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The recently developed engineered nucleases, such as zinc-finger nucleases, transcription
activator-like effector nucleases, and clustered regularly interspaced short palindromic repeat
(CRISPR)/CRISPR-associated nuclease (Cas) 9, provide new opportunities for gene editing in a
straightforward manner. However, few reports are available regarding CRISPR application and
efficiency in cattle. Here, the CRISPR/Cas9 systemwas used with the aim of inducing knockout
and knock-in alleles of the bovine PRNP gene, responsible for mad cow disease, both in bovine
fetal fibroblasts and in IVF embryos. Five single-guide RNAs were designed to target 875 bp of
PRNP exon 3, and all five were codelivered with Cas9. The feasibility of inducing homologous
recombination (HR) was evaluated with a reporter vector carrying EGFP flanked by 1 kbp PRNP
regions (pHRegfp). For somatic cells, plasmidscoding forCas9and foreachof thefive single-guide
RNAs (pCMVCas9 and pSPgRNAs) were transfected under two different conditions (1X and 2X).
For IVF zygotes, cytoplasmic injectionwas conductedwith either plasmids ormRNA. For plasmid
injection groups,1 pg pCMVCas9þ 0.1 pg of each pSPgRNA (DNA2X)was used per zygote. In the
caseof RNA, twoamounts (RNA1XandRNA2X)were compared. Toassess theoccurrenceofHR, a
group additionally cotransfected or coinjected with pHRegfp plasmid was included. Somatic cell
lysates were analyzed by polymerase chain reaction and surveyor assay. In the case of embryos,
the in vitro development and the genotype of blastocysts were evaluated by polymerase chain
reaction and sequencing. In somatic cells, 2X transfection resulted in indels and largedeletions of
the targeted PRNP region. Regarding embryo injection, higher blastocyst rateswere obtained for
RNA injected groups (46/103 [44.6%] and 55/116 [47.4%] for RNA1X and RNA2X) than for the
DNA2Xgroup(26/140 [18.6%], P<0.05). In46%(26/56)of the total sequencedblastocysts, specific
gene editing was detected. The total number of genetic modifications (29) was higher than the
total number of gene-edited embryos, as three blastocysts from the groupRNA2X reportedmore
than one type of modification. The modifications included indels (10/56; 17.9%) and large de-
letions (19/56; 33.9%).Moreover, itwas possible to detectHR in1/8 (12.5%) embryos treatedwith
RNA2X. These results report that the CRISPR/Cas9 system can be applied for site-specific edition
of the bovine genome, which could have a great impact on the development of large animals
resistant to important zoonotic diseases.
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1. Introduction

Site-specific genetic engineering is a valuable tool for
pharmaceutical research, development of biomedical
models, and also for accelerated breeding. However, until a
few years ago, knockout and knock-in in mammal cells and
embryos comprised a complex challenge, especially when
applied to large domestic species.

The recent advent of engineered nucleases has enabled
the precise modification of genomes of different species,
through simple introduction of site-specific double-strand
breaks, which can be repaired either by the non-
homologous end joining machinery or by homology-
directed repair, in the presence of a homologous template
[1]. Although the first reports on the use of engineered
nucleases for precise genetic engineering of domestic
species relied on zinc-finger nucleases [2–6] and tran-
scription activator-like effector nucleases [7–10]; more
recently, clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated nuclease (Cas) 9
emerged as the tool of choice, mainly due to its simple
design and construction [11–19].

Clustered regularly interspaced short palindromic
repeat/Cas is a simple and effective tool for genome edition
on the basis of the defense mechanism against viruses used
by bacteria and archea [20,21]. The main advantage of
CRISPRs is that a single-guide RNA can direct the Cas to the
target sequence in the genome by base complementarity, at
sites demarcated by conserved sequences called proto-
spacer adjacent motifs [22]. To form a functional DNA-
targeting complex, Cas9 requires two distinct RNA
transcripts: CRISPR RNA and trans-acting CRISPR RNA
[22,23]. Jinek et al. [22] reconfigured this dual RNA as a
single-guide RNA (sgRNA), including sequences that are
sufficient to program Cas9 to introduce double-stranded
breaks in target DNAs of 20 nucleotides. Initial reports
with this systemwere promising [24,25], and it was rapidly
adapted for the genome edition of cells of many different
species, including large animals [26,27]. Soon thereafter,
gene-edited pigs and goats were efficiently produced by
somatic cell nuclear transfer, using CRISPR/Cas9 edited cells
as donors [28–31]. More recently, a more straightforward
approach, consisting on cytoplasmic injection of one-cell
embryos, resulted in genome-edited mice, rat, sheep,
monkeys, pigs, goats, and rabbits [12,16,18,19,32–34]. Effi-
ciency rates obtained so far were variable, ranging from
63% in pigs [14] to 15%–21% in goats [18]. In addition,
CRISPR/Cas9 RNA injection in zygotes can result in mosai-
cism [17,35–37].

Despite the potential that the CRISPR technology could
have in cattle, only few reports are available so far
[26,38,39]. Here, we tested the feasibility of inducing
genetic modifications on Bos taurus prion gene (PRNP),
responsible for mad cow disease via CRISPR/Cas9 applica-
tion. The PRNP gene encodes the PrPC glycoprotein;
however, a misfolded isomer (PrPBSE) of the normal cellular
prion protein is accumulated in affected brains [40]. Prion
diseases include transmissible spongiform encephalopa-
thies such as Creutzfeldt-Jakob disease in humans,
scrapie in sheep, and bovine spongiform encephalopathy
in cattle. Although nowadays, the bovine spongiform
encephalopathy epidemics is contained through a ban on
feeding cattle with ruminant derived bone meal, sponta-
neous misfolding of the PrPc protein could originate some
PrPBSE strains [41–43]. In mice, PRNP homozygous (�/�)
knockout were healthy and resistant to scrapie, and PRNP
heterozygous (�/þ) mice expressed PrPC at about half of the
normal level [44–48]. In addition, in cattle, PRNP knock-
down animals, generated by RNAi [49,50], and PRNP
knockouts, produced by SCNT with donor cell lines sub-
jected to two rounds of traditional cell modifications, were
described [51]. However, with inefficiencies of traditional
systems, the introgression of PRNP knockout genetics into
cattle comprises a significant and costly challenge.

This report takes advantage of the CRISPR–Cas9 system
adaptability to specificallymodify bovine PRNP coding exon
3 both in bovine fetal fibroblasts and in early embryos. In
particular, sgRNAs were designed not only to induce indels,
but also to delete 875 bp of exon 3. The feasibility of
inducing homologous recombination (HR) was also evalu-
ated. Our results reported that this strategy could be effi-
ciently applied to provoke deletions in bovine cell lines and
embryos. However, most embryos were mosaic, and HR of
large constructs was achieved at low efficiencies.

2. Materials and methods

2.1. Chemicals

Except where otherwise indicated, all chemicals were
obtained from Sigma Chemical Company (St. Louis, MO,
USA).

2.2. Cas9/sgRNA design

Mammalian codon-optimized recombinant human Cas9
under transcriptional control of the CMV promoter
pST1374-NLS-flag-linker-rhCas9 (pCMVCas9) was a gift
fromXingxu Huang (Addgene plasmid 44758) [52]. The five
sgRNAs were designed to target both ends of a 875 bp
sequence on PRNP exon 3 (Fig. 1C). All possible sgRNAs (50-
N20NGG-30) were identified and blasted to detect possible
off-target sequences (50-N20 A/T/C or GGG-30) elsewhere in
the bovine genome. The pSPgRNA was a gift from Charles
Gersbach (Addgene plasmid # 47108) [53]. pUC57-sgRNA
expression vector was a gift from Xingxu Huang (Addg-
ene plasmid # 51132) [54]. The sgRNAs were cloned into
pSPgRNA for cell transfection or plasmid embryo injection
and into pUC57-sgRNA for RNA embryo injection. The se-
quences of the sgRNAs are shown in Table 1. The correct
sequence of the sgRNAs was confirmed by capillary Sanger
sequencing with optimized fluorescent terminator pro-
tocols (Genomic Unit, Biotechnology Institute, INTA,
Hurlingham, Argentina). The HR plasmid (pHRegfp) had
two 1 Kbp homologous arms flanking the 875 bp targeted
sequence on PRNP exon 3, adjoining the EGFP gene under
CAG promoter (Fig. 1D).

2.3. Somatic cell culture and DNA transfection

Bovine fetal fibroblasts were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10%



Fig. 1. (A and B) General procedure for PRNP gene targeting with the CRISPR/Cas9 system in cattle (A) Bovine fetal fibroblasts (BFFs); (B) IVF embryos. (C) Scheme
of btPRNP exon 3, the five sgRNAs target sites (sgRNAs in different colors) and the primers btprnpIND1F/1R (external to all sgRNAs targeted sequences) used to
verify occurrence of mutations/deletions. (D) Scheme of HR vector used (pHRegfp) and primers, used for HR detection. In this case, nested PCR with primers
gfpT1F, gfpT3F (at the terminal sequence of egfp), and btgpprnp12 R and btgfpprnp14R (over genomic PRNP, external to pHRegfp homology arms) were used.
(E) Scheme of PCRs performed to detect indels. In this case, one primer in between the sgRNAs targets (btprnpINDia1F or btprnpINDia1R) was used combined
with previously described btprnpIND1R of btprnpIND1F, respectively. Primers are indicated with horizontal arrows and the sgRNAs targets with vertical arrows.
Cas, CRISPR-associated nuclease; CRISPR, clustered regularly interspaced short palindromic repeat; PCR, polymerase chain reaction.
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heat-inactivated fetal calf serum (FCS), 2 mM L-glutamine,
1% nonessential amino acids, 1 mM sodium pyruvate,
0.05 mM mercaptoethanol, and 100 U/mL penicillin strep-
tomycin. The cells were allowed to grow until 75% conflu-
ence. Then, 3.5 � 106 cells were trypsinized, washed in
PBS� and resuspended in electroporation buffer (1652677,
BioRad Gene Pulser Xcell). Electroporation conditions were
200 V, single pulse of 10 ms. Two plasmid concentrations
Table 1
Sequence of sgRNAs and primers used to target PRNP gene and to detect
the desired genetic modifications.

sgRNA1 GGGAAAGTAATCCTCTATTA
sgRNA2 GGAAAGTAATCCTCTATTAT
sgRNA3 GTCACACTGCCAGTTGCGGC
sgRNA4 GACTGCCAGTTGCGGCAGGA
sgRNA5 GGAAGCCCTCCTGCCGCAAC
btprnpIND1F ACAGTCGGGTATACCAGTTG
btprnpIND1R TCAATGGGTGTTGTCACCAG
btprnpINDia1F GTTCTTGGTGCAAATGTGTCT
btprnpINDia1R CCAGATGCACTTTACAATCTTC
gfpT1F ATTCACTCCTCAGGTGCAGG
gfpT3F ACATCATGAAGCCCCTTGAG
btgfpprnp12R GGTAGAGGGGGTTCAAGAGG
btgfpprnpI4R TGTATGATGCAGGGAAACCA
BGH Reverse TAGAAGGCACAGTCGAGG
CMV Forward CGCAAATGGGCGGTAGGCGTG

All sequences are shown in the 50to 30direction.
Abbreviation: sgRNA, single-guide RNA.
were used, both of them with or without pHRegfp, consti-
tuting four treatments: (1) 1X: 2 mg pCMVCas9 þ 0.2 mg of
each pSPgRNA plasmid; (2) 1X þ pHRegfp: 1X þ2 mg
pHRegfp; (3) 2X: 4 mg pCMVCas9 þ 0.4 mg of each pSPgRNA
plasmid; and (4) 2X þ pHRegfp: 2X þ4 mg pHRegfp. In all
cases, the five pSPgRNA plasmids were transfected
together. After 24 h, cells were subjected to 5 mg/mL blas-
ticidin selection, resistance provided by pCMVCas9, for a
48-h period, followed by analysis schematized in Figure 1A.
2.4. Bovine oocytes collection and in vitro maturation

Bovine ovaries were collected from a local slaughter-
house and transported to the laboratory at 25 �C to 30 �C.
Cumulus-oocyte complexes were aspirated with 21-gauge
needles from follicles with a diameter of 2–5 mm into
Hepes-buffered Tyrode’s albumin lactate pyruvate (Hepes-
TALP). Oocytes covered with at least three layers of gran-
ulosa cells were selected for in vitro maturation in
bicarbonate-buffered TCM-199 (31100–035; Thermo Fisher
Scientific, Grand Island, NY, USA), containing 10% FCS (013/
07; Internegocios, Buenos Aires, Argentina), 10 mg/mL
follicle-stimulating hormone (NIH-FSH-P1, Folltropin, Bio-
niche, Caufield Junction Caufield North, Victoria, Australia),
0.3 mM sodium pyruvate (P2256), 100 mM cysteamine
(M9768), and 2% antibiotic-antimycotic (ATB, 15240–096;
Thermo Fisher Scientific, Grand Island, NY, USA). The
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oocytes were incubated for 24 h under mineral oil (M8410)
in 100 mL droplets, in 6.5% CO2 in humidified air at 39 �C.

2.5. Bovine IVF

Frozen semen from one bull of proven fertility in our IVF
system was thawed in a 37 �C water bath for 30 s. Sper-
matozoa were then centrifuged twice (490 g � 5 min) in
Brackett–Oliphant medium (BO, [55]) and resuspended in
BOmedium supplemented with 5mM caffeine (C4144) and
20 IU/mL heparin (H3149). Spermatozoa were adjusted to
40 � 106/mL and diluted to half the concentration (20 �
106/mL) with BO containing 10 mg/mL fatty acid-free BSA
(A6003). Cumulus-oocyte complexes were washed twice
with BO medium plus 5 mg/mL fatty acid-free BSA and
subsequently exposed to the sperm suspension for 5 h in a
100 mL drop at 39 �C under 5% CO2 in humidified air. Pre-
sumptive zygotes were then washed three times in Hepes-
TALP. After IVF, cumulus cells were removed from
presumptive zygotes by vortexing for 2 min in hyaluroni-
dase (H-4272) (1 mg/mL in Dulbecco’s PBS). Finally, pre-
sumptive zygotes were washed in Hepes-TALP, selected by
visualization of at least one polar body, and immediately
used for microinjection.

2.6. In vitro transcription

The Cas9 expression plasmid was polymerase chain re-
action (PCR) amplified (1 cycle at 95 �C for 2 min, followed
by 95 �C for 20 s, 60 �C for 20 s, and 68 �C for 4 min, during
30 cycles, and a final extension at 65 �C for 5 minwith BGH
reverse and CMV forward primers, included in Table 1),
resulting in a 4.3 kbp PCR product, which was in vitro
transcribed using the T7 Ultra Kit (Ambion, AM1345). The
mRNA was purified with the RNeasy Mini Kit (Qiagen, NV,
Germany, 74104). The pUC57-sgRNA expression vector
was linearized by DraI and in vitro transcribed using the
MEGAshortscript Kit (Ambion, AM1354). The sgRNAs were
purified with the MEGAclear Kit (Ambion, AM1908) and
used for injection. Proper IVT products were confirmed by
denaturing gel electrophoresis.

2.7. Cytoplasmic injection of zygotes with plasmids or RNA
coding for Cas9/sgRNAs

For cytoplasmic injection, 9 mmpipettes were used (HG-
MIC-9UM, Origio Inc., Charlottesville, Denmark), and the
plasmid or RNA mixtures were diluted in 10% poly-
vinylpyrrolidone. For plasmid cytoplasmic injection, the
group DNA2Xwas treated with a mixture consisting of 1 pg
pCMVCas9 and 0.1 pg of each pSPgRNA per zygote. In all
cases, the five pSPgRNA plasmids were injected. The group
DNA2Xþ pHRegfpwas also coinjected with 1 pg pHRegfp to
induce HR in zygotes. For RNA cytoplasmic injection, two
conditions were compared, both of themwith and without
pHRegfp, constituting four groups: RNA2X: 1 pg Cas9mRNA
and 0.1 pg of each sgRNA injected per zygote; group
RNA2X þ pHRegfp: 1 pg Cas9 mRNA, 0.1 pg of each sgRNA,
and 1 pg pHRegfp injected per zygote; RNA1X: 0.5 pg Cas9
mRNA and 0.05 pg of each sgRNA injected per zygote;
RNA1X þ pHRegfp: 0.5 pg Cas9 mRNA, 0.05 pg of each
sgRNA, and 0.5 pg pHRegfp injected per zygote, respec-
tively. In all cases, the five sgRNA were injected.

After injection, presumptive zygotes were cultured as
described below and targeted genetic modifications were
evaluated as schematized in Figure 1B.

2.8. In vitro embryo culture

Presumptive zygotes were cultured in 50 mL droplets of
synthetic oviductal fluid medium [56] supplemented with
2.5% FCS at 39 �C in 6.5% CO2 in humidified air. The embryos
were transferred to a new droplet every 48 h. Cleavage was
evaluated on Day 2, and the number of blastocysts was
determined on Day 7.

2.9. Evaluation of EGFP fluorescence

Somatic cells transfected with the CRISPR system and
pHRegfp, as well as in vitro produced embryos treated with
the CRISPR system and pHRegfp, were briefly exposed to
blue light using an excitation-filter at 488 nm and an
emission-filter at 530 nm to determine EGFP expression.
Cells were evaluated 24 h after transfection and embryos
on Days 4 and 7 postinjection.

2.10. PCR amplification, surveyor assay, and sequencing

Blasticidin-selected somatic cells were subjected to
overnight treatment with lysis buffer (0.2% SDS,
0.05 mg/mL Proteinase K and 1X PCR-buffer) at 37 �C. The
lysed cells were transferred into eppendorf tubes, and lysis
was stopped by incubation at 95 �C for 12 min. Blastocysts
were subjected to whole genome amplification (WGA)
using the REPLI-g Midi Kit (150045, Qiagen, NV, Germany)
according to the “Amplification of Blood or Cells” protocol.
Then, 0.3 mL of theWGA product or 5 ng of the cell lysis was
used as PCR template. Polymerase chain reaction condi-
tions were 1 cycle at 95 �C for 2 min, followed by 95 �C for
20 s, 62 �C for 45 s, and 68 �C for 45 s, during 40 cycles, and
a final extension at 68 �C for 5 min (primers btprnpIND1F–
btprnpIND1R), resulting in a 1.5 kbp PCR product (Fig. 1C).
For somatic cells, the surveyor assay was performed ac-
cording to themanufacturer’s instructions. Briefly, 25 ng/mL
of the PCR product was subjected to hybridization for
heteroduplex formation and surveyor treatment for 1 h at
42 �C (Surveyor Mutation Detection Kit for Standard Gel
Electrophoresis). The PCR and surveyor product were run
on 1.5% agarose gel for 1 h at 100 V. A 100-bp ladder was
run in parallel to all cell transfected PCR and surveyor
samples (SM0241, GeneRuler 100 bp DNA Ladder, Thermo
Scientific).

For embryos, btprnpIND1F/1R purified PCR products
(28051; MinElute 96 UF PCR purification kit; Qiagen, NV,
Germany) of whole embryos were sequenced from both
primers. Some embryo PCR products smaller than 1.5 kbp
were subcloned into TOPO cloning system (K4575–01SC;
Thermo Fisher Scientific, Grand Island, NY, USA). Colonies
were picked randomly and sent for sequencing. The PCR
products were run on 1% agarose gel, and a 1 kB sizemarker
was run in parallel in all cases (SM0313, GeneRuler 1 kb
DNA ladder, Thermo Scientific).
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In addition, to assess indels occurring independently
from large deletions, two additional PCRs were performed,
with one of the primers described before and primers
btINDia1R and btINDia1F between the sgRNAs 1–2 and 3–
5, as shown in Figure 1E. As before, 3 mL of a 1/10 dilution of
the WGA product was used as PCR template. Polymerase
chain reaction conditions were 1 cycle at 95 �C for 2 min,
followed by 95 �C for 20 s, 62 �C for 45 s, and 72 �C for 45 s,
during 30 cycles, and a final extension at 68 �C for 5 min
(PCRia1: btIND1F–btINDia1R; PCRia2: btINDia1F–
btIND1R). The PCRia1 resulted in a PCR product of 710 bp
and the PCRia2, in a 666 bp PCR product. Sequencing in this
case was performed from primer btINDia1R, for PCRia1 and
from primer btIND1R, for PCR2.

For amplicon abundance analysis, the band intensities
were measured using the ImageJ1.50f program (http://
imagej.nih.gov/ij), and the percentage of each amplicon
was estimated, considering 660 g as the molecular weight
(MW) of a base pair.

For HR detection, nested PCR was performed, using
primers that specifically matched the 30 end of CAGegfp
sequence (gfpT1FandgfpT3F) andprimers50 to theendof the
HR arm (btgfpprnp12R and btgfpprnpI4R) (Fig. 1D). Briefly,
PCR1 conditions were 1 cycle at 95 �C for 2 min, followed by
95 �C for 20 s, 55 �C for 45 s, and 72 �C for 45 s, during 40
cycles, and a final extension at 72 �C for 5 min, with primers
Fig. 2. (A and B) BFFs transfected with plasmids coding for the five sgRNAs, Cas9
(488 nm); (C) 1.5% agarose gel of btprnpIND1F/1R PCR product: lane 1, negative con
2); lane 4, DNA2X; lane 5, DNA2X þ pHRegfp; lane 6, DNA1X þ pHRegfp; and lane 7, w
PCR samples shown in (C) in the same order. Arrows indicate surveyor nuclease dige
in 1.5% agarose gels (C) and (D); MWof reference bands is indicated. BFF, bovine feta
(For interpretation of the references to color in this figure legend, the reader is ref
ogfpT1F and ogfpprnp14 R. For PCR2, the same conditions
were used, but annealing was at 58 �C for 45 s with primers
ogfpT3F and ogfpprnp12 R. The nested PCR product was
1661 bp. All primer sequences are included in Table 1.

2.11. Statistical analysis

For statistical analyses, SAS program was used [57].
In vitro embryo development and fluorescent expression
were compared by Fisher’s exact test analysis. Differences
were considered to be significant at P < 0.05.

3. Results

3.1. Evaluation of the CRISPR/Cas9 system for genomic editing
of PRNP exon 3 in bovine fetal fibroblasts

To evaluate the efficiency of the CRISPR/Cas9 system to
target PRNP exon 3, five sgRNA plasmids (pSPgRNA) were
cotransfected with the Cas9 plasmid (pCMVCas9) with or
without the plasmid pHRegfp. When pHRegfp was also
transfected, high EGFP expression rates were detected
(Fig. 2A, B). For the 2X concentration, shorter PCR products
were also identified in 10/15 (66.6%) PCRs performed on
lysates from two independent transfection events (Fig. 2D).
By surveyor assay, it was possible to identify indels for
þ pHRegfp (DNA1X þ pHRegfp). (A) Under bright light. (B) Under blue light
trol; lane 2, DNA1X (transfection event 1); lane 3, DNA1X (transfection event
ild-type control. Arrows indicate large deletions. (D) Surveyor performed on

sted products. A GeneRuler 100 bp size marker was run in parallel to samples
l fibroblast; Cas, CRISPR-associated nuclease; PCR, polymerase chain reaction.
erred to the Web version of this article.)
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Table 2
In vitro development and gene edition of embryos treated with plasmids or RNA coding for the CRISPR/Cas9 system targeting PRNP exon 3.

Injection group pHRegfp n Blastocysts (%) EGFP blastocysts (%) PRNP edited embryos (%) Type of modificationf

Total/analyzede Large deletion/sc Indelsd

DNA2X � 140 26 (18.6)a n.a. 9/20 (45)a,b 9 (45) 0 (0)a

þ 110 18 (16.4)a 17 (94.4)a

RNA1X � 103 46 (44.6)b n.a. 5/20 (25)a 5 (25) 0 (0)a

þ 105 45 (42.8)b 33 (73.3)b

RNA2X � 116 55 (47.4)b n.a. 12/16 (75)b 5 (31.3)f 10 (62.5)b

þ 105 40 (38.1)b 38 (95.0)a

Control � 114 44 (38.6)b n.a. n.a. n.a. n.a.

Abbreviation: n.a., not applicable.
a,bDifferent superscripts indicate significant differences (Fisher test; P < 0.05). Control group: noninjected IVF.

c The edition involved loss of over 200 bp among the sgRNAs.
d The edition involved very short deletions/insertions and shift of the open reading frame.
e Total number of PRNP modified/total analyzed embryos.
f Some embryos harbored more than one type of genetic modification. Three replicates of each treatment were performed.

Fig. 3. Bovine blastocysts produced by CRISPR/Cas9 injection in the conditions: (A) RNA1X; (B–C) RNA1X þ pHRegfp; (D) RNA2X; (E and F) RNA2X þ pHRegfp; (A,
B, D, and E) Under bright light. (C and F) Under blue light (488 nm); (G) 1% agarose gel of btprnpIND1F/1R PCR product on some representative WGA-treated
blastocysts from the conditions: WT, wild-type control; 1–4, DNA2X; 5–8, DNA2X þ pHRegfp; 9–12, RNA2X; 13–16, RNA2X þ pHRegfp; 17–20, RNA1X; and
21–24, RNA1X þ pHRegfp. The GeneRuler 1 kb DNA size marker was run in parallel in all cases; MW of reference bands is indicated. Cas, CRISPR-associated
nuclease; CRISPR, clustered regularly interspaced short palindromic repeat; PCR, polymerase chain reaction. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Representative sequence analysis of the CRISPR-/Cas9-targeted bovine blastocysts. (A) Evaluation of mutations induced by sgRNA1 and sgRNA2 (primers
btprnpIND1F/btprnpINDia1R or btprnpIND1F/1R) in three example embryos. (B) Evaluation of mutations induced by sgRNA3, sgRNA4, and sgRNA5 (primers

R.J. Bevacqua et al. / Theriogenology 86 (2016) 1886–18961892
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DNA2X and DNA2X þ pHRegfp. For the DNA2X condition, a
small band (approx. 250 bp), compatible with indels
generated by the 3 sgRNAs next to the right HR arm, was
detected in 25% of loci. For the DNA2Xþ pHRegfp condition,
two small bands were evident (approx. 250 bp and 320 bp)
in 35% and 23% of the loci (Fig. 2E). On the other hand, it
was not possible to amplify the product expected as a result
of HR (data not shown).
3.2. Evaluation of CRISPR/Cas9 for genomic editing of PRNP
exon 3 in bovine zygotes

Zygotes were cytoplasmically treated with CRISPR/Cas9
plasmids or RNA, with pHRegfp (DNA2X þ pHRegfp,
RNA1X þ pHRegfp, and RNA2X þ pHRegfp) or without it
(DNA2X, RNA1X, and RNA2X). Results are summarized on
Table 2. Although injection with RNA1X or RNA2X did not
significantly affect blastocyst yields, injection with plas-
mids was detrimental for development (P < 0.05). On the
other hand, when the HR plasmid pHRegfp was included,
both 2X conditions (RNA2X þ pHRegfp and
DNA2X þ pHRegfp) resulted in higher EGFP blastocysts
rates than RNA1X þ pHRegfp (P < 0.05; Table 2; Fig. 3A–F).

After PCR with external primers to all sgRNAs target
sites (btprnpIND1F/1R), large deletions were detected in
some CRISPR/Cas9 injected embryos (Table 2; Fig. 3G;
Fig. 4C). The putative deletion amplicons were gel purified,
TOPO cloned, and sequenced. It was possible to identify
three deletions of 678, 677, and 779 bp, the first one for
RNA1X, interrupting the target site of sgRNA 3, 4 and 5 and
the remaining two for RNA2X, interrupting the sequence of
sgRNA 3, 4, and 5 and the sequence of all five sgRNAs,
respectively (Fig. 4C). To evaluate only indels, two addi-
tional PCRs were performed with one primer among the
sgRNAs target sites and an external one (Fig. 1E). In this
case, it was possible to detect indels in embryos from the
group RNA2X (4/6) and RNA2X þ pHRegfp (6/10). Indels
were detected as a result of the activity of the sgRNAs on
both sides of the 875 bp PRNP sequence (Fig. 4A, B). A
summary of all genetic modifications detected is included
on Table 2. Most of the gene-edited embryos were mosaic,
and mosaicism was due either to higher percentage of the
wild type than the modified sequence or to the presence of
more than one type of gene modification per embryo. All
the gene-edited embryos of the group DNA2X group were
mosaic. In this group, 6/9 (66.7%) embryos reported more
than one deletion, and the remaining three reported the
edited sequence in lower proportion than the wild type
one. For the RNA1X group, 1/5 (20%) embryo was homo-
zygous for the gene edition, as only the modified sequence
was detected by sequencing. The remaining four embryos
were mosaic, one of them due to the presence of two de-
letions. For the RNA2X group, 2/12 (16.7%) embryos were
homozygous,1/12 (8.3%) heterozygous, 3/12 (25%) embryos
were mosaic due to the presence of both indels and
tprnpIND1F/btprnpINDia1R or btprnpIND1F/1R) in three example embryos, including one TOPO clone. The Sanger sequence of purified PCR product of whole
mbryo 30 (primers btprnpIND1F/btprnpIND1R) is included. (C) TOPO clone of embryo 34 (RNA2X) showing a deletion of the complete sequence in between the
RNAs. Each sgRNA is identified with a different color arrow, and their corresponding PAM sequences are shown in boxes. Cas, CRISPR-associated nuclease;
RISPR, clustered regularly interspaced short palindromic repeat; PAM, proto-spacer adjacent motif; PCR, polymerase chain reaction. (For interpretation of the
ferences to color in this figure legend, the reader is referred to the Web version of this article.)
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deletions and the remaining 6/12 (50%), mosaic as a result
of higher percentage of the wild type than the modified
sequence (Supplementary Fig. 1).

Finally, the PCR product expected as a result of HR could
be amplified by nested PCR in 1/8 (12.5%) of the blastocysts
produced by RNA2X þ pHRegfp. On the other hand, HR
events could not be detected in blastocysts produced by
injection with pHRegfp alone (0/175 egfp blastocysts).
4. Discussion

Until recently, specific gene modification was very
difficult to achieve in livestock species. Since the intro-
duction of engineered nucleases, a revolution in gene tar-
geting begun. In this report, we found that Bos taurus PRNP
gene can be efficiently mutated with the CRISPR system
both in somatic cells and in zygotes. The design of five
sgRNAs targeting 875 bp on PRNP exon 3, contiguous to
sequences homologous to a HR donor vector, is a simple
strategy for the simultaneous detection of deletions, indels,
and HRwith large templates, induced by the CRISPR system
in the bovine genome.

Although PRNP knockout calves were first reported in
2007 [51], their production involved one round of cell
transfection with a vector harboring an antibiotic resis-
tance cassette, cloning to rejuvenate the cell line through
fetuses production, and a second round of cell transfection,
with a second vector harboring another antibiotic resis-
tance cassette. The lack of true ES cells in domestic species
hampered the possibility of gene targeting in domestic
species for many years [58]. In this report, we found that
the CRISPR system efficiently induced indels and also de-
letions of the fragment in between CRISPR target sites by
simple cytoplasmic injection in cattle zygotes, avoiding use
of antibiotic resistance and difficulties associated to the
SCNT process. Interestingly, the targeting efficiency was
dependent on concentration, both in somatic cells and
embryos. Though RNA2X condition resulted in the higher
gene edition and blastocysts rates, all CRISPR conditions
tested in embryos were capable of inducing at least some
level of gene editing. It was possible to identify mutations
occurring as a consequence of the activity of the CRIPSR
system on both targeted sequences of PRNP gene. More-
over, HR could also be detected in one of the embryos of the
group RNA2X þ pHRegfp.

In the first experiment, the CRISPR/Cas9 system proved
to effectively cleave PRNP exon 3 in Bos taurus fetal fibro-
blasts. The CRISPR system had previously shown to effi-
ciently knockout [26] and also knock-in bovine fetal
fibroblasts [36] and induced pluripotent stem cells [39].
Interestingly, doubling the concentration of the plasmids
resulted in PCR amplifications compatible with deletions,
not observed after transfection with the lower concentra-
tions. For the 2X condition, it was possible to detect indels
by surveyor, in agreement with these observations.
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In the second experiment, the use of the CRISPR/Cas9
system was evaluated for gene editing of in vitro derived
IVF cattle zygotes. Although this approach was successfully
used in mice, goats, monkey, sheep, and pigs [18,19,33,34],
only one report is available for cattle so far [41]. The high
rates of gene editing observed in our work support the
notion that CRISPR/Cas9 system might be adapted to target
different genes in different species by simple zygotic in-
jection. In this report, we used an injection procedure
previously described by our group [59–61] and more
recently adapted by Yang et al. [62] for the CRISPR tech-
nology. In this system, larger pipettes can be used for in-
jection, making use of polyvinylpyrrolidone to control the
system obviating the need for embryo-toxic high pressure
injection to expel high concentration DNA or RNA solutions.

While RNA2X reported higher rates of gene edition than
RNA1X, injection with DNA2X had a detrimental effect on
development. We previously detected that ectopic plasmid
DNA persist at least 7 days postinjection [59], and this
could have caused the observed drop in development.
Many reports support the notion that engineered nucleases
expression should be at low concentration and transient, as
an excessive protein concentration exacerbates cytotoxic
effects [63–65].

Regarding the kind of gene modifications, deletions
were detected for the three conditions tested, in 25%–45%
of the embryos evaluated, in agreement with recent reports
in mice [66,67]. Indels, on the other hand, could only be
detected for the groups treated with RNA2X. The HR of a
large template was also detected in one of the embryos of
the group treated with RNA2X.

The number of egfp expressing blastocysts from the
groups coinjected with pHRegfp greatly exceeds the num-
ber of blastocysts modified by HR. The episomal expression
of pHRegfp appears to be the reason for the high rates of
egfp expression observed in this work. The possibility to
achieve high transgene expression rates through cyto-
plasmic injection of covalently closed circular plasmids was
proposed by Iqbal et al. [68]. In addition, previous results
from our group support those observations [59].

While a large frequency of embryos was positive for
editing events, a high rate of mosaicism was observed. The
detection of up to three different genotypes in several
embryos suggests that the CRISPR-/Cas9-mediated cleav-
age occurred after the first cell division. In addition, the
detection of embryos harboring modifications only in some
of the cells seems to be associated to the induction of
double-stranded breaks after the first cell stage. In bovine
embryos, transcription activity is limited before major
genome activation, at the 4-8-cell stage [69,70]. For this
reason, injection with RNA is usually preferred because it
can be readily translated into protein while DNA must be
first transcribed. While a recent report in mice suggests
that allelic mosaicism could correlate with high cleavage
efficiency at the single-cell stage [71], our results suggest
persistent activity beyond the 1-cell stage. A recent report
in cattle found that transcription activator-like effector
nucleases had fairly low mosaicism, especially when
compared to zinc-finger nucleases [72]. Presumably, opti-
mized RNA conditions could further reduce mosaicism for
the CRISPR system.
In summary, the present results report that the CRISPR/
Cas9 system is efficient to induce indels and also deletions
at the PRNP gene in bovine cell lines and embryos. Though
HR still needs improvement, our results indicate that both
KO and KI cattle zygotes can be produced by simple cyto-
plasmic injection with the CRISPR/Cas9 system, opening
new horizons for genetic engineering of large animals.
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Supplementary Fig. 1. Example of different genotypes generated by the CRISPR/Cas9 system in cattle embryos, including Sanger sequences and PCRs. (A and B)
RNA2X blastocyst showing a deletion at prnp gene in heterozygous fashion. (C and D) RNA1X blastocyst showing an homozygous deletion at the prnp gene,
evident by the complete elimination of the wild-type sequence in the chromatogram and PCR. (E and F) DNA1X blastocyst showing a deletion in a mosaic fashion.
The wild-type sequence can be detected. Sequences in (A, C, and E) were obtained by PCR with primers btprnpIND1F/1R. (G and H) RNA2X blastocyst showing an
indel in a mosaic fashion. In this case, the sequenced PCR was performed with primers btprnpIND1F/btprnpINDia1R. (H) The PCR was run with primers
btprnpIND1F/1R. (I and J) Wild-type embryo. A unique Sanger sequence and PCR band is detected. All PCRs were run in 1% agarose gels. Arrows indicate start of
gene-edited sequence. * indicates the PCR sample for which Sanger sequencing is shown. The GeneRuler 1 kb DNA size marker was run in parallel in all cases in
1% agarose gels; MW of reference bands is indicated. Cas, CRISPR-associated nuclease; CRISPR, clustered regularly interspaced short palindromic repeat;
PCR, polymerase chain reaction.
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