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Abstract

Application of CRISPR-Cas9 technology in diverse organisms has resulted in an explosion of
genome modification efforts. To expand the toolbox of applications, we have created an £. coli
Exonuclease | (sbcB) - Cas9 fusion that has altered enzymatic activity in zebrafish embryos. This
Cas9 variant has increased mutation efficiency and favors longer deletions relative to wild type
Cas9. We anticipate that this variant will allow for more efficient screening for FO phenotypes and
mutation of a larger spectrum of genomic targets including deletion of regulatory regions and
creating loss of function mutations in transcription units with poor sequence conservation such as
IncRNAs where larger deletions may be required for loss of function.
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Introduction

Use of CRISPR-Cas9 mutagenesis has transformed reverse genetic approaches in the
zebrafish and other organisms. Many labs adopted this method due to its efficiency and low
entry cost. However, the efficiency of targeting is inconsistent between sgRNAs and it can
be challenging to target some genes and non-coding regions (Carrington et al., 2015).
Attempts at creating rules for sgRNA design have been challenging as well (Gagnon et al.,
2014; Haeussler et al., 2016; Thyme et al., 2016; Varshney et al., 2015). The lesions created
by repair of Cas9 induced double stranded breaks show a bias limiting the spectrum of
mutations that can be recovered from wild type (WT) Cas9 induced breaks in some cases
(Gagnon et al., 2014; Thomas et al., 2014). Cas9 induced NHEJ typically results in small
deletions but creation of deletions on the order of tens or hundreds of base pairs would be
very useful. These types of lesions can be used to create clear loss of function alleles, to
delete gene regulatory regions and to delete large segments of non-coding RNAs. While
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these types of medium sized deletions can be accomplished by targeting two different
regions of a DNA sequence (Xiao et al., 2013; Zhang et al., 2015), efficiency of this method
is dependent on the presence of effective target sites and the efficiency of both guides.

Recent work on the latency of Cas9 binding to cleaved DNA described the 3’ end of the
nontarget strand as being freed from Cas9 before dissociation of the rest of the
DNA:sgRNA:Cas9 complex (Richardson et al., 2016). The cell cycle of the early zebrafish
embryo is shorter than the half-life for release so Cas9 is likely to be displaced by the
replication fork. However, we hypothesized that the long latency and asymmetry of
dissociation of the Cas9 sgRNA complex from the target may make the genomic DNA
accessible to enzymatic manipulation from Cas9 fusion proteins. Thus, we hypothesized that
addition of an exonuclease to Cas9 would result in larger deletions in zebrafish embryos and
might affect the mutagenesis rate of CRISPR-Cas9 by altering the structure of the DNA
ends.

Exol is encoded by sbcB (xonA) in E. coli and it was originally shown to be an inhibitor of
homologous recombination (Kushner et al., 1971), specifically blocking protein binding in
the RecF pathway (Phillips et al., 1988). Its exonuclease activity prefers a single stranded
free 3’ hydroxyl end of a deoxy-ribo oligonucleotide at a rate of about 40,000 greater than
intact, double-stranded DNA (Lehman and Nussbaum, 1964). There is no evidence in the
literature that it must interact with a binding partner to initiate this exonuclease activity
making it an excellent candidate to add an exonuclease activity to the endonuclease Cas9.
We fused the 3’ to 5’ exonuclease £. colisbcB (Exol) to the N terminus of Cas9 and assayed
the mutagenesis rate of specific loci of the fusion protein “ExoCas9” relative to wild type
Cas9 and characterized the lesions that resulted from the repair of these breaks. We found
that embryos injected with ExoCas9 mRNA and gene specific SgRNAs had a higher rate of
mutant phenotype, a higher rate of indel formation and created larger deletions relative to
unmodified Cas9.

Results and Discussion

To test the activity of ExoCas9 (construction of ExoCas9 is described in the Methods
section), we targeted tyrosinase (tyr) with a previously published sgRNA (Figure 1 a) (Jao et
al., 2013). Tyrosinase is required for melanin production and bi-allelic mutation of this gene
is readily visible 2 days post fertilization (dpf) as a loss of eye and body pigment (Figure 1
b-d). Microinjection of the same amount of ExoCas9 mRNA greatly increased the
percentage of embryos displaying loss of pigment in the eye (Figure 1 e) relative to Cas9
(sgRNA 1 p < 1.0 E-5). This increased mutation rate was also confirmed with 4 additional
sgRNAs for #yr (Figure 1 a&e) and only one sgRNA did not display a significant increase in
efficiency (p = 7.2 E-5, 1.5 E-5, 0.26, and 1.6 E-3 for sgRNAs 2-5 respectively).
Interestingly, introduction of the exonuclease activity did not result in widespread cell death
and the survival was comparable if not better than the survival of Cas9 alone (Figure 1 e).

To confirm that the increased effectiveness is due to the Exol activity, we engineered and
tested a point mutation in the exonuclease domain of ExoCas9, sbcB815(A183V). This
mutation has been shown to have 1.3% of wild type activity when tested in £. colfand is
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hypothesized to affect Mg2+ binding (Thoms et al., 2008). When tested with #/rsgRNAL,
the 183 mutation did not show a significant increase in pigment loss when compared to Cas9
alone (p = 0.91), however, this mutation was not as efficient when compared to ExoCas9 (p
< 1.0 E-5) (Figure 1 e), suggesting that the increase in activity is in fact due to the added
Exol activity.

We hypothesized that local chromatin confirmation may be responsible for the increased
effectiveness of ExoCas9 at the #yrlocus. To test for locus dependence of ExoCas9, we
confirmed an enhanced mutation rate by targeting the transforming growth factor, beta
receptor Il (zgfbr2b) (Figure 2 a). Tgfbr2 is required for brain angiogenesis in mouse and we
hypothesized that mutation of fgfbr2bwould result in brain hemorrhage in zebrafish
embryos (Hirota et al., 2015; Nguyen et al., 2011). Microinjection of equal amounts of Cas9
and ExoCas9 mRNAs with an sgRNA targeting gfbr2b resulted in a higher percentage of
ExoCas9 embryos displaying brain hemorrhage (Figure 2 b—e) (p = 0.012). This increased
activity was also confirmed with 2 additional sgRNAs for fgfbr2b (Figure 2 a&e) (p = 2.1
E-3 for both sgRNA 2 and 3), thus showing a significant increase in targeting for all the
tgfbr2b sgRNAs tested. We also confirmed the increased effectiveness of ExoCas9 by
targeting a third gene, ripk4 (Figure 3 a). This gene does not have an observable embryonic
mosaic loss of function phenotype (TPC, DSW unpublished), so we performed a restriction
fragment length polymorphism assay (RFLP assay) to confirm targeting in the FO
generation. A restriction enzyme site is adjacent to the protospacer adjacent motif (PAM) in
the ripk4 sgRNA target site. Thus, creation of insertion or deletion (indel) mutations, this
restriction is likely altered and therefore unable to be cut creating an RFLP. Embryos
injected with ExoCas9 displayed a higher rate of targeting compared to that of Cas9 as
confirmed through the RFLP assay (Figure 3 b—c) (p = 0.003).

We also analyzed the lesions made with both Cas9 variants to determine the nature of the
lesions created by Cas9 and ExoCas9. We hypothesized that lesions produced by ExoCas9
would be large so we opted for sequencing of individual clones to limit bias toward smaller
deletion that might occur from short read, high depth methods. Genomic DNA surrounding
the sgRNA target sites from tyr, tgfbr2b, and ripk4 was amplified from injected embryos by
PCR. This DNA was cloned and multiple clones were sequenced. We found that ExoCas9
induced longer deletions for #yrand ripk4 (Figures 1 f, 3d, and Table 1) (p = 0.018 and 0.011
respectively). Interestingly all larger deletions (> 40 bp) had a directional bias relative to the
orientation of the guide RNA recognition sequence. We observed that the larger deletion was
3’ of the PAM site on the non-target strand indicating a bias in deletion direction for all of
the loci that produced large deletions (< 40 bp) (Figures 1 g and 3 €). Although, the tgfbr2b
locus did produce longer deletions using ExoCas9 none were longer than 40 bp and these
results were not statistically significant (Figure 2f and Table 1) (p = 0.52).

Gene targeting with ExoCas9 resulted in a more efficient FO mutant phenotype production,
increased targeting rate, and longer deletions. We hypothesize that the 3’-5’ nuclease activity
digests the 3’ ends before nonhomologous end joining (NHEJ) can repair the lesion. The
lesion resulting from this digestion has a 5’ overhang, which may be resected, resulting in a
large deletion.
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We predict that ExoCas9 has a multitude of applications. The first being the capacity to
target regions of DNA that are too difficult to target with Cas9 because sequence bias limits
the ability to design multiple guide RNASs to promote efficient deletions. It may also be
useful to target gene regulatory regions where redundancy and cooperative binding mean
larger deletions are required to eliminate activity. Examples include transcription factor
binding sites or UTR regulatory elements. Also, transcription units with poor sequence
conservation such as long non-coding RNAs (IncRNAs) may require larger deletions to
ensure essential domains are removed (Fatica and Bozzoni, 2014).

ExoCas9 was constructed by fusing the £. coli sacB open reading frame in frame with Cas9
to replace the N-terminal nuclear localization signal in the pCS2+ nls Cas9 nls construct
(Jao et al., 2013). This construct was assembled by Fastcloning (Li et al., 2011). Briefly,
pCS2+ nisCas9nls was amplified using the primers:
TGCTTACCGTCATTCATCATGGTGGCGTCGACATTGGATC
AGTACGCGGAAGAGATTGTCGGAAGCATGGATAAGAAGTA E. coligenomic DNA
was amplified using the primers:
GATCCAATGTCGACGCCACCATGATGAATGACGGTAAGCA
TACTTCTTATCCATGCTTCCGACAATCTCTTCCGCGTACT PCR products were treated
with Dpnl and transformed into £.coli and ampicillin resistant colonies were screened by
restriction digest. The sequence of the entire reading frame of the selected clone was
confirmed by sequencing. This construct will be available for distribution following
publication.

All zebrafish embryos were injected at the one-cell stage with /n vitro transcribed sgRNA
and Cas9 or ExoCas9 mRNA according to (Gagnon et al., 2014). sgRNAs were produced by
synthesizing an oligo with bacteriophage promoter T7
(GCGCATGCTAATACGACTCACTATA) or Sp6
(GCGCATGCTATTTAGGTGACACTATA) promoter sequence at 5’ end followed by a
sgRNA gene specific sequence (without PAM motif) and a 3’ backbone sequence
(GTTTAAGAGCTATGCTGGAAAC). This oligonucleotide was annealed to a constant
backbone sequence
(AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTA
AACTTGCTATGCTGTTTCCAGCATAGCTCTTAAAC) and extended according to
(Gagnon et al., 2014). The sgRNAs backbone contains a base-pair switch (bold above) and
extended hairpin (underlined above) according to (Chen et al., 2013). Concentrations of
transcripts were confirmed via gel electrophesis and nanodrop measurements.

Specific sgRNA target sites are:
tyrosinase 1: GGACTGGAGGACTTCTGGGG
tyrosinase 2: GGGTGTGTGTGAAGCGTCTC
tyrosinase 3: GCAGAGTGTAAAGCCTCTCC
tyrosinase 4: GCAGTGTGTAAAGCATCTCC
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tyrosinase 5. GAGAGAGTGTGTGCGTAAAG
tgfor2b1: TGTGGGAGACCCAAAGTGCC
tgfor2b 2: GCAGGAGTACTTGATGCGCC
tgfor2b 3: CTTGCTCAGCTGGGAAGACC
ripk4: GGGGCTGGTGATGGAGTACA

All work using live vertebrate animals was performed under protocols approved by the Rice
University Institutional Animal Care and Use Committee. Wild type AB strain was used for
all experiments. Embryos were maintained at 28 °C in E3 medium. Embryos were scored for
pigment defects at 2 days post fertilization (dpf). To score for the brain hemorrhage
phenotype, embryos were treated with 1x PTU (0.003%) in E3 at 1 dpf to prevent pigment
formation and allow for unobscured visualization of the brain. Hemorrhages were scored at
3 and 4 dpf. Only embryos with robust circulation were scored and hemorrhages were
counted once even if they persisted over multiple days as in (Hirota et al., 2015). Statistical
analysis on the efficiency of phenotype production was performed using the n-1 proportion
test as in (Hirota et al., 2015). Statistical analysis on the length of deletions produced was
performed using the one-tailed Mann-Whitney U'test.

Deletions were observed by lysing individual embryos at 3 dpf, pooling the embryos (n=8),
amplifying the target region, and cloning the region into the TOPO Zero Blunt Vector
(Invitrogen). Genotyping primers:

tyrosinase
200 bp Fwd: GAAGCGTCTCACTCTCCTCG
200 bp Rev: ACAGAACCCTCGACCTGACT
500 bp Fwd: GTGTGTGTGTGCGAGAGAGA
500 bp Rev: CAGTTGGCACCGAAGAAGC
tgfbrzb
579 bp Fwd: ACCCCTTTTAGGTGGGCAAG
579 bp Rev: AGCTGAAGTCTGCATGATTCTGA
ripk4
211 bp Fwd: GGAGGCCAAGAAGATGGAGG
211 bp Rev: AGGTGGATTCATGCAGTGCA
764 bp Fwd: GAGGAAGGTCAATGGCAC
764 bp Rev: TCTCTGCTCTGTCGACTTTTGA
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Figure 1. Visualization of CRISPR targeting, frequency of lesions produced by ExoCas9 and
Cas9in tyrosinase in the FO generation, and quantification

(a) Gene diagram for region of interest in fyrosinase. (b—d) tyrosinase targeting results in
mosaic loss of pigment 2 dpf; wild type (b), Cas9 mutant (c), and ExoCas9 mutant (d).
Avreas of pigment loss in the eye are indicated by a white arrow in (c—d). (e) Survival and
pigment loss induced with 5 different zyrosinase sSQRNAs at 48 hpf for Cas9, ExoCas9 and
A183V ExoCas9 (* = p < 0.05 and ** = p < 0.005). (f) Box and whisker plots of insertions
and deletions produced by Cas9 (left) and ExoCas9 (right). The line in the middle of the box
is the median value. The box itself represents surrounds the middle 50%, with the whiskers
are first 25! (top) percentile and last 75™ percentile (bottom). (g) Directionality of deletions
shown relative sgRNA target (arrow) and protospacer adjacent motif (PAM, oval), followed
by the two largest Cas9 deletions (dotted line and length relative to the PAM is indicated
numerically), followed by the two largest ExoCas9 deletions
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Figure 2. Visualization of CRISPR targeting, frequency of lesions produced by ExoCas9 and
Cas9 in tgfbr2b in the FO generation, and quantification

(a) Gene diagram for region of interest in fgfor2b. (b—d) tgfbr2b targeting results in brain
hemorrhage 3 dpf; wild type (b), Cas9 mutant (c), and ExoCas9 mutant (d). Areas of brain
hemorrhage indicated by a white arrows in (c—d). (e) fgfbr2b CRISPR induced brain
hemorrhage rates from 3-5 dpf. (f) Box and whisker plots of insertions and deletions
produced by Cas9 (left) and ExoCas9 (right). (g) Directionality of deletions shown relative
SgRNA target (arrow) and protospacer adjacent motif (PAM, oval), followed by the two
largest Cas9 deletions (dotted line and length relative to the PAM is indicated numerically),
followed by the two largest ExoCas9 deletions.
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Figure 3. Frequency of lesions produced by ExoCas9 and Cas9 in ripk4 in the FO generation and
quantification

(a) Gene diagram for region of interest in ripk4. (b) ripk4 Cas9 and (c) ripk4 ExoCas9
targeting is confirmed and quantified through RFLP analysis, positive (+) (WT uncut) and
negative (=) in the first box to the left followed by the experimental runs to the right. (d).
Box and whisker plots of insertions and deletions produced by Cas9 (left) and ExoCas9
(right). (e) Directionality of deletions shown relative sgRNA target (arrow) and protospacer
adjacent motif (PAM, oval), followed by the largest Cas9 deletion (length relative to the
PAM is indicated numerically), followed by the two largest ExoCas9 deletions.
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