOS ONE | https://doi.org/10.1371/journal.pone.0262299  January 24, 2022 12/13



PLOS ONE

In silico analysis of potential off-target sites to gene editing for Mucopolysaccharidosis type |

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Tomasello G, Armenia | and Molla G (2020) The Protein Imager: a full-featured online molecular viewer
interface with server-side HQ-rendering capabilities. Bioinformatics 36, 2909—2911. https://doi.org/10.
1093/bioinformatics/btaa009 PMID: 31930403

Cradick TJ, Qiu P, Lee CM, Fine E and Bao G (2014) COSMID: A Web-based Tool for Identifying and
Validating CRISPR/Cas Off-target Sites. Mol. Ther. Nucleic. Acids 3, 1-26. https://doi.org/10.1038/
mtna.2014.64 PMID: 25462530

Park J, Bae S and Kim JS (2015) Cas-Designer: a web-based tool for choice of CRISPR-Cas9 target
sites. Bioinformatics 31, 4014—4016. https://doi.org/10.1093/bioinformatics/btv537 PMID: 26358729

Stemmer M, Thumberger T, Keyer MDS, Wittbrodt J and Mateo JL (2015) CCTop: An Intuitive, Flexible
and Reliable CRISPR/Cas9 Target Prediction Tool. PLoS One 10, 1-11. https://doi.org/10.1371/
journal.pone.0124633 PMID: 25909470

Haeussler M, Schonig K, Eckert H, Eschstruth A, Mianné J, et al. (2016) Evaluation of off-target and on-
target scoring algorithms and integration into the guide RNA selection tool CRISPOR. Genome Biol.
17, 1-12. https://doi.org/10.1186/s13059-015-0866-z PMID: 26753840

Lin'Y, Cradick TJ, Brown MT, Deshmukh H, Ranjan P et al. (2014) CRISPR/Cas9 systems have off-tar-
get activity with insertions or deletions between target DNA and guide RNA sequences. Nucleic Acids
Research 42(11):7473-85. https://doi.org/10.1093/nar/gku402 PMID: 24838573

Doench J, Fusi N, Sullender M, Hegde M, Vaimberg ME et al. (2016) Optimized sgRNA design to maxi-
mize activity and minimize off-target effects of CRISPR-Cas9. Nature Biotechnology 34,184—191.
https://doi.org/10.1038/nbt.3437 PMID: 26780180

The 1000 Genomes Project Consortium. (2015) A global reference for human genetic variation. Nature
526, 68—74. https://doi.org/10.1038/nature 15393 PMID: 26432245

Naslavsky MS, Yamamoto GL, de Almeida TF, Ezquina SAM, Sunaga DY, et al. (2017) Exomic variants
of an elderly cohort of Brazilians in the ABraOM database. Hum. Mut. 38, 751-763. https://doi.org/10.
1002/humu.23220 PMID: 28332257

Li H and Durbin R (2009) Fast and accurate short read alignment with Burrows-Wheeler transform. Bio-
informatics 25, 1754—1760. https://doi.org/10.1093/bioinformatics/btp324 PMID: 19451168

Hubley R, Finn RD, Clements J, Eddy SR, Jones TA, et al. (2016) The Dfam database of repetitive DNA
families. Nucleic Acids Res. 44, 81-89. https://doi.org/10.1093/nar/gkv1272 PMID: 26612867

Bao W, Kojima KK, and Kohany O (2015) Repbase Update, a database of repetitive elements in eukary-
otic genomes. Mob. DNA 6, 11. https://doi.org/10.1186/s13100-015-0041-9 PMID: 26045719

Choudhary MNK, Friedman RZ, Wang J, Jang HS, Zhuo X, et al. (2020) Co-opted transposons help
perpetuate conserved higher-order chromosomal structures.Genome Biol. 21, 1-14.

Yarrington RM, Verma S, Schwartz S, Trautman JK and Carroll D (2018). Nucleosomes inhibit target
cleavage by CRISPR-Cas9 in vivo. Proc. Natl. Acad. Sc.i U. S. 115, 9351-9358. https://doi.org/10.
1073/pnas.1810062115 PMID: 30201707

Rabinowitz R, Aimog S, Darnell R and Offen D. (2020) CrisPam: SNP-Derived PAM Analysis Tool for
Allele-Specific Targeting of Genetic Variants Using CRISPR-Cas Systems. Frontiers in Genetics 11,
851. https://doi.org/10.3389/fgene.2020.00851 PMID: 33014011

Chen CL, Rodiger J, Chung V, Viswanatha R, Mohr SE et al. (2020) SNP-CRISPR: A Web Tool for
SNP-Specific Genome Editing. G3: GENES, GENOMES, GENETICS 10, 489-49. https://doi.org/10.
1534/93.119.400904 PMID: 31822517

Gaudelli N, Komor A, Rees H, Packer Ms, Badran AH et al. (2017) Programmable base editing of AT to
GeC in genomic DNA without DNA cleavage. Nature 551, 464. https://doi.org/10.1038/nature24644
PMID: 29160308

Kim D, Kim D, Lee G, Cho S and Kim J. (2019) Genome-wide target specificity of CRISPR RNA-guided
adenine base editors. Nature Biotechnology 37, 430—435. https://doi.org/10.1038/s41587-019-0050-1
PMID: 30833658

Zhou C, SunY, Yan R, Liu Y, Zuo E et al. (2019) Off-target RNA mutation induced by DNA base editing
and its elimination by mutagenesis. Nature 571, 275-278. https://doi.org/10.1038/s41586-019-1314-0
PMID: 31181567

PLOS ONE | https://doi.org/10.1371/journal.pone.0262299  January 24, 2022 13/13



